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STELLINGEN 

1. Het gebruik van simulatiemodellen, voor de beschrijving van water- en stoftransport, 
gebaseerd op Darcy stroming in een mobile en immobile fase is in gestructureerde 
bodems slechts zelden een realiteit 

Van Gewichten, M. Th., and PJ. Wieringa. 1976. Mass transfer in sorbing 
porous media, I. Analytical solutions. Soil Sei. Soc. Am. J. 40:473-480. 
Dit proefschrift 

2. In gestructureerde bodems zijn "suction cups" voor de bemonstering van bodemvocht, 
door de grote concentratie gradiënten op korte afstand, een onjuiste bemonsterings 
techniek. 

Dit proefschrift 

3. De gescheiden kwalitatieve beschrijving van bodemstructuur, vanuit bodemfysisch en 
bodemmorfologisch oogpunt, kan zowel fysisch als morfologisch worden 
gekwantificeerd door middel van stratificatie van macroporien naar ruimtelijke 
oriëntatie en fractale dimensies van watervoerende macroporien. 

Butler, BE. and GD Hubble. 1977. Morphological properties. In: Rüssel, J S. 
and EL. Green (eds.) Soil factors in crop production in a semi-arid 
environment pp. 9-32. 
Dit proefschrift 

4. Zonder het gebruik van bodemmorfologische karakteristieken kunnen water- en 
stoftransport in gestructureerde bodems niet adequaat worden beschreven. 

Dit proefschrift 

5. Overschrijdingskansen, berekend met behulp van Monte-Carlo simulaties, zeggen vaak 
meer over de spreiding in invoergegevens dan over de realisatie kans van de simulatie 
resultaten. 

Dit proefschrift 

6. De verzadigde waterdoorlatendheid van een bodem dient, door het ontbreken van 
Darcy stroming in macroporien, te worden gedefinieerd als de minimale water 
doorlatendheid waarbij de bodemmatrix nog net is verzadigd. 

Bouma, J. 1982. Measuring the hydraulic conductivity of soil horizons with 
continuous macropores. Soil Sei. Soc. Am. J. 46:438-441 
Dit proefschrift 

7. Het samenvoegen van verfijnde, complexe gewasgroeimodellen met robuste, simpele 
bodemfysische dan wel bodemchemische modellen leidt vrijwel automatisch tot de 
conclusie dat de gewasparameters de grootste gevoeligheid vertonen. 

Singh, G., DM. Brown, and A.G. Barr. 1993. Modelling soil water status for 
irrigation scheduling in potatoes. I. Description and sensitivity analysis. 
Agricultural Water Management, 23: 329-341. 

8. Éénzijdige importbeperkingen van tropisch hardhout door de Westerse wereld zal de 
ontbossing in de Derde wereld slechts bevorderen. 



9. Het tot op heden door de Landbouwuniversiteit gevoerde personeelsbeleid laat zich 
nog het best vergelijken met een cholesterolrijk dieet 

10. De verkeersveiligheid in Nederland is meer gebaat bij een vermindering van het aantal 
verkeersregels dan bij een uitbreiding hiervan. 

11. Het indienen van manuscripten bij vaktijdschriften dient zoveel mogelijk te worden 
vermeden. 

12. Door het negeren van ijsgang op de rivieren als oorzaak van vele dijkdoorbraken in 
Nederland geeft Rijkswaterstaat, bij de verzwaring van deze rivierdijken, eerder blijk 
van koud-watervrees dan van hoog-watervrees. 

Stellingen behorende bij het proefschrift "Morphometric methods for simulation of water 
flow". H.W.G. Booltink, Wageningen, 22 Oktober 1993. 
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GENERAL INTRODUCTION 

Bypass flow 
The occurence of large cracks and channels in soils (macropores) has a major 
impact on water and solute movement. Observation of rapid vertical movement 
of free water along macropores in unsaturated soils was already reported in 
drainage studies at Rothamsted (U.K.) by Lawes et al. (1882). 
Beven and Germann (1982) defined macropore or bypass flow as: "the flow of 
water through a system of large pores that allows fast flow velocities and 
bypasses the soil matrix". Since water flow within macropores can follow 
different flow modes such as film-flow (Germann, 1987), it cannot be described 
accurately by Richards' equation (Richards, 1931) which is based on Darcian 
flow theory. These theories were developed for ideal homogeneous isotropic 
flow systems (e.g. Taylor, 1953; Klute, 1973), as pointed out by White (1985). 
A clear definition of a macropore is difficult to give. Beven and Germann 
(1982) summarized literature and concluded that macropore sizes varied in a 
wide range between 30 to 3000 urn. The effects of macropore systems on water 
and solute transport are highly variable and cannot be characterised by pore-
sizes only, as reported by Beven and Germann (1982). A functional 
characterization is therefore required (Bouma, 1981). Germann and Beven 
(1981) quantified macroporosity from conductivity measurements at lower 
suctions. This type of data, however, does not provide any information on 
functioning of macropores in terms of conducting and absorbing water. To 
describe preferential flow pathways dye tracers are a useful tool. Anderson and 
Bouma (1973), and Bouma and Dekker (1978) used methylene blue to 
characterize contact areas between bypass flow water and macropore walls. Van 
Ommen et al. (1985) used the anionic tracer iodide, to visualize absorption of 
water during an infiltration experiment. 

Although dye tracers provide good possibilities for characterizing flow patterns 
in structured soils, so far only little effort has been made to use this kind of 
information as input for simulation models describing bypass flow and related 
processes. 
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Edwards et al. (1979) used a two-dimensional model which simulates the flow 
patterns of water infiltrating into the surface of a soil column. Effects of 
macropores were simulated by means of a cylindrical hole from which water 
moved away radially and vertically. A system of uniformly distributed channels 
with different widths and depths was used by Beven and Clark (1986) to 
simulate infiltration into a homogeneous soil matrix containing macropores. 
Chen and Wagenet (1992) simulated water and solute transport by combining 
Darcian flow for transport in the soil matrix with the Hagen-Poiseuille and 
Chezy-Manning equations for water transport in macropores. Hatano and 
Sakuma (1991) designed a combined capacity-bypass flow model to simulate 
transport of water and solutes in an aggregated soil. In their approach soil 
structure was simulated by plate-like elements which reflected contact areas and 
exchange capacities of water and solutes. The interchange between the mobile 
and immobile phase occurred in an additional mixing phase. 
Two-region models describing convective dispersive transport in a mobile and 
immobile phase were used by e.g. Van Genuchten and Wieringa (1976), De 
Smedt et al. (1986) and Vanclooster et al. (1992). The use of this type of 
models in structured soils is, however, limited, since nonideal flow modes, such 
as film-flow along macropore walls, cannot be described accurately by means 
of convective dispersive flow. Especially in moderate climates, with relative low 
rain intensities, these nonideal flow modes are common. 
Germann and Beven (1985) and Germann (1990) simulated bypass flow using 
kinematic wave theory in combination with a sinkterm for water absorption. In 
their approach the soil matrix and macropores are considered as one domain in 
which water is transported as a kinematic pulse. 
All these models have in common that real soil structure, defined as the physical 
constitution of a soil material, as expressed by the size, shape and arrangements 
of the elementary particles and voids (Booltink et al., 1993), is not considered. 
Bronswijk (1988) calculated macropore sizes by means of swelling and 
shrinkage characteristics measured on structure elements in the laboratory. In his 
approach, excess water on the soil surface during a rain event was immediately 
transported to the ground water without interaction with the surrounding soil. 
Jarvis and Leeds-Harrison (1987, 1990) developed a model which calculates 
water balances in two-domains, a soil matrix and macropore domain. Soil 
structure was represented by means of cube-shaped soil aggregates and transport 
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of water through the macropores was calculated using an empirical tortuosity 
factor. Interaction between soil aggregates and macropore water was a function 
of aggregate sorptivity. No water flow was modeled within the aggregates. 
Hoogmoed and Bouma (1980) developed a model based on measured soil 
morphological characteristics, describing surface storage and lateral absorption 
of water along macropore-walls and drainage. Although this model is based on 
morphological observations it does not include the effects of tortuous water 
transport through macropores. The model is only capable of calculating bypass 
flow in small soil columns with strict boundary conditions. 

Soil morphology and bypass flow 
Within soil survey, soil structure is usually described in qualitative terms such 
as: "weak subangular blocky" (e.g. Soil Survey Staff, 1975). Although these 
terms describe soil structure conscientiously, they can hardly be used for 
calculations or model-simulation purposes. A more quantitative approach was 
followed by e.g. Jongerius et al. (1972) Murphy et al. (1977) and Bullock and 
Murphy (1980). In these studies (macro) pore spaces were visualized or 
measured and expressed in terms of pore size distributions. Bouma et al. (1977) 
and Ringrose-Voase and Bullock (1984) developed a technique for measuring 
macropores in undisturbed soil, using methylene blue staining patterns. They 
stratified macropores according to Brewer (1964) in categories of channels, 
vughs and planar voids and discussed functional physical properties of different 
types of macropores. This, however, still in descriptive, qualitative terms. Moran 
et al. (1989) and McBratney et al. (1990) used fluorescent dye tracers in 
combination with digital binary image production to interprète soil macropore 
structure. 
Several studies focused on combined application of soil physical characteristics 
and morphological features. Bullock and Thomasson (1979) used image analysis 
of thin sections to calculate macroporosity. Total macroporosity, however, is not 
a very relevant property in relation with water flow processes such as bypass 
flow, since very few macropores, contributing only little to total macroporosity, 
dominate transport of water and solutes (Bouma et al., 1977). 
Spaans et al. (1990) measured changes of hydraulic conductivities in a Costa 
Rican soil before and after clearing of tropical rainforest. In this study 
differences in hydraulic conductivity were illustrated with micromorphometric 
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analyses of thin sections. The effects of tillage on soil morphology and porosity 
were investigated by Shipitalo and Protz (1987). These studies, however, have 
in common that soil structure was used to illustrate effects of soil structure on 
physical properties rather than link morphology to soil physical properties in 
quantitative terms. 
Bouma (1981) suggested to functionally characterize bypass flow by means of 
dye traces in combination with macromorphometric techniques. This approach 
was followed by Kooistra et al. (1987) who combined soil morphological 
measurements with computer simulations on moisture deficits. In this study the 
effects of horizontal planar voids on upward unsaturated flow of water were 
stressed. Van Stiphout et al. (1987) demonstrated, in a field study, the 
occurrence of bypass flow and infiltration of water from noncontinuous 
macropores. This subsurface infiltration process was called "internal catchment". 
In structured soils the use of morphometric data in combination with soil 
physical characteristics is particularly relevant. Fractal theory seems to be a 
promising tool in characterizing macropore systems, since size and shape of 
different combinations of functional macropores can be quantified and coupled 
to soil physical characteristics. Bartoli et al. (1991) used fractal dimensions to 
characterize soil structure, Crawford et al. (1993) used fractal theory to explain 
diffusion processes in heterogenous soils. Hatano et al. (1992) linked fractal 
dimensions of stained flow patterns with Brenner numbers for chloride 
breakthrough in various volcanic soils. 

Research objectives 
In this study emphasis was given to combined research of bypass flow in 
relation to morphology of water-conducting macropores in a structured clay soil. 
The main questions to be answered were: (i) what soil physical methods can be 
used to measure and quantify the effects of bypass flow and, (ii) how can soil 
structure be quantified in a way that it takes into account bypass flow 
phenomena and expresses morphological data in a form to be used in simulation 
models? 
To achieve these objectives, laboratory experiments were carried out to further 
develop and improve soil physical measurement techniques. Data from these 
experiments were used to define concepts for physico-morphological processes 
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of bypass flow. Next these concepts were tested in relative simple numerical 
simulation models. 
Another part of this study dealt with automated monitoring of bypass flow at the 
"Kandelaar" experimental farm in Eastern Flevoland in the Netherlands. Field 
scale modelling was carried out in the clay soils occuring there to test the 
derived laboratory concepts with field measured data. 

Outline of the thesis 
In CHAPTER 2 (Booltink et al., 1991) the crust test for measuring unsaturated 
hydraulic conductivity (HUM and Gardner, 1969, 1970; Bouma et al., 1971, 
Spaans et al., 1990) was modified into a more operational suction crust 
infiltrometer. Similar to the suction infiltrometer (Perroux and White, 1988) a 
negative pressure head is applied to the crust, by varying the level of the 
mariotte feeder burette. The effects of macropores on the hydraulic conductivity 
near saturation are illustrated by series of measurements in a structured heavy 
clay soil. 
CHAPTER 3 (Booltink and Bouma, 1991) describes the combined use of soil 
physical and morphological methods to characterize bypass flow. Flow processes 
were measured in large undisturbed soil cores. The field method for measuring 
bypass flow described by Bouma et al. (1981) was utilized with automated 
outflow registration combined with 102 automated small tensiometers, installed 
at three depths in the columns. Methylene-blue stained flow patterns, associated 
with bypass flow, were morphologically characterized in terms of circumference, 
area, and number of stained pores. Time series of tensiometer reactions were 
characterized and linked with methylene blue staining patterns. 
A sensitivity analysis on processes affecting bypass flow was carried out in 
CHAPTER 4 (Booltink and Bouma, 1993). This study showed the relative 
impact of different soil types on soil hydrological processes affected by rain 
intensity, initial pressure head of the soil water, surface storage of water, contact 
area of bypass water and soil on macropore walls, and hydraulic properties of 
the soil matrix. The sensitivity analysis was carried out using a simulation model 
developed by Hoogmoed and Bouma (1980). Simulated mass balances and 
relative sensitivity of different parameters are discussed. 
In CHAPTER 5 (Hatano and Booltink, 1992) soil structure was quantified using 
fractal dimensions of methylene-blue stained, water conducting macropores. 
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Hatano et al. (1992) used similar morphological techniques to derive Brenner 
numbers for chloride breakthrough. The combination of fractal dimensions and 
methylene-blue stained volumes was used to predict total amounts of bypass 
flow from large soil cylinders during heavy artificial rainstorms. 
The quantification of soil structure by means of fractal dimensions of stained 
flow patterns was further developed in CHAPTER 6 (Booltink and Hatano, 
1993). Tortuosity of water pathways and contact area associated with bypass 
flow are important soil morphological parameters in explaining water absorption 
during bypass flow. Macropore geometry, expressed as fractal dimensions, was 
used to calculate the propagation speed of the waterfront in macropores during 
bypass flow under different initial soil conditions and various rain intensities. 
Methylene blue staining patterns were stratified in terms of vertical cracks and 
horizontal pedfaces of structure elements (Bouma et al., 1977). The developed 
pedotransfer function for calculating macropore flow velocity and the 
morphological stratification of stained flow patterns were used as input 
parameters in a Darcian flow simulation model extended with modules 
describing bypass flow and lateral absorption of bypass flow water along 
macropore walls (Hoogmoed and Bouma, 1980). The model was used to 
simulate bypass flow in 15 large soil columns. 
In CHAPTER 7 (Booltink, 1993a) long-term monitoring of bypass flow and 
soil mineral nitrogen contents, at the "Kandelaar" experimental farm was used 
to investigate bypass flow and related nitrate leaching. Time series of drain 
discharges and related nitrate and chloride concentrations were compared with 
mineral nitrogen profiles in order to derive the origin of the leached nitrate in 
the soil profile. The effect of a catchcrop, sown directly after slurry application, 
on nitrate leaching was stressed. Use of tensiometers and suction cups for 
collecting soil solutions in structured soils are critically discussed. 
CHAPTER 8 (Booltink, 1993b) describes the field scale simulation of bypass 
flow and the comparison with measured data. For this, the one dimensional 
water and solute transport model LEACHM (Wagenet and Hutson, 1989) was 
extended with a module describing bypass flow and tortuous water transport 
according to concepts described in chapter 6. A Monte-Carlo analysis was 
performed to calibrate the model and to investigate the sensitivity and 
uncertainty of the various model parameters. The model was validated using 
data from another winter season at the "Kandelaar" experimental farm. 

10 
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A SUCTION CRUST INFILTROMETER FOR 
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Netherlands. 

ABSTRACT 

The laborious crust test, used to measure unsaturated hydraulic conductivity, was 
modified into a more operational suction crust infiltrometer. By varying the level 
of the mariotte tube inside the feeder-burette, different negative pressure heads 
can be imposed on a soil sample. Unit gradient during the measurement was 
ensured by adjusting the water level in the draining column under the sample. 
Only one crust has to be produced, which leads to less disturbances and 
significant savings of time. Perfect contact between crust and soil surface makes 
the crust infiltrometer particulary suitable for measurements in structured soils 
with macropores. 

INTRODUCTION 

Hydraulic conductivity data are necessary to run deterministic simulation models 
for soil water movement. Many measurement methods have been developed 
(e.g., Klute, 1986). Recently, a suction infiltrometer was developed which was 
applied succesfully in sandy soils (Perroux and White, 1988). Some problems 
have, however, been encountered when applied in well structured clay soils with 
macropores. 
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In that case poor contact between membrane and soil is likely to produce 
variable, unreproduceable results that cannot be improved by the suggested 
aplication of a layer of sand between membrane and soil (Perroux and White, 
1988), because sand may move into the the macropores and contact between the 
membrane and the loose sand can easily be disturbed. 
In addition, problems have been reported with the membrane itself, which may 
exhibit hydrophobic features. 
For several years, the crust test has been used to measure K , ^ values by 
combining fluxes at unit gradient through a crust, with corresponding negative 
subcrust pressure heads. The original theory was presented by Hillel and 
Gardner (1969,1970). A field test, using crusts composed of sand and clay, was 
extensively applied in Wisconsin (Bouma et al., 1971). Later the crust material 
was replaced by gypsum (Bouma and Denning, 1972) and quick-setting cement 
(Bouma et al., 1983, Spaans et al., 1990). 
One operational problem of the crust test was the necessity to replace crusts so 
as to obtain different fluxes and pressure heads. Replacement was laborious and 
often involved disturbances. Perfect and stable contact between crust and soil, 
however, was and is one attractive feature of the method. In this study we 
explore the feasibility of obtaining a range of Kmiat values by using only one 
crust and by manipulating the height of the zero-pressure level in the mariotte 
device of the infiltrometer. Thus, different rates of steady infiltration of water 
can be obtained with corresponding negative subcrust pressure heads. 

MATERIALS AND METHODS 

Soil 
Measurements were made in the Q horizon (depth 15 to 35 cm below soil 
surface) of a very fine, mixed, mesic Typic Fluvaquent (Soil survey Staff 1975). 
The soil had a strongly developed prismatic structure and contained 50% clay 
and continuous macropores (cracks). Samples were taken in P.V.C. cylinders 
with a diameter and length of 20 cm. The inside of the cylinder, with sharpened 
lower edges, was covered with grease to make sampling easier and to prevent 
flow of water along the cylinder walls. During transport to the laboratory 
samples were covered with plastic caps to prevent excessive evaporation and 
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loss of material. In the laboratory the samples were slowly saturated by means 
of a raising water level in a plastic container. The samples were left to saturate 
for at least 2 days. 

Equipment and Procedure 
Saturated hydraulic conductivity (K^) was measured by placing the cylinders 
with saturated soil samples on a perforated disk, covered with a non-restrictive 
cloth to prevent loss of material, and placed on a funnel (Fig. 1). 

20 cm -

- waterfilm 

soil surface de-aeration 

perforated disk with filtercloth 

] measuring jug 

Figure 1 Schematic diagram of the laboratory assembly to measure saturated hydraulic 
conductivity. 

Two tensiometers were installed at 5 and 10 cm below the soil surface. The 
"natural" surface structure was carefully exposed without smearing the 
macropores. After leveling the sample in the cylinder, it was placed on the 
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funnel and water was shallowly ponded on top. Outflow fluxes were registered 
until fluxes were constant for at least one hour and pressures were zero. 
Next, samples were placed on 50 cm long P.V.C. cylinders, with the same 
diameter as the cylinder, filled with medium textured sand. 
Crusts were made of mixtures of dry, well sorted quartz sand (table 1) and 10 
% (by weight) quick setting hydraulic cement (CEBAR, manufactured by 
Metzger Alblasserdam Netherlands). Sand and cement were mixed thoroughly 
before and after adding about 10 % (by weight) water. Using more water causes 
inhomogeneous crusts due to separation of sand and cement, and does not allow 
hardening. 

Tabel 1 Particle size distribution quartz sand 

Fraction 
(um) 

<53 

53-75 

75 -105 

105-150 

150-210 

210-300 

300 - 420 

>420 

Distribution 
(% w/w) 

0.2 

0.6 

4.0 

38.9 

42.7 

12.6 

0.9 

0.1 

The mixture was evenly applied on the soil surface and compressed to ensure 
good contact between crust and soil surface. The surface of the crust was 
flattened to a thickness of 1 cm, thinner crusts become relatively more 
sensitive to small differences in thickness and little inhomogenities. 
After hardening, which takes up to 15 minutes, a perspex cap (Poly Methyl 
Methacrylate, manufactured by LCI England) was glued on top of the cylinder 
and water was put immediately on top of the crust. Air was removed by the 
airvent (Fig. 2). 
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20 cm -

Ü&£ 

Figure 2 Schematic diagram of the suction crust infiltrometer as used in the laboratory 
set-up. 

Hydraulic pressure to be applied on top of the crust can be manipulated by 
changing the level of the mariotte tube, inside the feeder burette, relatively to 
the level of the crust. This is achieved by moving the feeder-burette up and 
down along a vertical stand (Fig. 2) 
In the conventional crust method, the crust ensures steady fluxes of water into 
the underlying soil, which correspond with constant pressure heads at unit 
gradient in the underlying soil. If a negative pressure head is applied to the crust 
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by moving the mariotte device down, as proposed here, ( h ^ is negative in Fig. 
2.), conductivities are defined by the measured flux at a given pressure head of 
unit gradient. Pressure heads are measured with transducers. 
To ensure unit gradient in the soil sample during measurement, the water level 
in the sand column below the sample is adjusted by using an overflow device. 
Thus, unit gradient flow is created for each experiment. 

RESULTS AND DISCUSSION 

A measured hydraulic conductivity curve for the Typic Fluvaquent is presented 
in Fig. 3. 

Log conductivity (cm.day ) 

3 -

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 

Pressure head (kPa) 

Figure 3 Conductivity curve for the Typic Fluvaquent as measured with the suction crust 
infiltrometer. 

Fluxes and pressure heads were measured when unit hydraulic gradient was 
established. Fluxes ranged from 5500 cm.day"1 at saturation to 0.01 cm.day"1 at 
h= -17 cm. The Ksat value was obtained by ponding a free standing soil sample 
in P.V.C. cylinder (e.g., Fig. 1). When measured in situ Ksat values would 
probably have been lower due to discontinuous macropores (Lauren et al. 1988). 
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The suction crust infiltrometer is particulary suitable to express the effects of 
macropores on K, as can be illustrated with data presented in Fig. 3. Macropores 
can be completely filled with water, and when they are vertically continuous, 
very high fluxes are obtained. With a crust, saturated conditions may still be 
measured in terms of zero pressures, but fluxes are strongly reduced because 
macropores are not completely filled with water anymore. This results in a wide 
range of saturated conductivities, varying from 5500 cm.day"1 to 10 cm.day"1. 
This effect was earlier demonstrated by Bouma (1982) who suggested use of the 
K(sat) notation for such conditions. 
The method was convenient to use. Values were obtained rapidly because fluxes 
near saturation are relatively high and equilibrium conditions are reached 
rapidly. When fluxes become very low, the inaccuracy of measurement 
increases. We advise not to work with pressure heads lower than -30 cm. The 
crust is produced only once, and this is a major improvement over the former 
procedure which required preparation of a serie of different crusts. Crusts, as 
prepared according to the described procedure, were, structurally stable, quite 
homogeneous and had perfect contact with the soil. This is better than adding 
sand to the soil surface which is structurally unstable and tends to flow into 
macropores. Contact between the membrane and loose sand can be more easily 
disturbed than the contact between crust and soil. Even a thin layer of sand has 
a major effect on infiltration characteristics in soils with macropores, as was 
demonstrated by Bouma et al. (1983). Use of the sand column with an 
adjustable free water level, was quite effective to realize unit-gradient flow. 
Finally, the method can also be used in the field, using a field infiltrometer and 
a carved out column of soil. Here the pressure of the lower boundary can not 
be adjusted. This version of the method has been described elsewhere, except 
for the aspect of pressure manipulation (Bouma and Denning, 1972; Spaans et 
al. 1990). Generally, field application is preferred, but available funds do not 
always allow time-consuming field work and we have found that the laboratory 
method, described here, can yield satisfactory results when samples are taken 
carefully. 
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Netherlands. 

ABSTRACT 

Bypass flow governs solute movement in well-structured clay soils. Combined 
use of physical and morphological methods was made in this study to better 
characterize the proces. Row processes in five 200-mm long undisturbed cores 
of 200-mm diameter were monitored at 11-min intervals by using 102 small 
transducer tensiometers, divided among five samples and installed at three 
depths. Row patterns along macropores were stained with methylene blue. 
Twenty five tensiometers in or within a distance of a few millimeters of stained 
macropores reacted very quickly when 10 mm of simulated rain was applied at 
an intensity of 13 mm.h'1, and showed a drying pattern after the end of the 
simulated rainfall. Forty-three tensiometers inside peds reacted more slowly and 
showed continued wetting after the end of the simulated rainfall indicating 
internal catchment of water in the bottom of discontinuous macropores followed 
by redistribution of water. Internal catchment increased with depth in the 
samples, as indicated by both physical and morphological data. Using 
tensiometer measurements as a point-count it is estimated that 33 % of the soil 
volume was in close contact with continuous macropores while 42 % was 
influenced by the effects of internal catchment. An average of 5.2 mm ± 0.96 
mm of the applied 10 mm water left the cores through bypass flow, while an 
estimated average of 3.3 mm ± 0.96 mm contributed to internal catchment. The 
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observed patterns of water movement illustrate the inadequacy of the concept 
of mobile/immobile water. 

INTRODUCTION 

Rapid vertical movement of free water along macropores in unsaturated clay 
soils has often been observed (Lawes et al., 1882; White, 1985) but cannot be 
characterized by flow theory based on Richards' equation (e.g., Klute, 1973). 
Beven and Germann (1982) defined macropore or bypass flow as "the flow of 
water through a system of large pores that allows fast flow velocities and 
bypasses the unsaturated soil matrix." Different deterministic and stochastic 
procedures can be followed to characterize bypass flow (e.g., Valocchi, 1990; 
Andreini and Steenhuis, 1990; Kung, 1990; White, 1985). The effects of non-
capillary-sized pores upon infiltration was studied by Edwards et al. (1979). We 
have focused attention on a deterministic approach using both physical and 
morphological techniques. 
Flow patterns associated with bypass flow were morphologically characterized 
as a function of application rate and applied quantity of water by Bouma and 
Dekker (1978) using methylene blue tracers. Their study showed that stains 
occurred in small vertical bands on ped faces, occupying only about 2 % or less 
of the potentially available vertical contact area of the peds. Based on this work, 
Hoogmoed and Bouma (1980) developed a deterministic model that predicted 
vertical flow of water into the soil surface and into continuous cracks, including 
horizontal infiltration into the soil matrix. Their model calculations were 
validated by outflow measurements from soil columns but not by physical 
measurements inside the soil. Bouma et al. (1981) introduced a field test to 
measure bypass flow in large, undisturbed dry or moist soil cores. This method 
considered outflow as a fraction of inflow only and did not characterize flow 
processes inside the cores either. Van Stiphout et al. (1987) demonstrated, in a 
field study, the occurrence of bypass flow and infiltration of water from 
noncontinuous macropores inside the soil. Water infiltrated from the bottom of 
discontinuous cracks at 60-cm depth and from discontinuous worm channels at 
120-cm depth. This subsurface infiltration process was called "internal 
catchment". Continuity of macropores was studied with dyes, but the effect of 
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the number of macropores was not considered. Bouma et al. (1982) monitored 
infiltration of water into a macroporous soil using different-size tensiometers. 
They found that measured pressure heads for large cups (8 by 2 cm) showed 
little variation and indicated short periods of saturation during infiltration. Small 
cups (0.5 by 0.5 cm), however, showed considerable variation and did not 
indicate saturation. This was explained by a morphological analysis, which 
showed that large cups intercepted water-conducting macropores while small 
cups did not. Sizes of tensiometer cups to be selected for monitoring should, 
therefore, be a function of the type of soil structure and the spacing of 
macropores. 
The study reported here was made to characterize flow processes, including 
vertical and lateral infiltration and internal catchment, during bypass flow in 
pedal clay soils. Pressure heads in the soil were measured with a large number 
of small tensiometers, using transducer technology, which was also applied to 
obtain a continuous record of bypass flow. Staining techniques were used to 
quantify flow patterns along macropores, which were related to physical data. 

MATERIAL AND METHODS 

Soil 
Soil samples were taken in steel cylinders (200-mm diameter by 200-mm long), 
at five randomly chosen locations within a field, at The Kandelaar experimental 
farm in Eastern Flevoland in the Netherlands. Sampling was carried out by 
slightly pressing the cylinders into the soil and carving out the surrounding soil 
in order to reduce soil disturbances during sampling. The cylinders had 
sharpened lower edges and inside surfaces were covered with grease. The soil 
was a mixed, mesic Hydric Fluvaquent (Soil Survey Staff, 1975), with the 
following horizons: Ap (0-30 cm), clay (42 % clay) with a moderate, medium 
angular blocky structure and an abrupt wavy boundary to; 2C (30 - 70 cm), clay 
loam (40 % clay), strong, very coarse prismatic structure; 3C (70 - 103 cm), 
silty clay loam (30 % clay), strong, very coarse prismatic structure; and 4BCb 

(103 - 120 cm), sand, single grain. The dominant type of macropores were 
interpedal planar voids. 
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Before sampling, a field experiment using iodide tracers (Van Ommen et al., 
1988) was carried out to determine which soil layer governed bypass flow. An 
iodide solution was ponded on top of the soil surface (area ~ 1 m2) and the 
surface was covered with plastic sheets. After 2 d the soil was systematically 
peeled off in layers of 15 cm, until the groundwater was reached at a depth of 
90 cm below the surface. Each layer was sprinkled with potato starch and 
bleaching liquor, which oxidizes iodide into iodine. Iodine gives a purple color 
to potato starch. Purple stains and outlines of peds were drawn on transparent 
sheets and were analyzed in the laboratory. 
The most restrictive layer to flow occurred between 15 and 35 cm below the soil 
surface, this layer was therefore sampled. Natural aggregates (peds) in the layer 
ranged in size from 30 to 50 cm3. This implies that 120 to 200 peds were 
present in a single sample, which should be adequate for the sample to be 
representative (Lauren et al., 1988). 

Physical Methods 
In order to approximate the soil physical field conditions, the cylinders with soil 
were placed in the laboratory, on large polyvinyl chloride columns filled with 
medium textured sand and having a constant groundwater level at 100-cm depth, 
which corresponds with the average groundwater level during bypass flow under 
field conditions, as was measured with a datalogger. The initial moisture content 
for the five samples varied from 0.42 to 0.48 m3.m~3. 
Seven small tensiometer cups were installed at each of the three depths (25, 65, 
and 125 mm) in each core. Tensiometer cups were 10 mm long and 5 mm in 
diameter, and were installed at randomly chosen distances from the core wall, 
through prebored holes in the steel cylinder. Installation was carried out at a 
slightly upward angle to prevent water flow towards the cups (Fig. 1). In order 
to prevent disturbances during installation, a 4.5 mm diameter auger was used. 
By using an auger with a diameter a little smaller than the diameter of the cup, 
good contact between cup and soil was ensured and disturbances of the soil 
were minimized. 
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Figure 1 Laboratory set up for measuring bypass flow 

The cylinders with soil were placed on a funnel (Fig. 1) and cups were left for 
equilibration for at least 16 h before the experiment was started. Every 30 s, a 
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computer-controlled Scanivalve (Scanivalve Corp., San Diego, CA) connected 
a tensiometer cup with the pressure transducer. In this way every cup was 
sampled once every 11 min. Response time of the cups in water was < 5 s. Rain 
intensity was controlled by means of a mariotte device (Fig. 1). For all 
experiments, a shower of 10 mm of rain was applied with an intensity of 13 
m a h ' . In the Netherlands, such a rain storm has a probability of occurrence of 
once in two yr (Buishands and Velds, 1980). The shower caused nearly 
immediate ponding on top of the sample (saturated hydraulic conductivity [K^J 
of the soil matrix was 48 mm.d"1). The bottom of the sample was covered with 
a perforated plate and the sample was placed on a funnel. Outflow, which 
always had a blue color, was measured in a collector equipped with a 
differential pressure transducer in the bottom. This transducer was read every 30 
s by the computer. 

Morphological Methods 
At the start of the experiment, the exposed upper surface of the sample was 
dusted with methylene blue powder (dissolving the methylene in the rain water 
caused plugging of the rain simulator). Rainfall simulation was started after a 
period of about 45 min, in which the automatic registration equipment was 
tested. Ten mm of precipitation, which dissolved the methylene blue, was added 
and the rain simulator was stopped. Scanning of outflow and of the tensiometers 
was continued for several hours, until changes in measured pressure heads were 
small. 
After termination of the experiment, the sample was peeled off in layers to 
depths of 15, 25,45, 65,90,110,125, and 160 mm below the top, and for every 
layer a cross section of the methylene blue patterns was drawn on transparent 
sheets. When tensiometers were present in a layer, their position was also 
indicated on the sheets. The grease, applied to minimize disturbances during 
sampling, created a thin hydrophobic layer along the wall of the sample, which 
prevented water flow along the wall of the sample cylinder. This unwelcome 
short-circuiting was not noticed during peeling off. 
The observed patterns were digitized using software of a geographical 
information system. Surface area, length of contour, and number of stains were 
determined for each level. Total surface area examined per sample per layer was 
31 416 mm2. 
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Figure 2 Surface area (a) circumference (b) and number (c) of blue stained macropores 
for the five samples. The numbers in the figures are core sample numbers. 
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RESULTS AND DISCUSSION 

Morphological Data 
Figure 2 shows the results of the methylene blue dye tracing for all five cores. 
A rapid decline of blue colored surface area to a depth of 65 mm is perceptible 
for most samples; below 65 mm, the area decreased gradually (Fig. 2a). The 
perimeter of the blue stained area stayed rather constant to 45- mm depth for 3 
samples, after which it decreased rapidly (Fig. 2b). From 10 mm downwards, 
only small changes occured. The two other samples showed a gradual decrease 
to a depth of 125 mm. The number of colored stains first increased or stayed 
constant in 4 samples to a depth of 45 mm, and then decreased until it became 
rather constant at a depth of 110 mm below the soil surface (Fig. 2c). The 
presence of an increasing number of pores with depth to 45 mm is explained by 
the fact that the few large blue stains in the top layer divided in more small 
ones, as is indicated by the nearly equal perimeter of the stains at depths from 
0 to 45 mm. 
Figure 3 shows a three-dimensional reconstruction of the staining pattern for 
Sample 179. Positions of tensiometers are indicated at depths of 25,65, and 125 
mm. The sharp decrease of surface area, perimeter and number of stained pores 
is clearly visible at 65 mm depth. 

Physical Data 
The soil water pressure head measurements for Sample 179 are shown in Fig. 
4. The rainfall period is indicated by a bar, starting at 45 min and ending after 
= 85 min. For the 25-mm depth, two types of tensiometer reactions can be 
distinguished: one very fast one, starting shortly after application begins and 
going to a saturated condition (e.g., Tl , T2, T3, T5, and T6), the second 
showing a rather slow increase of pressure head, which continued long after 
simulated rainfall had stopped (e.g., T4). This second type indicates 
redistribution of water in the sample and expresses, therefore, the hydraulic 
effects of internal catchment. The fast-reacting cups, on the contrary, showed the 
opposite behavior. Pressure heads became more negative once simulated rainfall 
had stopped because free water disappeared from the vertically continuous 
macropore and the measured pressure head returned to the slightly lower, actual 
matrix potential of the soil. 
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Only slow-type tensiometer reactions are shown at a depth of 65 mm. One cup 
(T13) even showed a first reaction long after simulated rainfall had stopped. For 
the 125-mm depth, again, both reaction types were present, which indicates that 
some continuous macropores were not intercepted at the 65 mm level. 

methylene blue stain 

depth (mm) 

Figure 3 Reconstruction of methylene blue staining patterns for sample 179. Patterns 
were drawn at depths of 15, 25, 45, 65, 90, 110, 125, and 160 mm in the 
sample. The tensiometer locations and the serial numbers at the three depths 
are also shown. 
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Figure 4 Tensometric measurements of soil-water pressure heads for sample 179 at 
depths (a) 25, (b) 65 and (c) 125 mm below soil surface. Tl, T2, etc., denote 
tensiometer numbers. 
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The different tensiometer reactions were characterized by three parameters: (i) 
the time after the start of simulated rainfall at which a first reaction was 
observed (tj min); (ii) the intensity of this first reaction, i.e., the gradient of the 
tensiometer reaction curve (S), calculated from the baseline and the first two 
points after the first reaction; and (iii) the behavior after simulated rainfall has 
stopped; either wetting (increase of pressure head, +Ah) or drying (decrease of 
pressure head, -Ah). Wetting is an indication of the effects of internal catchment. 
The tensiometers were installed at random in the 3 layers, which means that 
some of them were in or near a macropore, and others were in the middle of a 
ped. Different locations should result in different reaction types, as defined by 
tj, S and Ah. 

Relating Morphological to Physical Data 
First, the relation was explored between ti and S and the measured distance of 
the tensiometer cups to blue-colored stains, the latter being derived from the 
drawings of stains. 
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Figure 5 Relationship between blue stained planar surface area and tensiometer 
reaction-intensity S for tensiometer reactions of category 2, which become 
dryer after termination of the simulated rainfall. The data are for the core 
numbers indicated. 

37 



Morphometric methods for simulation of water flow 

Twenty-five cups that were located inside or within < 5 mm of a blue-colored 
macropore were associated with S values ranging from 0.26 to 3.5, with an 
average of 1.15 kPajnin1. For the other 77 cups, there was no clear relation 
between the distance to a blue stained macropore and reaction time, or intensity. 
In order to more specifically express relations between tensiometer reactions and 
staining patterns, a stratification was carried out in terms of three categories of 
reactions after the end of the simulated rainfall: 

1. wetting, 
2. drying, 
3. no clear reaction 

Stratified according to these criteria, the intensity of the reaction (S) was 
expressed as a function of the planar blue-stained surface area at that particular 
depth (Fig. 5). As the blue-stained area increased, S values increased for 
tensiometers of Category 2. The correlation coefficient of 0.52 was significant 
at 0.01 probability. Reactions of Category 1 show no correlation with reaction 
intensity (S), because dynamics of water flow are particularly governed by the 
conductivity of the soil matrix and not by water movement in the macropores. 
Reaction intensity (S) was also plotted against tensiometer depth in the sample. 

40 60 80 

Depth in sample (mm) 

i — i — i — i — i — i — r -

100 120 140 160 180 200 

Figure 6 Changes with depth of the tensiometer reaction intensity S for tensiometer 
reactions of category 2 which become dryer after termination of the simulated 
rainfall. 
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Figure 6 shows the results for reactions of Category 2. Highest S values are 
found in the top of the sample. The S values in the lower part of the sample 
appear to be low, but are still more than twice as high as S values calculated for 
reaction types of Category 1. The calculated correlation coefficient of -0.52 is 
significant at 0.01 probability level. 
Due to the limited depth resolution of the horizontal cross sections, a more 
pronounced relation between cup reaction type and distance to methylene blue 
stains canot be derived. To determine such a pronounced relation, measurements 
with a much higher depth resolution, such as computerized axial tomography 
(CAT), are necessary. 
Table 1 presents all 102 tensiometer reactions, as measured in the five samples, 
grouped in the categories as explained above (three of the originally 105 
installed tensiometers were damaged during installation and omitted from the 
analysis). 

Table 1 Tensometric response categories for the five column experiments; 
Category 1: number of tensiometer with reactions becoming wetter 
after termination of the simulated rainfall; category 2: number of 
reactions becoming dryer; category 3: no clear reaction. 

Depth in sample 
(mm) 

Category 1 Category 2 Category 3 

25 
65 
125 

Total 

8 
20 
15 

43 

22 
8 
4 

34 

5 
7 
13 

25 

As mentioned above, tensiometer reactions of Category 2 indicate closeness to 
vertically continuous water-conducting macropores. Tensiometers with reactions 
of Category 1 indicate internal catchment nearby. Considering tensiometer 
reactions as a soil physical point count, we conclude that, in the top 25-mm of 
the sample 63% of the soil volume was in direct contact with continuous water-
conducting macropores and 23% was influenced by internal catchment. For the 
65-mm depth, a shift towards internal catchment is obvious, as the percentages 
were 23% and 57% respectively. At 125-mm depth, this trend continues, in 
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agreement with the morphological trends, illustrated in Fig. 3, showing a strong 
decrease of stained (continuous) pores with depth. 

Table 2 Estimated mass balances of the five experimental columns. 

Sample simulated outflow infiltration internal 
rainfall surface lateral catchment 

16 
56 
86 
115 
179 

10 
10 
10 
10 
10 

4.2 
5.2 
5.8 
4.4 
6.5 

Average 10 5.2 ±0.96 

(mm) — 
1.2 
1.2 
1.2 
1.2 
1.2 

1.2 

0.3 
0.3 
0.3 
0.3 
0.3 

0.3 

4.3 
3.3 
2.7 
4.1 
2.0 

3.3 ± 0.96 

Considering the entire soil volume of the five cores, we conclude that: 33% of 
the volume was in direct contact with continuous water-conducting macropores, 
42% was being influenced by internal catchment, and 25% of the volume cannot 
clearly be classified in either category. 
This characterization indicates that internal catchment plays a prominent part in 
processes of water flow in structured clay soils. To further illustrate this point, 
mass balances of the five experiments are presented in Table 2. In every 
experiment, 10 mm of water was applied with the same intensity. Measured 
outflow ranged between 4.2 and 6.5 mm, with an average of 5.2 mm. Matrix 
infiltration at the soil surface has been calculated by using an unsaturated 
hydraulic conductivity value at a slightly negative pressure head of -1.0 kPa 
(exclusion of the macropores). This surface infiltration was calculated to be 1.2 
mm, considering the time from the start of the simulated rainfall, until ponded 
water ceased (Hillel, 1980, p. 20-24). Hoogmoed and Bouma (1980) calculated 
lateral absorption from macropores by using a diffusivity equation. They 
concluded that lateral infiltration of water from macropores into the soil matrix 
during bypass flow is in the order of only a few percent; we calculated 0.3 mm. 
The estimated value for internal catchment is 3.3 mm ± 0.96 mm, which is one 
third of the applied amount of water. 
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CONCLUSIONS 

This study shows that flow of water in structured soils is more complex than is 
suggested by the concept of mobile/immobile water, which is widely being used 
in the literature. A third phase, water that is intercepted in discontinuous 
macropores (internal catchment), should be added to this concept. Soil structure, 
measured under field conditions, should be taken into account when 
characterizing bypass flow. Macropore continuity, in particular, governs bypass 
phenomena, including internal catchment. Point measurements with small 
tensiometer cups are useful to express these processes in quantitative terms. 
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SENSITIVITY ANALYSIS ON PROCESSES 

AFFECTING BYPASS FLOW 

H.W.G. Booltink and J. Bouma 
Departement of Soil Science and Geology, Agricultural University, P.O. Box 37, 6700 AA Wageningen, The 
Netherlands. 

ABSTRACT 

Bypass flow in structured soils is dominated by soil hydrological processes, such 
as rain intensity, initial pressure head of the soil, surface storage of rain, 
horizontal contact area and absorption rate and hydraulic conductivity of the soil 
matrix. This study was conducted to determine the relative impact of these 
processes in different soil types. A quasi 3-dimensional simulation model was 
used to calculate the effects of these soil hydrological input parameters on 
surface infiltration, macropore flow (with related horizontal absorption) and 
drainage. For light textured soils, surface infiltration was the most important 
term in the water balance. Heavy textured soils, on the contrary, had drainage 
as the main term. In the latter soils bypass flow, when occurring, was almost 
equal to the amount of rain applied, indicating that absorption processes were 
strongly reduced. Lateral absorption on macropore walls was a minor fraction 
in the total mass balances, due to limited contact area and relatively weak 
diffusivity forces. Surface infiltration is a crucial parameter in bypass flow and 
is mainly dependent on rain intensity, initial pressure head and conductivity of 
the soil matrix. This requires measurement methods for hydraulic conductivity 
that specifically consider the effect of macropores. 
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INTRODUCTION 

Bypass flow, defined as flow of free water along macropores in unsaturated 
soils, is a common phenomenon in structured soils (Beven and Germann, 1982 
White, 1985). Different factors that govern bypass flow in these soils were 
summarized by Bouma (1990). Flow of water into macropores occurs when, 
during a rain event, rain intensity is higher than the absorption capacity of the 
soil surface. Depending on the soil microrelief, a certain amount of water will 
be stored on the soil surface. When this storage capacity is exceeded, water will 
start flowing into macropores. 
Macropores can be either continuous or non-continuous. In the latter, water will 
accumulate at some depth and start infiltrating from there. This process of 
"Internal Catchment" has first been described by Van Stiphout et al. (1987). 
Water flowing along the walls of air-filled macropores will be laterally absorbed. 
In case of continuous macropores the final excess of water will be added to the 
ground water or will flow to greater depths. Magnitude and intensity of these 
processes is controlled by external conditions, such as rain intensity, but also by 
internal conditions e.g. soil texture and soil structure with characteristically 
different hydraulic properties (Jarvis and Leeds, 1987). 
Identical macropores function therefore differently in different soil materials due 
to different flow processes in the soil groundmass (Bouma et al., 1983). 
A statistical frame work, consisting of uniform distributions of channel radii and 
depths, was used by Beven and Clark, (1986). In this model infiltration radially 
moved away from a water filled channel into the soil matrix. 
In this study a sensitivity analyses was carried out on soil physical processes, 
related to bypass flow, such as surface infiltration, horizontal infiltration from 
macropores and outflow. Four different soil types, varying from loamy sand to 
heavy clay were used to compare magnitude and intensity of the processes 
among the selected soils. The object of this sensitivity analysis is to derive 
generalized relationships for bypass flow phenomena allowing easier 
characterizations in modelling. 
The sensitivity analyses was carried out with a quasi 3-dimensional simulation 
model developed by Hoogmoed and Bouma (1980). This model combines two 
existing physical simulation models for vertical and horizontal infiltration. 
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MATERIAL AND METHODS 

Simulation model 
The simulation model used was developed by Hoogmoed and Bouma (1980), it 
describes the following processes: 
(A) Vertical infiltration of water into the upper surface of a homogenous soil 
with a specified initial water content. (B) Row of water into cracks, (C) 
horizontal absorption of water into the crack walls. (D) Drainage. 
(A) A one-dimensional simulation model considering, from the top to the 

bottom, 9 compartments of 2.0 cm, 1 of 1.5 cm and a top compartment 
of 0.5 cm, was used to calculate vertical infiltration in the surface of the 
soil matrix. Water flow between underlying layers was simulated with the 
Darcy equation [1] using K(0) and 0-\|/ relations in a table. Physical 
boundary conditions are as follows: 

z=0 -K ÖH/öz = R 0<T<T(p) [la] 

0<H<w T\p)£Ti1lc) [lb] 

H = w T>T\c) [1c] 

z=20 -K àH/àz = constant [Id] 

where z = depth (cm) below the top of the soil, T(p) = time (days) when 
ponding starts, T(c) = time when ponding reaches the maximum surface 
storage w (cm), R = rain intensity (cm.day1), and H = hydraulic head (cm 
water). 

(B) If the infiltration capacity of the soil is less then the applied rain intensity, 
ponding will occur at time T(p). When a preset threshold value for 
surface storage (w) is reached the excess of water, between rainfall and 
vertical infiltration, will flow into the cracks. 
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(C) Water flowing into cracks is absorbed laterally. For this a one-
dimensional simulation model [2], based on the diffusivity equation (Van 
der Ploeg and Benecke, 1974) was used. 

à/ôx[D ôe/Ôx] = àd/àt [2a] 

With the following boundary conditions: 

x=0 Ô6/ô*=0 T>T\c) [2b] 

x>xt Ô6/Ôx=0 r>7Xc) [2c] 

Where x = horizontal distance (cm) from infiltration surface , 9 = 
moisture content, x = penetration depth of the wetting front at time t, and 
D is the diffusivity - 9 relation. 
This model calculates lateral absorption, in a horizontal homogeneous soil 
column (divided into 0.2 cm compartments), as a function of time. Bouma 
and Dekker, 1978, found that water flowing into cracks formed small 
bands on horizontal ped faces. The total surface area of bands at a given 
depth is referred to as: "Contact Area". This surface area is only a very 
small percentage of the total surface area available on vertical ped faces. 
Contact area increases with time since new bands develop during the 
bypass flow process. For each time step, new bands develop and they are 
associated with initial, high, absorption rates in relatively dry soil. In this 
way series of contact areas with different absorption rates are 
simultanuously considered in the model. 

(D) Water which is not laterally absorbed at the bottom of the 20 cm soil 
column is considered as drainage. 

Output of the model is cumulative surface infiltration (CUMTNF), cumulative 
lateral absorption (CUMABS) and cumulative drainage (CUMDRN). The sum 
of these three factor plus the threshold value for surface ponding should equal 
the amount of rain applied. 
The model was written in CSMP HI language, by using a first order Euler 
integration method with a fixed time step of 10"5 day. The model has been run 

50 



Sensitivity analysis on bypass flow 

on the VAX 8600 computer of the Agricultural University Wageningen. Mass 
balance errors were always smaller than 0.5 %. 
Further details on the model are given by Hoogmoed and Bouma (1980), Van 
der Ploeg and Benecke (1974), Van Keulen and Van Beek (1971), and Hillel 
(1977). 

Sensitivity analyses 
In order to stress the effects of similar hydrological processes in different soils, 
the sensitivity analyses was carried out for four different soil types (Wösten, 
1987). Texture data and Van Genuchten parameters, describing soil physical and 
hydrological characteristics (Van Genuchten, 1980), are presented in table 1. 
Soil physical parameters on which the sensitivity analysis was carried out are 
presented in table 2. A set with standard parameters was selected as our basic 
data set (underlined values in table 2.). 

Table 1 Texture data and Van Genuchten parameters for four surface soils. Texture in 
percentage of mineral soil.(Wösten et al., 1987). 

soil type 

loamy sand 
sandy loam 
clay loam 
clay 

<2 um water cont. 
saturated 

(%) (cm'.cm-3) 

< 12 0.45 
12-18 0.40 
25- 35 0.44 
50-100 0.57 

water cont. 
residual 
(cm3.cm'3) 

0.0 
0.0 
0.0 
0.0 

saturated 
conductivity 
(cm .day"1) 

18 
23 
31 
98 

alpha 

(cm1) 

0.0152 
0.0313 
0.0519 
0.1689 

n 

(-) 

1.412 
1.200 
1.126 
1.068 

I 

(") 

-0.213 
-3.578 
-6.552 

-10.286 

A standard pressure head of 25 kPa is considered to be a realistic initial value 
under many field conditions. A rain intensity of 25 cm.day"1 during 2 hours has, 
for Dutch climatological circumstances, a probability of occurrence of once a 
year, 15 cm.day"1 during 2 hours, a probability of twice a year and 40 cm.day"1 

during 2 hours a probability of once per ten years (Buishand and Velds, 1980). 
Contact area represents the vertical surface area on which horizontal absorption 
takes place. Bouma and Dekker, (1978), observed such infiltration patterns in 
0.5 m2 plots as a function of rain intensity and amount. They found that water 
flowed along macropores in small vertical bands occupying 2 percent or less, of 
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the potential available contact area. Which were the vertical faces of 10 cm 
large soil prisms. Since little information about this parameter is known we 
selected a broad range of values with 5 percent contact area (which corresponds 
with 250 cm2 for a 0.5 m2 area with large soil prisms) as a standard. 
Surface storage is a parameter which is hard to measure. Surface roughness will 
provide some information about potential storage, but the actual value depends 
mainly on number, size and surface appearance of macropores conducting water 
to greater depths. A value of 0.1 cm has been selected as the standard. 

Table 2 Parameter settings as used in sensitivity analyses (standard parameter 
settings underlined) 

initial 
pres. head 
(kPa) 

2.5 
5.0 
10.0 
25.0 
50.0 
100.0 
500.0 
999.9 

rain 
intensity 
(cm .day'1) 

5 
10 
15 
20 
25 
30 
35 
40 
45 
50 

contact 
area 
(cm2) 

25 
50 
100 
175 
250 
325 
400 
500 
600 
700 

surface 
storage 
(cm) 

0.005 
0.010 
0.020 
0.040 
0.070 
0.100 
0.150 
0.200 
0.250 
0.300 

conductivity 
at pres. head 

(kPa) 

0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.9 
1.0 

Saturated hydraulic conductivity is often measured by shallowly ponding water 
on a saturated soil sample and by measuring outflow from the bottom under 
steady state flow conditions (e.g., Klute 1986). The value for the saturated 
hydraulic conductivity is therefore dominated by flow through macropores. In 
order to use a K-value representing the saturated hydraulic conductivity of the 
soil matrix, excluding the effects of macropores, we used a K-value at a slightly 
negative pressure head of 0.5 kPa. 
Conductivities for the four soils are presented in table 3. The sharp drop of the 
conductivity upon desaturation in soils with macropores is illustrated by 
comparing the saturated hydraulic conductivity (h=0 kPa) with the values for 0.1 
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kPa (table 3). This drop is most pronounced for the clay soil, where most 
macropores occur. 
The sensitivity analysis was carried out, as is usual, by changing only one 
parameter at a time and keeping all the others constant. 

Table 3 Conductivities for the loamy sand, sandy loam, clay loam, and clay at 
different pressure heads. 

picoouic 
head 
(kPa) loamy sand 

0.0 17.810 
0.1 12.034 
0.2 10.384 
0.3 9.261 
0.4 8.398 
0.5 7.694 
0.6 7.101 
0.7 6.590 
0.9 5.743 
1.0 5.387 

i lyuiauiib v»ui luuouvuy 
(cm .day"1) 

sandy loam 

22.900 
5.805 
4.301 
3.472 
2.920 
2.518 
2.210 
1.965 
1.597 
1.456 

clay loam 

31.100 
3.144 
2.130 
1.626 
1.314 
1.099 
0.941 
0.820 
0.647 
0.583 

clay 

98.200 
1.594 
0.891 
0.603 
0.446 
0.349 
0.284 
0.237 
0.175 
0.153 

RESULTS 

Mass balances for the sandy loam, clay loam, and clay, using standard paramater 
settings, are shown in Figs. la-c. For the loamy sand no mass balance is given 
since the simulation with standard parameter settings produced no bypass flow, 
the rain shower was completely absorbed by surface infiltration. 
Figures la-c show cumulative amounts of rain, infiltration (CUMINF), 
horizontal absorption (CUMABS), and drainage (CUMDRN). Values for T(p) 
and T(c) represent start times of ponding and bypass flow. Differences in T(p) 
and T(c) among the soils are pronounced. For the clay soil ponding starts within 
2 minutes after starting irrigation and bypass flow after 12 minutes. For the clay 
loam and sandy loam ponding starts after 9 and 23 minutes respectively. Bypass 
flow for the latter two starts after 24 and 44 minutes from the start of irrigation. 
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Figure 1 Mass balances for the sandy loam (la), clay loam (lb) and, clay (lc), using 
standard parameter settings. Values in window represent relative amounts. 
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A substantial reduction of the contribution of cumulative infiltration on the mass 
balances (sandy loam, 52 percent, clay loam, 31.9 percent, and clay, 16.4 
percent) can be seen as the clay content increases. This decrease of infiltration 
is proportionally related to an increase of the cumulative drainage. Cumulative 
horizontal absorption is only a small fraction of the total balances, which 
decreases from 0.7 percent for sandy loam to 0.3 percent for clay. Standardized 
surface storage of 0.1 cm corresponds with 4 percent of the mass balances.The 
importance of drainage in the mass balance, especially for the clay loam and 
clay is also illustrated by the almost immediate constant intensity of the drainage 
curve, 19 cm.day"1 for the clay loam and 22 cm.day"1 for the clay soil, which 
nearly equals rain intensity (25 cm.day" 1). This implies that most of the water, 
applied after time T(c), will flow into cracks and lead to drainage. 
For the loamy sand bypass flow was only observed when (i) initial pressure 
head was lower than 10 kPa, (ii) rain intensities were higher than 30 cm.day \ 
and (iii) for surface storage having a value lower than 0.02 cm. 
The relative impact for the different input parameters on calculated surface 
infiltration, horizontal absorption, and drainage are presented in Fig. 2a, 3a and 
4a for the sandy loam, Fig. 2b, 3b and 4b for the clay loam, and Fig. 2c, 3c and 
4c for the clay soil. Li these graphs the relative input and output is calculated 
by dividing the used input and output values by the standard values of input and 
output. The coordinates (1,1) represent standard input/output. 

Surface infiltration 
Surface infiltration is mainly influenced by initial pressure head, rain intensity 
and, to a lesser extent, by the saturated hydraulic conductivity of the soil matrix. 
For pressure head values lower than 10 kPa the sensitivity is high. After 25 kPa 
the sensitivity becomes reduced. This sensitivity performs identical for all three 
soils; clay loam and clay are a little more sensitive for dryer initial conditions. 
Surface infiltration is also sensitive for low rain intensities. The three soils 
behave quite differently. The sandy loam is very sensitive for intensities lower 
than 15 cm.day"1. The clay loam only for intensities less then 10 cm.day"1, and 
the clay shows no sensitivity at all. A soil is only sensitive for rain intensity as 
long as rain intensity restricts the potential infiltration capacity of that soil. 
When rain intensity is higher than the potential infiltration capacity, it is no 
longer a limiting factor and becomes therefore unsensitive. 
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Figure 2 Relative sensitivity of surface infiltration for the sandy loam (2a), clay loam 
(2b) and clay (2c). Standard input/output is indicated by (1,1). 
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Figure 3 Relative sensitivity of lateral absorption for the sandy loam (3a), clay loam 
(3b) and clay (3c). Standard input/output is indicated by (1,1). 
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Figure 4 Relative sensitivity of drainage for the sandy loam (4a), clay loam (4b) and 
clay (4c). Standard input/output is indicated by (1,1). 
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The saturated hydraulic conductivity for the soil matrix is also a sensitive 
parameter for all soils, with a tendency of increasing sensitivity for clay soils. 
This is also a result of the infiltration capacity of a soil, which in the model is 
calculated as a function of moisture content and conductivity of the top layer. 
Sensitivities for initial pressure heads and conductivity are therefore much alike. 
The effect of an increased surface infiltration, due to the head w, was always 
small.The clay loam showed an increase of less than 1 percent with a surface 
storage capacity of 0.3 cm. The sensitivity for this parameter is determined by 
a combination of two factors: the height of the water head w and the saturated 
hydraulic conductivity of the soil matrix. Some additional simulations with the 
clay loam, using a rain intensity of 50 cm.day"1, an extreme surface storage of 
2.0 cm and, a K at h=5 cm, showed an increased surface infiltration of 4 
percent. However, a combination of, a rain intensity of 50 cm.day"1, a 2.0 cm 
surface storage and, a high conductivity (K at h=l cm), increased surface 
infiltration with 12 percent. 

Lateral absorption 
Contact area gives a 1:1 sensitivity for input versus output. Doubling the surface 
for lateral absorption leads to the same increase of lateral absorption. 
The typical shape of the sensitivity line for initial pressure head is partly a 
reflection of the diffusivity - water content function. For most soils diffusivity 
shows a sharp decrease in the wet part of the curve, which is reflected as the 
sensitive part for low pressure heads. 
Sensitivity for the other parameters is a result of the effects of these parameters 
on surface infiltration and ponding capacity. Lateral absorption starts if crack 
flow occurs according to calculated absorption function, which means, that, for 
identical initial pressure heads, the amount of lateral absorption is directly 
related to T(c). 
Although lateral absorption seemed to be affected by a number of parameters 
the effects on the absolute values is practically negligible. An increase of lateral 
absorption with a factor 10 represents (on an absolute scale) for the clay soil 
only an increase from 0.3 to 3 percent on the total mass balance. 

59 



Morphometric methods for simulation of water flow 

Drainage 
Parameters dominating the cumulative amount of drainage from the bottom of 
the column are rain intensity and initial pressure head (sandy loam). Because 
drainage is calculated in the model as an excess term, sensitivity for initial 
pressure head is a reversed function of the sensitivity of that parameter for 
surface infiltration. This is illustrated by the decreased sensitivity for the clay 
loam and clay soil. 
Rain intensity shows an extreme sensitivity. For the sandy loam an increase of 
20 percent of rain intensity gives a increase of 34 percent on drainage, for the 
clay loam and clay these values are 26 and 22 percent respectively. Part of this 
sensitivity is caused by the effects of rain intensity on surface infiltration. 
Without this effect sensitivity would show a 1:1 line as is nearly the case for 
clay, where rain intensity is the only parameter influencing drainage (see also 
Fig. 1). 

DISCUSSION 

The sensitivity analyses reported, show that identical rain intensities and 
quantities have different effects on different soil types. Bypass flow, from the 
bottom of 20 cm long soil columns, containing 4 soil types, ranging from 
loamy sand to heavy clay, varied from 0 to 79 percent. Calculated lateral 
absorption, during bypass flow, was always less than 1 percent and seems not 
to be an important parameter. However, the model used was only able to 
consider strictly vertical and continuous macropores. Absorption in macropores 
which have a more complex geometry may become more important. In skew or 
partially horizontal macropores infiltration will be dominated by gravitation 
forces and not, as in our model, by diffusivity flow only. This will lead to 
increased absorption. Such effects, and the effect of non-continuous macropores 
can only be simulated correctly if soil structure is taken into account in terms 
of vertical macropore continuity. 
Surface infiltration is mainly governing the overall process of bypass flow. An 
increased surface infiltration will lead to delayed ponding and, finally, reduced 
bypass flow. Especially for heavy clay soils, where surface infiltration and 
lateral absorption decrease rapidly after the start of irrigation, this delay is 
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determining the final amount of bypass flow. Hatano and Booltink (1992) 
reported excellent regression between measured amount of outflow from the 
column and T(c) (r^O.99). This implies that, when modelling bypass flow, 
special attention should be payed to a correct simulation of surface infiltration 
and that an accurate prediction of T(c) is an important criterion in model 
simulations. Parameters dominating this process are mainly: rain intensity and 
saturated conductivity of the soil matrix. Calculating surface infiltration by using 
the saturated hydraulic conductivity, including the effects of macropores, will 
lead to an overestimation of infiltration. Bouma (1982) distinguished between 
the saturated hydraulic conductivity of a soil including (K^), and excluding 
(K(sat)), the effects of macropores. K(sat), which is equivalent to the saturated 
hydraulic conductivity of the soil matrix, was defined as the minimum 
conductivity value were the soil matrix potential is still zero. Determination of 
this value requires special methods such as the disk permeameter (Perroux and 
White, 1988) or suction crust infiltrometer (Booltink et al., 1991). 
For the soils reported on, surface storage is only important when it exceeds high 
values of more than 1 cm with a high saturated hydraulic conductivity. 
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ABSTRACT 

Methylene blue staining patterns of five undisturbed unsaturated soil cores, 200 
mm long and 200 mm in diameter, taken from a well-structured clay soil 
classified as a Hydric Fluvaquent, were characterized by using the fractal 
dimension of structure in order to predict measured bypass flow. Cumulative 
outflow curves in all cores were well described by a spherical model. Outflow 
in each core started after a significant time-lag from the start of irrigation. 
Outflow rates during irrigation in all cores were almost equal to irrigation rates, 
which means that nearly all the water applied, after outflow had started, 
contributes to bypass flow. Total amount of outflow (Om, mm) was regressed on 
the time-lag (Tj, min) as: 

Om = -0.181 T. + 9.85 

This time-lag was caused by the effect of internal catchment of discontinuous 
macropores and surface storage. The three-dimensional fractal dimension of 
structure (Ds3) was calculated for the upper and lower half of the core, by using 
values of Ds2 and stained area in cross sections. A statistically significant 
empirical equation, relating the total amount of outflow (Om) to both upper and 
lower values of Ds3 and to the volume fraction of stained parts (Vs) is: 
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Om= - 2 3 0 . 6 ( ^ ^ 3 - l ) M p ^ r + 2 3 4 . 4 ( ^ 3 - l ) / o H ; e r +12.6 

Thus, a greater Ds3 value in the upper half of the core and a lower Ds3 in the 
lower half of the core induce larger amounts of outflow: hence vertically 
continuous macropores, such as fragments of cracks or tubes, play a significant 
role in the process of bypass flow. 

INTRODUCTION 

Water and solute movement in well structured clay soils is affected by 
macropores (White, 1985). Movement of free water along macropores through 
an unsaturated soil matrix has been defined as bypass flow, while subsurface 
infiltration of bypass water at the bottom of dead-end macropores has been 
referred to as internal catchment (e.g. Bouma, 1984; Van Stiphout et al. 1987). 
Booltink and Bouma (1991) studied bypass flow and internal catchment in five 
large (6 1) undisturbed cores, sampled from a heavy clay soil. They applied 10 
mm of water at an intensity of 13 mm.hr"1 and added methylene blue to stain the 
walls of macropores along which water movement took place; 102 small 
tensiometers measured water flow patterns in the soil at different depths. After 
the experiment, each column was cut into six to eight slabs, about 2 cm high, 
and staining patterns on the horizontal surfaces were observed and digitized to 
allow manipulation of these morphological data. Attempts to predict bypass 
independently using the staining patterns were not successful. 
Hatano et al. (1992) used similar morphological techniques to calculate the 
fractal dimensions of staining patterns of methylene blue, in this study 
macroporosity and fractal dimensions of staining patterns were successfully 
related to Brenner numbers for CI" breakthrough. 
This paper investigates the feasibility of using fractal dimensions of 
morphological staining patterns, established during bypass flow, to predict 
bypass flow phenomena in terms of thee first moment of outflow and total 
outflow. 
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MATERIAL AND METHODS 

Soil used 
Soil samples were taken at a depth of 15 - 35 cm in steel cylinders (200 mm in 
diameter and 200 mm long) at five randomly chosen locations within a field at 
the experimental farm "The Kandelaar" in the former southern sea polder 
Eastern Flevoland in the Netherlands. Aggregate size in the sample was 
approximately 30 to 50 cm3, which implies that 120 to 200 peds were present 
in a sample, which should be ensure that the sample is representative (Lauren 
et al., 1988). 
The soil is classified as a mixed mesic Hydric Fluvaquent (Soil Survey Staff, 
1975). Soil sampling procedure, treatment of the samples and a profile 
description are presented elsewhere (Booltink and Bouma, 1991). 

Experimental set up 
In the laboratory, the five cylinders were brought to similar initial soil physical 
conditions (Booltink and Bouma, 1991). Initial moisture content of the five 
samples varied between 0.42 to 0.48 cmlcm"3. Twenty one small tensiometer 
cups (5 mm in diameter and 10 mm long) were installed at three depths in each 
sample. After that the samples were placed on a funnel, which was connected 
to a transducer- equipped outflow collector and a thin film of methylene blue 
powder was spread over the sample surface. 
Each of the five samples was subjected to a rain shower of 10 mm, at an 
intensity of 13 mm.hr"1. In the Netherlands, such a rain event has a probability 
of occurrence of once per two years (Buishands and Velds, 1980). The shower 
caused nearly immediate ponding on top of the samples, which had a saturated 
hydraulic conductivity of approximately 50 mm.day"1. 
Outflow, always an intense blue colour, was measured every 30 s by a computer 
connected to the outflow collector. 
After termination of the experiment the sample was sectioned in layers at 
depths: 15, 25, 45, 60, 90, 110, 125 and 160 mm from the top of the sample; 
for every layer a cross section of the methylene blue staining patterns was drawn 
on transparent sheets. The sheets were digitized and converted in a raster 
database ( l x l mm grid cell mesh) using software a geographical information 
system. 
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Parameterization of outflow curves 
To parameterize cumulative outflow curves a spherical model (Davis, 1986) was 
fitted through the individual outflow curves. The model is defined as: 

Of=Q T-Tt<0 [la] 

o /=ow [ i .5 ( r - r / ) rm - io .5 ( r - r j ) 3 rm -3 ] r -2)<rm 
[lb] 

Of=Om T-Ti>Tm [lc] 

where Of is the outflow (mm), Om is the fitted total amount of outflow for the 
sample (mm), T is the time (min), Tt is the time-lag for outflow to begin after 
irrigation has started (min), and Tm is the period during which outflow occurred 
(min). 

Fractal dimensions of structure 
The two-dimensional fractal dimension of staining patterns, Ds2, can be derived 
by fractionalizing a horizontal, stained, cross section into squares (pixels) of side 
r, and then counting the number of stained pixels N2(r). By repeating this 
process with increasing r values a range of N2(r) values is obtained. Double 
logarithmic plots of N2(r) against r show a straight line (Hatano et al., 1992) 
from the slope of which the fractal dimension Ds2 is estimated. This model is 
written as: 

log N2(r) = -Dß log r + c [2] 

were c is constant. 
The three-dimensional fractal dimension can be obtained in a similar way. In 
this case cubes of side r are considered, instead of squares (pixels). 
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The model for the 3-d fractal dimension is: 

log N3(r) = -Ds3 log r + c [3] 

where c is a constant. 
Measurement of Ds3 necessitates three-dimensional image data, which requires 
vertical sampling, on horizontal cross sections, at an interval with adequate 
resolution. Pixel size was 1 mm in the case of the measurement using a 
digitizer. It is impossible to create such thin horizontal cross-sections. Therefore, 
Ds3 was calculated by interpolating two dimensional image data measured on 
cross sections. 
The value of Ds3 can be obtained from the slope of the regression line for the 
double logarithmic relationship between the relative width of a cube with side 
(r) and the number of cubes containing stains [N3(r)]. If N3(r) is multiplied by 
the volume of a cube of side r, an approximation to the total volume of stained 
parts is obtained. When r = 1, the size of the smallest pixel, this approximates 
to the total volume. 
The total volume is calculated by vertically integration of the products of depth 
and area of each cross- section, created after vertical interpolation. The area can 
be approximated as a product of N2(r) and the area of a pixel of side r. The 
value of N3(r) can be calculated from the integral of the interpolated values of 
N2(r) at an interval of r. 
The fractal dimension Ds3 is determined from eqn [3]. N3(r) was estimated by 
linear interpolation in a vertical direction. 
Hatano (1991) took Ds2 values for dots, lines and planes as 0, 1 and 2, 
respectively. Ds3 values for vertical straight lines, vertically extended planes and 
solid space are 1,2 and 3, respectively. Furthermore, a horizontal section of an 
object, with Ds3 in space, has a Ds2 equal to Ds3-1. 

71 



Morphometric methods for simulation of water flow 

RESULTS AND DISCUSSION 

Bypass flow 
Figure 1 shows measured outflow from cores. All outflow curves were well 
described by the spherical model, as goodness of fit was always higher than 0.98 
(Table 1). Outflow from all cores started after a significant time lag from the 
start of irrigation. 

measured outflow (mm) 

rain shower 

• time lag for 
break through 

20 40 60 

time (min) 

Figure 1 Measured outflow curves for sample Aß.CJ), and E. 

Outflow rates for each core, during irrigation of 40 minutes, were almost equal 
to the applied irrigation rate of 13mm.hr"1. This implies bypass flow through 
vertically continuous macropores; absorption processes, surface infiltration and 
lateral absorption in these macropores have been minimal. As soon as irrigation 
ceased, outflow reduced remarkably and stopped after a few minutes. 
Furthermore, the total amount of outflow (Om) which ranged from 4.0 to 6.5 mm 
can be represented as a function of time-lag (T^. 

Om = -0.181 T| + 9.85 [4] 
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with a correlation coefficient of 0.996. This indicates that the time-lag for 
outflow was induced by internal catchment (storage of water in vertically non-
continuous macropores) and surface storage. 

Table 1 Values of the spherical modelparameters (eqn. [1]) to describe 
outflow. 

Sample 

A 
B 
C 
D 
E 

o m 
(mm) 

4.02 
5.01 
6.07 
4.34 
6.54 

Tm 
(min) 

44 
37 
44 
36 
54 

Fractal dimension of staining patterns 

T, 
(min) 

32 
26 
21 
31 
19 

Goodness 
of fit 

0.99 
0.98 
0.99 
0.98 
0.99 

Figure 2 shows the vertical distribution of fractal dimensions in horizontal 
cross-sections (Ds2) through each soil core. Ds2 values for all cores and all 
depths ranged from 0.85 to 1.67. Analysis of variance showed that differences 
for individual curves were significant at the 5% level. To stress the significance 
for individual points, the least significant difference at a 5% level (LSD-5) has 
been added to Fig. 2. 
As an example, relating Ds2 values to staining patterns, images of staining 
patterns of methylene blue in horizontal cross sections at depths of 45 mm and 
110 mm in the cores of A, B and D are presented in Fig.3. Although three 
images at a depth of 45 mm in the cores of A, B and D have almost the same 
stained area, the staining pattern in core A is longer and more slender, the 
staining pattern in core B is more extensive and the staining pattern in core D 
is more crowded than the others. Ds2 values of 1.18 for A, 1.35 for B and 1.30 
for D reflect the staining characteristics very well. Three images at a depth of 
110 mm have smaller stained areas but show similar staining patterns; a long 
and slender pattern for core A, a fragmentary pattern for core B and an 
extensive pattern for core D. Their Ds2 values are 1.09, 1.02 and 1.67, 
respectively. 
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fractal dimension 

Figure 2 

20 40 60 80 100 120 140 160 

depth in sample (mm) 

Vertical distribution of fractal dimensions for the two-dimensional structure of 
stains, observed in horizontal cross-sections in soil cores. 

The average values of Ds2 for the upper half (25 - 90 mm) and lower half 
(110 - 160 mm) of the core as well as for the whole core are shown in Table 
2. Staining patterns in the upper half are relatively similar but those in the lower 
half vary considerably. 
Considering this difference, the three-dimensional fractal dimension of structure 
(Ds3) was calculated for the upper and lower halves of the core as well as for 
the whole core. Values of Ds3 are given in Table 3. These values seem more or 
less equal to the averages of Ds2 plus 1. However, there is significant 
disagreement in the values for the whole of core B and lower half of core B and 
the whole of core E and the upper half of core E. 
If an object has an isotropic structure, Ds3 equals Ds2+1. Ds2 values and stained 
area, measured for the samples, however, varied with depth. Ds3 values would, 
therefore, not strictly equal the sum of the depth average of Ds2 plus 1. Samples 
B and E, which showed significant discrepancy between Ds2+1 and Ds3, had 
relatively large variation in the vertical distribution of Ds2 and the stained area. 
A better approximation of the depth average of Ds2 is, therefore, given by Ds3-1, 
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which incorporates the effect of an anisotropic structure. Ds3-1 was, therefore, 
used to characterize outflow from the cores. 

Table 2 Two-dimensional fractal dimensions of staining patterns (Dß) 
in horizontal cross-sections. 

Sample 

A 
B 
C 
D 
E 

Whole Upper Lower Number of 
column column column data points 

1.19 1.24 1.13 
1.20 1.31 1.06 
1.31 1.33 1.29 
1.43 1.33 1.63 
1.17 1.27 1.03 

6 
6 
6 
6 
6 

Goodness 
of fit 

0.99 
0.99 
0.99 
0.99 
0.99 

Table 3 Three-dimensional fractal dimensions of staining patterns (Dß). 

Sample 

A 
B 
C 
D 
E 

Whole 
column 

2.27 
2.32 
2.33 
2.39 
2.42 

Upper 
column 

2.29 
2.36 
2.39 
2.38 
2.43 

Lower 
column 

2.08 
2.20 
2.28 
2.58 
2.04 
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Figure 3 Some typical examples of staining patterns in horizontal cross-sections in soil 
cores at depths of 45 mm (a-c) and 110 mm (d-f), respectively. 
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Fractal dimension and bypass flow 
The total amount of outflow (Om, Table 1) controlled by bypass flow, can be 
represented as a function of time lag (T^ Table 1), caused by the effect of the 
internal catchment and surface storage. On the other hand, morphological data 
on staining patterns can be regarded as a result of both bypass flow and internal 
catchment. The volume fraction of staining (Vs) is, therefore, important in 
explaining bypass flow and internal catchment. Vs was obtained from the 
number of the smallest unit cubes [N3(l)]. Values of Vs for the upper and lower 
half of the core as well as for the whole core are summarized in Table 4. 

Table 4 The volumetric fraction of stained parts in soil core (VJ 

Sample 

A 
B 
C 
D 
E 

Whole 
column 

0.037 
0.035 
0.048 
0.046 
0.032 

Upper 
column 

0.087 
0.083 
0.090 
0.098 
0.085 

Lower 
column 

0.007 
0.003 
0.021 
0.037 
0.004 

Table 5 shows the results of some trials to explain the total amount of outflow. 
Although there is no direct physical relationships between Om and Vs, V5 and 
D53-l, for the upper half of core, can explain the amount of outflow. The 
equation is: 

Om = 187.1 Vs
Ds*~l + 12.0 t5] 

with a correlation coefficient of 0.894, which is significant at a 5% confidence 
level. The shape of this equation indicates that smaller values Vs and greater 
value of Ds3-1 increased the total amount of outflow. Ds3-1 is the depth-
weighted average of Ds2, indicating that a two-dimensional structure is able to 
describe outflow. 
The amount of outflow cannot be explained by using only morphological data 
for the lower half of the core. However, data for both data the upper and lower 

77 



Morphometric methods for simulation of water flow 

halves of the core used in a multiple regression analysis gave with a correlation 
coefficient of 0.995 which is significant at a 1% confidence level. This equation 
is: 

Om = -230.6 (K/fe3-l)M + 2 3 2 . 4 ( ^ 3 - 1 ) , + 12.6 [6] 

where subscripts u and 1 represent the upper and lower halves of the core, 
respectively. Both regression coefficients were statistically significant at the 1% 
level. 
The shape of this equation indicates that the contribution, of staining patterns in 
the lower half of the cores, to bypass flow differs to that in the upper half of 
core; that is, greater values of Vs and smaller values Ds3 in the lower half of the 
column increase the total amount of outflow. A physical morphological 
explanation for this phenomenon is that stains in the upper half of the cores 
develop around relatively small peds and are mostly not continuous. In the lower 
half, were the number of stains havs been sharply decreased, only vertical 
continuous macropores, which dominate bypass flow, remain. This tendency was 
also found by Hatano et al. (1992). 

Table 5. Examples to explain the amount of outflow (Om, Table 1) by using the 
fractal dimension (Dß, Table 2) and the volumetric fraction of stained 
parts (Vs, Table 3). Subscripts ofu and I represent the upper and lower 
half of core. 

Equation Correlation 
coefficient 

Om =-62.1 Vsu +10.7 0.340 

Om = - 1 9 . 8 ^ + 5.5 0.262 

Om =-187.1 (Vs
Ds31)u +12.0 0.894' 

O m = 16.2 (Vs
Ds3-1), +5.1 0.033 

Om = -4.6 V8U + 1.7 V ^ 43.7 0.516 

Om = -230.6 (Vs
Ds3-1)u + 232.4 ( V ^ 1 ) , + 12.6 0.995** 

Subscripts of * and " represent that the equation is significant at 5% and 1 % levels, respectively. 
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CONCLUSIONS 

This study shows that morphology of flowpaths is an important factor in 
prediction of bypass flow. Methylene blue is useful as a tracer to define flow 
paths. The fractal analysis shown in this paper can simplify the complex 
interpretation of staining patterns in terms of fractal dimensions of structure, 
such as dots, lines, planes and their intermediate structures. A regression 
analysis of, the relationship between bypass flow and fractal dimension, showed 
that the depth weighted average of the fractal dimension of a two-dimensional 
structure is a useful tool to describe outflow. In the upper half of the soil cores, 
flow paths with greater fractal dimensions were derived from interpedal 
macropores developed around relatively small peds; in the lower half, flow paths 
with smaller fractal dimension, derived from fragments of cracks, contributed 
to greater bypass flow. Macropores whose vertical continuity is dominant induce 
significant bypass flow. 
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ABSTRACT 

Water flow in structured clay soils is strongly influenced by the presence and 
geometry of macropores. This study was conducted to develop a method which 
could measure bypass flow, provide a morphological analysis of the water-
conducting macropore system, and combine physical and morphological data in 
a simulation model for prediction purposes. The effects of different physical 
boundary conditions on bypass flow, such as rain intensity, the conductivity of 
the soil, soil micro relief and initial pressure head in the soil, were tested with 
a computer controlled measuring device. Measurements were carried out on 
large undisturbed soil cylinders in the laboratory. Macropore geometry was 
subsequently characterized by using fractal dimensions of staining patterns on 
horizontal cross sections and was a very important parameter to explain the 
measured outflow. A pedotransfer function, based on this geometry, was used 
to calculate the time of initial breakthrough at the bottom of the soil cylinders. 
This pedotransfer function was then used in a computer model which simulated 
bypass flow successfully in fifteen large soil columns. Total amount of outflow 
was not directly influenced by rain intensity but more by the amount of rain 
applied. 
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INTRODUCTION 

Bypass flow has been defined as the flow of free water along macropores into 
and through an unsaturated soil matrix (Bouma, 1984). Occurrence of free water 
and unsaturated soil at the same depth in a soil, cannot be described by classical 
one-dimensional flow theory which defines a particular water content for any 
given depth at any given time. Bypass flow occurs widely in the field when 
water infiltrates into open macropores in dry or moist soil (e.g. Beven and 
Germann, 1982; White, 1985). Increased concern for water use efficiency during 
irrigation and deep penetration of pollutants leads to the necessity to characterize 
bypass flow in quantitative terms. Bouma et al. (1981) presented a simple field 
method to measure bypass flow. The method, however, did not utilize rigid 
instrumentation. 
Different approaches for simulating bypass flow have been developed but a 
generally acceptable model is not yet available. Germann and Beven (1985) and 
Germann (1990) applied kinematic wave theory in combination with a sink term 
to describe macropore flow and sorption of water in the surrounding soil. A 
system of uniformly distributed channels with different widths and depths was 
used by Beven and Clark (1986). Chen and Wagenet (1992) simulated water and 
chemical transport by combining the Richard's equation for transport in the soil 
domain in combination with the Hagen-Poiseuille and Chezy-Manning equations 
for macropore transport. Hatano and Sakuma (1991) designed a plate model to 
simulate transport of water and solutes in an aggregated soil. They distinguished 
a mobile, immobile and a mixing phase for water and chemical interactions. 
In all these models real soil structure, defined as the physical constitution of a 
soil material, as expressed by the size, shape, and arrangement of the elementary 
particles and voids, is not considered as a starting point. Bronswijk (1988) and 
Jarvis and Leeds (1987,1990) define sizes and continuities of macropores as 
determined by the swelling and shrinkage characteristics of the soil matrix rather 
than by observations of the macropores themselves. Hoogmoed and Bouma 
(1980) developed a model based on soil morphology, describing surface storage 
and lateral absorption of water and drainage. Although this model is based on 
soil morphological observations it does, however, not include the effects of 
tortuous water transport through macropores. 
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Bouma et al. (1977) and Ringroase-Voase and Bullock (1984) developed a 
technique for measuring macropores in undisturbed soil, by using methylene 
blue staining patterns. They stratified macropores into categories of channels, 
vughs and planar voids and discussed functional physical properties of different 
types of macropores in descriptive, qualitative terms. 
Fractal theory is a useful tool for the quantitative characterization of macropore 
systems. Bartoli et al. (1991) used fractal dimensions to characterize soil 
structure. Crawford et al. (1993) used fractal and fracton dimensions to explain 
diffusion processes in heterogenous soils. Hatano and Booltink (1992) used 
fractal dimensions of stained flow patterns to predict cumulative amounts of 
bypass flow. 
This manuscript describes a general method for measuring and simulating bypass 
flow in soils with macropores. The use of large, undisturbed field samples in 
which functional macropores are stained is emphasized. 

MATERIALS AND METHODS 

Soil 
Fifteen soil samples were taken, close to each other in a regular grid of 0.5 m, 
in steel cylinders ( 0.20 m diameter by 0.20 m length), at the Kandelaar 
Experimental farm in Eastern Flevoland in the Netherlands. Sampling was 
carried out by pressing the cylinders slowly into the soil using a hydraulic 
sampling device (Eijkelkamp Agrisearch Equipment, The Netherlands). The 
cylinders had sharpened lower edges and the inside cylinder wall was covered 
with grease to avoid boundary flow along the cylinder wall. 
Ten soil samples with a volume of 3.0xl0"4 m3) were taken at the same location 
for the determination of the soil hydraulic conductivity and retentivity curves 
using the one-step outflow method (Doering, 1965; Kool and Parker, 1987; 
Booltink et al., 1991b) and 2 additional steel cylinders (0.20 m length and 
diameter for the suction crust infiltrometer (Booltink et al., 1991a). 
The soil was classified as a mixed mesic Hydric Fluvaquent (Soil Survey Staff, 
1975), with the following horizons: Ap (0.0-0.30 m), clay (42% clay) with a 
moderate, medium angular blocky structure and an abrupt wavy boundary; 2C 
(0.30-0.70 m), clay loam (40% clay), strong, very coarse prismatic structure; 3C 
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(0.70-1.03 m), silty clay loam (30% clay), strong, very coarse prismatic 
structure; and 4BCb (1.03-1.20 m), sand, single grain. The macropores present 
were mainly interpedal planar voids. 
Soil samples were taken at a depth of 0.15 m, since this appeared to be the most 
restrictive layer (Booltink and Bouma, 1991). The volume of the natural soil 
peds was estimated to be approximately 2.0xl0~5 m3. About 300 peds were, 
therefore, present in the samples of 6.0xl0"3 m3. Samples can therefore be 
considered to be representative for the soil being studied (Lauren et al., 1988). 

Experimental set up 
The experimental laboratory set up is shown in Fig. 1. Soil samples were placed 
on a funnel connected to an outflow collector equipped with a pressure 
transducer. To prevent erosion of the sample, a disk, perforated with 
approximately 75, 2.0xl0"3 m holes, was placed at the bottom. Rain showers of 
1.5xl0"2 m were applied on top of the soil samples by using a small rain 
simulator, consisting of an adjustable tube pump and a needle irrigator. Rain 
intensities applied on the soil samples were: 2.778xl0"6 (2 samples), 5.556xl0"6, 
8.333xl0"6 (each 5 samples) and 11.11x10* m.s"1 (3 samples). All intensities 
induced bypass flow in this type of soil. 
Two tensiometers were installed, one at the top and one at the bottom of the 
sample. These tensiometers provide information on: (i) the initial pressure head 
in the soil; (ii) the time when water starts to infiltrate in macropores (top 
tensiometer) and (iii) the hydraulic conditions at the bottom of the soil column. 
Installation of the tensiometer cups should be carried out at a slightly upward 
angle to prevent water flow from macropores into the cavity in which the cups 
are placed. Tensiometers should be sufficiently large to represent hydraulic soil 
conditions adequately and were 5.0xl0"2 m long with a diameter of 0.5xl0"2 m. 
All measurements were controlled by a computer, equipped with a 14 bit 16 
channel analog-digital convenor. The measurement interval is flexible with a 
minimum of 5 s. Output was shown graphically on the screen and stored in a 
file. 
To measure breakthrough curves and/or adsorption of chemical species the basic 
set up can be extended easily with, for example, a specific ion electrode or a 
spectrophotometer. 
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Figure 1 Schematical set up of the computer controlled device for measuring bypass 
flow. 
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Morphological methods 
Before starting the experiment the soil surface was exposed carefully by 
chipping away soil aggregates, in order to create an undisturbed, natural 
infiltration surface. 
Water applied on top of the sample contained 0.01 molar methylene blue. 
After the experiment, the sample was peeled off in layers of 2.0x10"2 m 
thickness. The methylene blue patterns were photographed and later analyzed by 
an image analyzer (Nexus 6400). The areas and perimeters of all individual 
stains were calculated directly by the Nexus. The bitmaps produced by the 
image analyzer were used for further analyses. The 2-D fractal dimensions of 
the staining patterns were determined by the so called box counting procedure 
(Hatano et al., 1992). Three dimensional fractal dimensions (Ds3) and the total 
volume of stained patterns (Vs) were calculated by vertical integration of the 2-
D data, measured on cross sections (Hatano and Booltink 1992). 
The criteria for the ratio between area and perimeter (Ar/Pe2 < 0.015), as 
described by Bouma et al. (1977), were used to stratify staining patterns in terms 
of vertical cracks and horizontal pedfaces of structure elements. 
Area of the cracks was calculated following equation [1]: 

10 » 

A = £ £ ÀZ * Pe [1] 

In which A is the total sample area of the vertical cracks, j and i are 
respectively the layer number and stain number, AZ segment thickness and Pe 
the perimeter of the stain. 
The incorporation of measured soil geometrical characteristics, such as fractal 
dimensions, in existing deterministic simulation models can be facilitated by the 
use of pedotransfer functions which relate easily obtainable soil characteristics 
to more complex ones (Bouma and Van Lanen, 1986). Analysis of the data 
obtained in this experiment augmented by data from previous experiments 
(Booltink and Bouma, 1991), and suggested that the time lag for initial 
breakthrough at the bottom of the soil column, T(d) could be estimated with a 
linear regression equation containing the parameters Vst (the volume stained at 
the lower part of soil column) and Ds3-1 (the depth weighted fractal dimension 
of the lower part of the soil samples). 
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Thus: 

= a * 
' » 

Vs, liPsS-l) 

100 r> J 
+ b [2] 

Parameters a and b in equation [2] are empirical constants. 
High values of Vsl5 are an indication of either a large number of small 
macropores, or a few big water conducting macropores, will lead to a reduction 
of T(d). The fractal dimension on the other hand gives information on the 
geometry of water conducting macropores. A macropore system with a Ds3 
value of 2 consists of mainly vertically oriented cracks; a value of 3 on the other 
hand indicates that horizontal cracks dominate the system (Hatano and Booltink 
(1992). 
The value of T(d), computed with eq. [2], was used to calculate the propagation 
of the waterfront in macropores. 

Simulation model 
A quasi- three dimensional simulation model, used by Hoogmoed and Bouma 
(1980), was applied to quantify flow processes during bypass flow. Processes 
considered are: 
A. Vertical infiltration of water in the upper soil surface and water flow 

between underlying layers, simulated with the Darcy equation [3]. 

z=0 -K àH/àz = R 0<T<T(p) [3a] 

0 < H < w 1Xp)£T±T(c) [3b] 

H = w T>T(c) [3c] 

z=20 -K àH/àz = constant [3d] 
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where z = depth (m) below the top of the soil, T^ = time (s) when 
ponding starts, T(c) = time when water enters the macropores, w = surface 
storage (m), R = rain intensity (m.s"1), and H = hydraulic head (m water). 

B. Flow of water in macropores when a threshold value for surface storage 
is reached. 

C. Lateral absorption of water into vertical crack walls (Van der Ploeg and 
Benecke, 1974) [4]. 

ô r « ô 9 i 06 T>T 0<x^x ^-\n—] = — 
*** ° ' tel ôxJ àt 

[4a] 

With the following boundary conditions: 

T>T<c+M *=° —=° [ 4 b ] 

(.c+lag) ô x 

^cW *>*< ü=0 M 

Where x = horizontal distance (m) from the infiltration surface, 0 = 
moisture content, x, = penetration depth of the wetting front at time t, lag 
is the time lag between T(c) and the arrival of the wetting front at depth 
z,and D is the diffusivity - 0 relation. 

D. Water not absorbed at the bottom of the soil column was calculated as 
drainage. 

An extended model description was provided by Hoogmoed and Bouma (1980), 
Van der Ploeg and Benecke (1974), and Booltink and Bouma (1992). 
To improve the description of the bypass flow processes, some model 
modifications were made: 
1. At the start of a bypass flow event not all the vertical macropores are 

instantly available for conducting water due to surface roughness. The 
accessibility of macropores at the soil surface was proportionally divided 
between a minimum and a maximum threshold value for surface storage, 
as derived from visual observations. 
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2. Lateral water absorption in vertical continuous macropores is based on 
absorption described by a diffusivity equation (eq. [4]). Vertical water 
absorption on the horizontal pedfaces of structure elements inside the soil 
is, however, largely dominated by gravity forces, described by the Darcy 
equation (eq. [3]). To simulate this latter process a module which 
calculates a Darcy subsurface infiltration similar to the infiltration of 
water into the upper soil surface was added. 

3. The model of Hoogmoed and Bouma did not consider the effects of 
tortuous water transport in terms of absorption and breakthrough. They 
assumed cracks to be vertically continuous and straight. Water running 
into such cracks, exits very rapidly. In reality pathways are tortuous. The 
pedotransfer function (eq. [2]) for estimating the time lag for initial 
breakthrough was incorporated in the model and used to calculate the rate 
of propagation of the waterfront in macropbres. 

In summary, inputs of the model are: retentivity, conductivity and diffusivity 
curves; initial moisture content; the applied rain amount and intensity; surface 
storage of ponded water; and the surface area and fractal dimensions of 
methylene blue staining patterns in the sample, indicating areas where 
infiltration into the soil matrix can occur. 
To test model performance in relation to the pedotransfer function, three series 
of simulations were carried out: (i) the time lag for initial breakthrough 
calculated according the developed pedotransfer function, was used as model 
input and simulation results were compared with measurements, (ii) To check 
the quality and sensitivity of the pedotransfer function independently an 
independent data set of 4 randomly selected samples, 1 sample for each rain 
intensity, was created from the original data base of 20 samples (15 from this 
experiment and 5 from previous experiments, (Booltink and Bouma, 1991), and 
the pedotransfer function was calculated for the remaining 16 samples. 
Subsequently the time lag for initial breakthrough was estimated by this new 
equation and used to simulate data for the 4 randomly selected soil columns, and 
(iii) simulated amounts of outflow, using time lags calculated with the 
pedotransfer function, were compared with simulations performed with measured 
time lags. 
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Figure 2 Results of measurements for 4 different rain intensities. Arrows indicate 
characteristic points in time: c refers to start of water entering the macropores 
(T(c), d to the point of initial breakthrough (T(d)), s to the starting point of the 
linear outflow (T(cs)), and e to the end point of linear outflow (T(ce)). B and T 
are referring to the to the bottom and top tensiometer respectively. R refers to 
the cumulative rain applied and O the cumulative outflow. 
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RESULTS AND INTERPRETATIONS 

Morphological 
The area and number of pores decreased with depth for the first 0.1 m in the 
soil sample. For the lower 0.1 m, area and number of pores were more or less 
constant. The boundary, which equals 0.25 m depth in the field soil profile, 
coincides more or less with the depth of the plough layer in the field. The upper 
and lower part of the columns have, therefore, been considered separately in 
further analyses. 
Table 1 shows stained volumes and fractal dimensions for all 15 samples. 
The total volume stained averaged 5.10% of the sample volume (c=1.74%) 
which equals 3.00xl0"4 m3. Except for sample R17, the stained volume at the 
lower part of the cores is only a small fraction of the total volume. Average 
fractal dimensions of stains in the upper part of the columns were 2.28 
compared with 2.01 for the lower part. This indicates that, in the upper part, 
relatively more horizontal pedfaces are present, whereas in the lower part, the 
system is dominated by vertically continuous cracks. 
The total area of horizontal pedfaces and vertical cracks are presented in table 
1. Values were based on average structure element sizes of 2.0xl0"5 m3. Except 
for sample R06, where horizontal cracks are the main macropores, the 
macropore system is dominated by vertical cracks. 

Physical 
Figure 2 shows the experimental results of 4 representative samples with rain 
intensities of 2.778xl0'6, 5.556xl0"6, 8.333xl0"6 and lLllxlO"6 m.s"1 

respectively. For all experiments, irrigation was started after monitoring initial 
conditions for 300 s and was continued until 1.5xl0"2 m of water was applied. 
The top tensiometers all react within a few minutes of irrigation starting, 
indicating that water has entered the macropores. After the experiment, this was 
confirmed by the presence of methylene blue stains on the cups. These top 
tensiometers provide, therefore, reliable information on the time T(c), expressed 
in seconds after starting the rain shower, when water enters the macropores. The 
time intervals (T)were determined by scanning the computer measured output 
file (measuring interval 5 s.) 
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Table 1 Morphological results. Ds3 refers to the 3-D fractal dimension; the subscripts 
u, I refer to the upper and lower parts of the soil cores, respectively, while the 
subscript w indicates the whole core; Vs (%) is the stained volume, Ver. C. 
(nfxKf) the total area of vertical cracks (eq. [1]), and Hor. pedf. (m2xlO*) the 
total area of horizontal pedfaces (Bouma et ai, 1977). 

Sample Vs„ 
(%) 

Vs, 
(%) 

Vs. 
(%) 

Ds3u Ds3, 

(-) (") 

DS3W 

(-) 
Ver.C. 
( r r f t lO4 ) 

Hor. Pedf. 
( r r f t lO4 ) 

o -7-70..-i n-6 .v. --1 

R13 
R14 

R03 
R04 
R05 
R06 
R07 

R08 
R09 
R10 
R11 
R12 

R15 
R16 
R17 

6.522 
3.569 

7.481 
8.868 

0.188 
0.161 

0.261 
0.326 

11.990 0.986 
3.044 0.584 

11.240 0.132 

9.752 
8.055 
6.050 

2.121 
0.958 
1.515 

10.640 0.756 
7.113 

8.363 
6.077 
7.301 

0.925 

2.069 
1.320 
7.906 

3.884 
2.161 

4.491 
5.260 
7.374 
2.075 
6.605 

6.532 
5.066 
4.053 
6.491 
4.502 

5.980 
4.031 
7.951 

2.261 1.74 
2.069 1.90 

O.OODXIU I II.S 
2.246 1.947 
2.345 2.048 
2.425 2.016 
2.201 2.001 
2.356 2.226 

o ooo v i (T6 m e 
o.ooOXIU III.S 

2.355 1.992 
2.291 1.901 
2.180 2.062 
2.287 1.910 
2.224 1.845 

11 H v K T 8 m c 
I 1.1 IX IU III-S 

2.377 2.162 
2.300 2.010 
2.208 2.274 

2.239 
2.067 

1 

2.231 
2.334 
2.380 
2.160 
2.351 

1 

2.284 
2.236 
2.145 
2.250 
2.163 

1 

2.333 
2.247 
2.233 

1099 
401 

756 
1079 
1420 
380 

1250 

1216 
900 
774 

1581 
823 

1079 
807 

1715 

47 
37 

59 
48 
52 

452 
48 

66 
52 
53 
63 
47 

50 
54 
105 

The bottom tensiometers show a behaviour which is related to rain intensity. 
The verification of methylene blue stains on the bottom cups was positive in 
only a few cases, which makes the use of these cups very limited. 
The cumulative outflow curves as measured, all show identical behaviour. After 
the point when outflow starts, T(d); an exponential progression between the times 
T(d) and T(cs) (start of linear outflow) can be seen. Between T(cs) and T(ce) (end of 
linear outflow) there is a nearly linear outflow pattern, and after T(ce) an 
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exponential fade out pattern is shown. T values are expressed in seconds after 
starting the rain shower. The five elements constituting bypass flow will now be 
discussed separately: 

A. Surface storage 
When rain intensity exceeds the infiltration capacity of the soil matrix, a water 
layer starts to build up on the soil surface. The thickness of this water layer, 
surface storage, is highly variable due to the roughness of the soil surface and 
can, therefore, not be measured directly. 
A minimum and a maximum surface storage is distinguished. The minimum 
value indicates when the very first macropore starts to conduct water and can 
be derived from the tensiometer reaction in the top of the sample. Infiltration 
until the start of macropore flow was calculated by using the two-parameter 
infiltration equation as developed by Stroosnijder (1976). Minimum surface 
storage can now be calculated by subtracting the infiltrated amount of water 
from the applied amount (table 2). By following this procedure for all cores, the 
amounts of surface storage calculated, for all samples averaged 0.74xl0"3 m with 
a standard deviation of 0.30xl0"3 m water. 
The minimum surface storage is an important boundary condition in the entire 
bypass flow process, as it determines the time of incipient bypass flow and the 
amount of water which infiltrates at the soil surface after cessation of bypass 
flow. 
Since not all the macropores present start to conduct water after T(c), we also 
defined a maximum surface storage, i.e. the level of ponding at which all 
macropores, accessible for bypass flow, conduct water. No direct measurements 
for this parameter were carried out during the experiment. An estimate can be 
made by determining the amount of water leaving the soil column after the rain 
shower has stopped. This water represents the amount of water still present on 
the soil surface and in the macropores. For these experiments maximum surface 
storage average 2.67xl0*3 m, standard deviation 0.62xl0"3 m. This value agreed 
fairly well with visual observations during the experiments. 

B. Initial breakthrough 
The time of initial breakthrough [T(d)], at the bottom of the soil cylinder, is 
related strongly to the applied rain intensity. However, the rather large variation 
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between T(d) values within one rain intensity, e.g. sample R08 and sample Rl 1 
(table 2) indicates that geometry of the water conducting macropores is an 
important variable in the flow process. 

Table 2 Physical results. T(d) refers to the time of initial breakthrough, T(cs)-T(d) 

represents the duration of the exponential start of outflow (ESO), and OJlr is 
the outflow rate expressed as a fraction of the inflow rate. T values are 
expressed in seconds after starting the rain shower. 

Sample minimum 
surf, stor 
(mx102) 

maximum 
surf .stor 
(mxlO2) 

T«l) T(csfT«D 

(sx102) (sx102) 

ESO o/ir 

(mx102) (-) 

Total 
outflow 
(mx102) 

1 -7-70..H n-« m „-1 

R13 
R14 

R03 
R04 
R05 
R06 
R07 

R08 
R09 
R10 
R11 
R12 

R15 
R16 
R17 

0.117 
0.039 

0.089 
0.039 
0.078 
0.056 
0.100 

0.084 
0.034 
0.067 
0.117 
0.125 

0.055 
0.045 
0.067 

0.237 
0.169 

0.279 
0.209 
0.308 
0.146 
0.340 

0.314 
0.234 
0.317 
0.237 
0.235 

0.305 
0.345 
0.327 

22.98 22.62 
31.98 8.82 

H Wf iv l (T6 m c'1 

O.OOOXI u m .5 
15.12 5.88 
12.30 3.90 
15.78 3.12 
15.72 8.88 
19.80 1.56 

0 OOOvIfY* m f"1 

O.uOOXIU m.S 
5.88 6.12 
7.98 2.82 
4.08 10.02 
10.50 3.30 
7.62 7.98 

11 11vKT6 m c"1 

1 1.1 1X 1U 111 .S 
8.40 2.16 
7.08 0.72 
3.96 4.32 

0.217 
0.124 

0.082 
0.067 
0.036 
0.051 
0.046 

0.100 
0.055 
0.133 
0.080 
0.086 

0.046 
0.069 
0.063 

0.67 
0.74 

0.69 
0.78 
0.77 
0.39 
0.70 

0.56 
0.71 
0.84 
0.56 
0.38 

0.71 
0.77 
0.66 

0.51 
0.52 

0.50 
0.75 
0.62 
0.22 
0.52 

0.47 
0.66 
0.69 
0.44 
0.31 

0.57 
0.85 
0.71 

By applying a regression analysis, parameters a and b in the pedotransfer 
function (eq. [2]) were calculated to be 3.46506 and 0.02849 respectively. The 
correlation coefficient r was 0.812 which is significant at 1% (n=20). Although 
this pedotransfer function is strictly empirical it has a clear physical meaning. 
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An increase of the volume of stained macropores (VSi) shortens the time lag. A 
high fractal dimension (Ds3-1), significant for a soil system dominated by 
horizontal pedfaces, on the contrary, extends the time lag. 
The regression analysis was also performed for the upper part of the soil 
column. No significant relation could be found there. This makes clear that the 
lower parts of the samples restrict bypass flow. 

C. Exponential start of outflow 
At low rain intensities the exponential start of outflow (ESO), between T(d) and 
T(cs) is clearly present e.g. sample R14 in Fig. 2. At high rain intensities, e.g. 
sample R15, ESO is hardly visible. Bouma and Dekker (1978) found that water 
flowing into macropores, during bypass flow, formed small bands on the vertical 
walls of structure elements. The number and length of the bands were strongly 
related to the amount and intensity of rain applied. The development of new 
bands, and the creation of new initial infiltration areas, are important at low 
intensities. At high intensities, due to the fast propagation of the macropore 
wetting front, the potential available capacity for developing new bands is used 
relatively fast. This latter capacity is defined as the, rain intensity dependent, 
maximum area of the structure elements in contact with bypass flow water (Ver. 
C. and Hor. Pedf. in table 2). 
ESO is also influenced by the initial pressure head in the sample. A low initial 
pressure head reduces absorption along the macropore walls which leads to a 
short ESO period, e.g. sample R04 in Fig.2. 
Internal catchment, defined as the accumulation of water in vertically 
discontinuous macropores (Van Stiphout et al., 1987), leads to high ESO values, 
especially in the early stage of the flow process, when dead-end macropores are 
first filled. 
The times of ESO, indicated by T(cs)-T(d) and the amount of outflow in that 
period are presented in table 2. 

D. Linear outflow 
In the time span T(cs) and T(ce), outflow is linear ( T ^ in Fig. 2) for all samples 
(i.e. the time derivative for outflow is constant) as has been observed 
consistently in earlier measurements (e.g. Bouma et al., 1981; Van Stiphout et 
al., 1987). A quasi steady-state condition is thus suggested between absorption 
processes and applied rain intensity. In table 2 outflow rate during steady state 
flow is expressed as a fraction of the inflow rate (0/1,). 
Relevant parameters which determine the absorption rate (rain intensity minus 
the outflow rate) have been examined using multiple regression techniques 

97 



Morphometric methods for simulation of water flow 

(Statistical Package for Social Studies, SPSS (1991)). The total explained 
variance when correlating the absorption rate with the parameters, mentioned in 
table 3, was 0.688 (n=15). Table 3 shows that geometry of the macropore 
system (Vs/^DsSj), defined as the volume stained (Vs) raised to the power of the 
fractal dimension (Ds3), is even more important in explaining the absorption rate 
than the initial pressure head of the soil 0F(init)). The low correlations of stained 
volume and geometry in the upper parts of the soil cylinders indicate once more 
that bypass flow is governed by the most restrictive layer. 

Table 3 Correlation coefficients for soil physical and morphological 
characteristics with the absorption gradient of water. Vsu and Vs, refer 
to the stained volume fractions of upper and lower part of the soil core 
respectively. Vsu*Ds3 and VsfDs3, represents the stained volume 
fraction raised to the power of the fractal dimension. ^,mr; is the initial 
pressure head in the sample. 

Parameter 

Vsu 

Vsu
ADs3u 

% 

^ < M ) 

Vs,ADs3, 

Correlation coefficient 

0.029 

0.062 

0.414 

0.484 

0.636" 

indicates 0.01 1-tailed significance 

E. Total outflow 
Cumulative total outflow at the end of the experiment is presented in table 1. 
Average measured outflow over the 15 samples was 5.6xl0"3 m (standard 
deviation 1.6xl0"3 m) which is 37% of the applied amount. 
Although rain intensity has an important effect on several individual processes, 
there was no significant relationship between the applied rain intensity and the 
total amount of outflow. At low rain intensities the time of initial breakthrough 
is much larger compared to high intensities but this effect is compensated by the 
duration of the rain shower. 
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The initial pressure head seems to have some impact. This effect, however, was 
not significant statistically, as can be explained by the dominating effect of the 
geometry on absorption, as already shown in table 3. 

Model simulations 
Figure 3 presents results for the simulations by using the model in combination 
with the pedotransfer function for predicting time lag for initial breakthrough 
(eq. [2]). Simulated and measured outflow have been plotted as a scatter 
diagram. 

simulated outflow (mx10 ) 
10 

DH11 
nR12 one? 

10 
measured outflow (mx10 ) 

Figure 3. Scatter diagram for measured versus simulated outflow by using the 
pedotransfer function (eq. [2]). 

The model overestimates the outflow slightly since data points are not quite 
evenly distributed around the 1:1 line. To test the quality of the model: (i) the 
average measured outflow was compared with average simulated outflow by 
means of a t-test. Simulation results did not differ significantly from the 
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measured data with a probability of 95%. (ii) The regression coefficient 
(r=0.6639) of measured versus simulated outflow deviates from the 1:1 line 
(r=1.0). This indicates that the model results show a rather less dynamic 
behaviour than the measured data. However, r was significant at a 1% 
probability level, indicating that the relation is well described. 
Average values for simulation results are presented in table 4. 

Table 4 Average mass balances for the model simulations on all 15 samples. 

Rain 

Surface infiltration 

Absorption 
vertical cracks 
horizontal pedfaces 

Outflow 

Average 
(mx102) 

1.50 

0.54 

0.26 
0.07 

0.63 

Standard dev 
(mx102) 

-

0.115 

0.120 
0.064 

0.149 

Outflow is thé most important term in the mass balance. Due to the relatively 
dry initial condition and the water remaining on top of the sample, surface 
infiltration is high compared with previous experiments (Booltink and Bouma, 
1991). Absorption into horizontal pedfaces seems hardly relevant. For sample 
R06 where the area of horizontal pedfaces dominates the system (table 1), this 
becomes, however, an important sink term. 
Measured time lags in table 5, for the samples R03, R08, R14, and R16, were 
compared with time lags obtained from the pedotransfer function (eq. [2]). To 
check the pedotransfer function independently, the parameters a and b of eq. [2] 
were calculated excluding data of the samples R03, R08, R14 and R16; time 
lags calculated agreed fairly well with measured time lags. The apparently large 
deviation for sample R14 is, however, related to the duration of the rain shower, 
of the same order of magnitude as the time lag of sample R16. 
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Table 5 further shows the results of the comparison between simulations with 
measured data for the time lag and values obtained with the independent values 
for a and b in eq. [2]. 
Since time lag has no influence on surface infiltration this term was disregarded. 
Although differences in time lag can be considerable (e.g. R14) the effect on the 
simulated sink terms is rather small, indicating that the model is not very 
sensitive for small variations of this, especially in combination with relative low 
rain intensities. 

Table 5 Sensitivity of simulated parameters for measured and calculated values, using 
the transfer function eq. 2 (Trans fun), for time lag. 

Sample Time lag Drainage Absorption 
vert, cracks horpedf 

(sx102) (mxlO2) (mxlO2) (mx102) 

R03 

R08 

R14 

R16 

measured 
trans fun 

measured 
trans fun 

measured 
trans fun 

measured 
trans fun 

15.12 
14.88 

5.88 
5.94 

31.98 
25.50 

7.08 
8.58 

0.71 
0.70 

0.53 
0.53 

0.58 
0.56 

0.88 
0.90 

0.18 
0.18 

0.37 
0.37 

0.15 
0.17 

0.19 
0.17 

0.05 
0.05 

0.07 
0.07 

0.04 
0.04 

0.05 
0.04 

CONCLUSIONS 

1. The experimental set up provides a simple and flexible measuring system 
and can measure bypass flow rapidly. Data obtained can be used to 
characterize physically and morphologically the flow system it can also 
serve as input in simulation models to predict, or analyze further, bypass 
flow phenomena. 

2. Stratification of macropores in terms of vertical continuous cracks and 
horizontal pedfaces of structure elements, together with the use of fractal 
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dimensions to describe soil geometry derived from measured methylene 
blue staining patterns, are a promising operational method for the 
morphological characterization of soil structure. Other structures should 
be characterized as well to explore the application of this method further. 

3. Saturated hydraulic conductivity at the soil surface and surface storage of 
water are crucial in determining the starting time of bypass flow. 
(Hoogmoed and Bouma, 1980; Booltink and Bouma, 1992). However, the 
absorption of water in the soil and, related to that, the point of initial 
breakthrough at the bottom of the soil cylinder is affected more by the 
geometry of the macropores than by the soil physical properties of the 
soil. In this study a pedotransfer function was developed to predict 
independently the time of initial breakthrough based on morphological 
features such as volume and fractal dimensions of stains. 
Since contact time of water and soil is important in calculating absorption 
processes, this pedotransfer function can be used to describe the 
propagation of tortuous water transport through a macropore system. 

4. Rain intensities applied, have a significant impact on the time scale of 
processes such as the start of bypass flow and initial breakthrough. Total 
bypass flow, however, is not influenced by rain intensity and seems more 
dependent on the amount of applied rain. For irrigation practices, a proper 
combination of application intensity and amount, dependent on soil 
texture and structure, can reduce bypass flow and increase irrigation 
efficiency. 

5. The extended version of the simulation model of Hoogmoed and Bouma 
(1980) could simulate the column experiments on bypass flow with 
significant accuracy. The relatively low explained variance probably 
reflects the depth averaging of the fractal dimensions, and contact areas. 
In future techniques such as CT-scanning or NMR may facilitate tracing 
the pathways of bypass flow continuously and the calculation of fractal 
dimensions from 3-D data directly. 
Internal catchment was not explicitly simulated by the model but could 
be well replaced by the stratification of infiltration in terms of vertically 
continuous cracks and horizontal pedfaces of structure elements. Internal 
catchment in this type of soil originates probably more from micro storage 
of water along macropore walls than from accumulation of water in dead-
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end macropores. Especially on horizontal pedfaces this type of infiltration 
is likely to be an important sink term. These assumptions on internal 
catchment are of course valid only for this particular type of soil and 
cannot be transferred freely to other types. However, the methodology 
developed can be used to characterize other soils as well. 

6. Further collection of data and validating, on different soil types, the 
pedotransfer function developed is recommended for the future. Coupling 
of this data to soil profile and structure descriptions in existing soil data 
bases may then enhance the usefulness of existing soil data. 
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ABSTRACT 

Bypass flow and nitrate leaching from an experimental field at the Kandelaar 
farm in Eastern Flevoland in the Netherlands was measured in drain outflow for 
a period of 4 year. Automated monitoring equipment registered precipitation, 
ground water level and drain discharge continuously and was complemented 
with manually collected data on soil water potentials and soil mineral nitrogen. 
Occurrence of bypass flow was established because air-filled porosity in the soil 
was more than adequate to accept the rain in a soil without macropores. During 
bypass flow events in summer, 30% of the precipitation was directly discharged 
via the drains. In winter periods this amount corresponded to 84% of the 
precipitation. Bypass flow induced nitrate leaching from the fine aggregated top 
soil towards the ground water. In periods with an active growing crop nitrate 
leaching was negligible. A catchcrop grown directly after slurry application in 
late summer had a strong reducing effect on nitrate leaching during the entire 
winter season. In the subsoil, large amounts of inaccessible nitrogen are present 
in the soil, within large soil peds. Soil structure strongly influences bypass flow 
and can be used as a management tool for farmers to decrease nitrate leaching. 
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INTRODUCTION 

Nitrate leaching from agricultural soils has been widely studied (e.g. Addiscot 
and Cox, 1976; White et al., 1983; Verdegem and Baert 1984; Wild 1972). In 
the Netherlands attention has mainly been focused on sandy soils: clay soils are 
usually not regarded as being soils with high nitrate leaching potential. However, 
bypass flow, defined as: "the flow of water through a system of large pores that 
allow fast velocities and bypasses the unsaturated soil matrix" (Beven and 
Germann, 1982), can lead to rapid transport of water and dissolved matter to the 
ground water (e.g. White, 1985). Bypass flow phenomena can not be adequately 
described by flow theory, based on Richard's equation (e.g. Klute, 1973), or 
convective dispersive transport equations (Nielsen and Biggar, 1962). Dekker 
and Bouma (1984) studied nitrogen leaching in pastures on cracking clay soils 
in the Netherlands. They found that the amount of leached nitrate strongly 
depended on applied rain intensities. Nitrogen losses, due to bypass flow, 
averaged 30% at high rain intensities. Prewetting the soil before fertilizer 
application could reduce nitrate losses to 8% of the applied amount. Smaling 
and Bouma (1992) measured nitrogen losses of 20 kg N per ha from a single 
addition of 50 kg N per ha, during one bypass flow event in Kenya. These 
experiments were carried out by the procedure as described by Bouma et al. 
(1981), using large undisturbed soil samples and artificial rain events. In both 
experiments the amount of rain applied, would not have led to outflow from the 
soil cores in a homogenous soil. Such column experiments, however, can hardly 
be used to predict nitrate leaching rates on a field scale. For this, long term field 
monitoring studies on nitrate leaching are required. White et al. (1983) measured 
water flow rates and nitrate concentrations on catchment scale by monitoring 
drain outflow. In this study, however, no data on soil mineral nitrogen were 
presented, which made interpretation of data in terms of leaching processes 
difficult. On the contrary, Garwood and Ryden (1986) mainly concentrated on 
the analysis of soil mineral nitrogen and paid little attention to nitrogen 
concentrations in drainage water. To obtain insight in the process of nitrate 
leaching in structured clay soils both water outflow and soil mineral nitrogen 
profiles have to be determined to allow interpretations of nitrate contents in 
drainage water. 
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Agricultural management also has a large impact on nitrate leaching as indicated 
by, for example, Steenvoorden (1989). Time and amount of application of 
organic and inorganic fertilizers strongly influence the nitrate concentration in 
ground water. The application of catchcrops to reduce nitrate leaching was 
studied by Finke (1993). 
In this study long term monitoring of bypass flow and soil mineral nitrogen 
contents was used to: (i), investigate bypass flow and related nitrate leaching in 
conjunction with different fertilizing and land management treatments and (ii), 
define procedures for farmers for reducing nitrate leaching and fertilizer use 
efficiency. 

MATERIAL AND METHODS 

Soil 
The study area was located at the experimental farm The Kandelaar in Eastern 
Flevoland, the Netherlands. The soil, reclaimed in 1958 and first used for 
agricultural purposes in 1967, was characterized as a mixed, mesic Hydric 
Fluvaquent (Soil Survey Staff, 1975). A soil profile description is presented in 
Table 1. Macropores present were both vertical and horizontal interpedal planar 
voids (Fig. 1). 

Table 1 Soil profile description of the study site at the Kandelaar experimental farm. 

Ap 0.00 - 0.30 m: clay (42% clay) with a moderate, medium angular blocky structure 
and an abrupt wavy boundary 

2C 0.30 - 0.70 m: clay loam (40% clay), strong, very coarse prismatic structure 
3C 0.70 -1.03 m : silty clay loam (30% clay), strong, very coarse prismatic structure 
4BCb 1.03 -1.20 m: sand, single grain 

Field experiments with iodide tracers (Van Ommen et al., 1988), in combination 
with methylene blue laboratory experiments (Booltink and Bouma, 1991; 
Booltink et al., 1993) showed that, as a result of annual tillage practices, the 
number of continuous macropores rapidly decreased at the bottom of the Ap 
horizon. Macropores present below that depth (see Fig. 1), originated from 
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irreversible shrinkage during reclamation, and were continuous over the profile 
until the 4BQ horizon. 

Depth (m) Horizon 

0.00 

0.30 

0 . 7 0 -

1.03 -

' '\^mrX«^Ê^WSk''' .-

•àfcl-y.w 4BCb 

Figure 1 Soil profile and layer codes. Codes refer to table 1. 
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Experimental set up 
The study site was used by the Research Station for Arable Farming and Field 
Production of vegetables (PAGV, Lelystad, The Netherlands) for research on the 
applicability of organic manure in arable land systems, especially with respect 
to crop yields. Different combinations of organic, inorganic, green manure and 
management practices were compared. A complete overview of the fertilizer and 
management treatments is presented in table 2. 

Table 2 Experimental set up for the fertilizer and management experiments. 

Inorg. fert 
(kg N.ha1) 

NO 0 
N1 75 
N2 150 
N3 225 

Org. fert. 
(kg PA.ha1 ) 

X 0 
Y 125 
Z250 

Land management 

A stubble + straw residues 
B stubble + straw + catchcrop 
C stubble + catchcrop 
D stubble + stubble-ploughing + catchcrop 
E stubble + straw + stubble- ploughing 

+ catchcrop 

The fertilizer experiments were carried out on 60, randomly distributed, small 
12 x 7.5 m plots (Fig. 2) and were continuous over a period of 6 years starting 
in 1986. Three replicates (I, II, and III) of the experiment were performed. 
An inorganic fertilizer application of 150 kg N per ha (N2) corresponds with the 
standard fertilizer advice, based on N mineral samples taken in march. The 
levels of Nl (75 kg. ha"1) and N3 (225 kg. ha"1) correspond with the advice ± 
50%. This amount was given in one application in spring. Calculation of the 
fertilizer advice was carried out by the Laboratory for Soil and Crop Testing 
(Oosterbeek, The Netherlands). 
Besides the inorganic fertilizer application, organic fertilizer was applied once 
every two year in autumn. A poultry slurry application of 250 kg P205 per ha 
(level Z in table 2) included a nitrogen application of approximately 285 kg.ha"1 

(about 150 kg-ha^NH^-N and 135 kg.ha_1 organic N). Slurry was applied with 
a slurry injector to minimize volatilization losses of ammonia. 
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Figure 2 Lay out of the experimental set up at the study area, at the Kandelaar. Codes 
for fertilizer and management treatments, A-E, X,Y,Z and Nl-3, refer to table 
2. TM represents the plots were tensiometer profiles were installed, FGW 
stands for freatic groundwater level, DGWfor deep groundwater level, TCfor 
thermocouple profile and SC for ceramic suction cups. The location of the 
datalogger and sequential sampler are indicated by respectively CR10 and 
ISCO. 
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Data collection 
The monitoring set up at the study area is illustrated in figure 3. On 6 plots in 
the research site tensiometers were installed at 0.05, 0.25, 0.35, 0.50, 0.80 and 
1.00 m depth (TM in Fig. 2.) Phreatic ground water piezometers were installed 
on every one of the 6 plots (FGW in Fig. 2) and on a line perpendicular to the 
tile drains in replication I. Deep ground water (4.5-5.0 m) was monitored on two 
plots (DGW). Thermocouples (TC) were installed on one plot at 0.05, 0.10, 
0.20, 0.50, and 1.00 m depth. Except in periods of agricultural activities, such 
as harvesting and ploughing, a fortnightly monitoring scheme was maintained 
as much as possible during the year. 

MONITORING 

Manual 

Ground water level 

-Freatic 

T ' ^Thermocouples Tensiometers 

10 

20~ 

50 

100 

25 
C M 

35 

50 

80 
O — 
100 

Continuous 

Ground water level__ Datalogger 

Sampler 

fS! Pump 

Figure 3 Schematic overview of the monitoring set up. 

A CRIO-datalogger (Campbell) was used for continuous monitoring drain 
discharge on one tile drain in the centre of the study area. Drain depth varied 
from approximately 0.90 m at the beginning to 1.10 m at the end. 
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Drain discharge was stored in a 0.220 m3 vessel with an electronic switch in the 
top and bottom (Fig. 3). The datalogger checked the sensors every 3 s and 
switched the pump on and off if the water level in the vessel reached the 
respective switches. Time and date for switching the pump on and off were 
stored in the datalogger and where used to calculated drain discharge intensity. 
Catchment area of the drain was approximately 7200 m2, discharge resolution 
of the drain outflow apparatus was, therefore, 0.03x10'3 m water head. Water 
samples were taken every 0.06xl0"3 m of discharge, using a sequential water 
sampler (ISCO). Eight samples were mixed in a sample bottle by the sampler. 
In this way, flow was proportionally sampled representing 0.48xl0"3 m of 
discharge per sample bottle. Drain water samples were analyzed for N03", NH4

+ 

and CI" in the laboratory. Concentrations measured in drain outflow are a 
mixture of all plots in replica I and part of replica n , and can not be 
transformed into values for individual plots. 
Rain amount, the soil/air-interface temperature and ground water level was 
continously measured during 180 s interval by the CRIO-datalogger and, except 
for the rain amount, was averaged over 900 s periods. 
Soil samples for mineral nitrogen (Nmin) analysis were taken at irregular time 
intervals in the fertilizer plots, up to 4 or 5 times per year. Four different sub-
samples, taken on a cross section within a plot, were mixed to a representative 
plot sample. Boundaries of the sample depth intervals for standard sampling 
were: 0.00, 0.30, 0.60 and 0.90 m minus soil surface, or 0.00, 0.20, 0.35, 0.50, 
0.70, 0.80, 0.95 and 1.10 m for additional sampling. Monitoring was started in 
October 1989 and continued until april 1992. 
Nitrate concentration in soil solution at 0.9 m depth was monitored 
approximately once per month on 13 representative plots (SC in Fig. 2). In 
every of the 13 plots, 4 ceramic suction cups (0.05 m long and 0.015 m 
diameter) were installed and connected with plastic tubing to 1 stock bottle. 

RESULTS AND DISCUSSION 

Bypass flow 
Measured precipitation intensity and ground water level for the winter season 
1989/1990 are presented in Fig. 4. Bypass flow is illustrated by the nearly 
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immediate reaction of ground water to high precipitation intensities. Instant drain 
discharge occurs when ground water is at a depth less than 0.80 m minus soil 
surface. During the measuring period of 2.5 year a total of 38 bypass events 
were registered. 
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Figure 4 Precipitation intensity and ground water fluctuations in the winter season 
1989/1990 (1 January 1989 is daynr. 1). 
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Time lags for initial breakthrough of bypass flow to the groundwater, for 17 
individual bypass flow events, are presented in table 3. Initial breakthrough is 
fast, within 1800 s, if rain intensity is high or, since the non structured 4BCb 

sand horizon reduces the breakthrough peak, the groundwater level is within 
1.00 m depth. 

Table 3 Timelags for initial breakthrough of bypass flow water (Tlag) to the 
groundwater in relation with initial groundwater level (GWMt) and rain 
intensity (Rainiiu (1 January 1989 is daynr. 1). 

Daynumber 

350 
385 
388 
410 
497 
625 
628 
632 
902 
902 
904 
906 
908 
1038 
1041 
1082 
1083 

Month 

dec 
jan 
jan 
feb 
may 
sep 
sep 
sep 
jun 
jun 
jun 
jun 
jun 
nov 
nov 
dec 
dec 

(m-surf.) 

0.80 
1.13 
0.85 
0.78 
0.98 
1.34 
1.29 
1.11 
1.10 
1.08 
0.98 
0.94 
0.90 
1.40 
1.25 
1.22 
0.97 

Rairvt 
(mx103.900s1) 

0.63 
2.31 
3.15 

11.97 
5.46 
3.57 
4.20 
2.94 
4.20 
5.88 
6.30 
1.68 

13.86 
5.25 
3.78 
3.78 
2.10 

(s) 

11700 
4500 
2700 
1800 
1800 
4500 
2700 
2700 
2700 
1800 
1800 
6300 
900 

3600 
2700 
2700 
1800 

Table 4 presents data on drain discharge during clearly distinguished periods 
with bypass flow events. Notice that one period consists of one or more 
individual bypass flow events. The discharge/rain ratio varies between 0.30 to 
0.84. This difference is mainly caused by the storage of bypass flow water in 
the 4BCb horizon, as indicated by the initial groundwater levels just before the 
bypass flow event. 
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Table 4 Total drain outflow related to the total precipation during periods of bypass 
flow. Initial groundwater level before the bypass flow event is indicates as 
GWinil, drain/rain represents the ratio between drain discharge and the amount 
of precipation during the period considered (1 January 1989 is daynr. 1). 

Daynumber 

348- 362 
380- 396 
411-418 
497- 498 
670- 672 
784- 792 
905-912 
1041-1052 
1082-1092 
1100-1106 

GWW 

(m-surf.) 

1.16 
1.13 
0.78 
1.18 
1.23 
1.03 
1.12 
1.25 
1.22 
1.02 

Precipitator! 
(mx103) 

50.6 
29.8 
17.2 
4.6 
22.1 
14.5 
92.4 
85.5 
31.3 
42.0 

Drain outflow 
(mx103) 

32.2 
19.8 
14.5 
1.4 
6.5 
12.2 
41.7 
33.6 
22.3 
32.5 

Drain/Rain 

(-) 

0.636 
0.664 
0.843 
0.312 
0.296 
0.842 
0.452 
0.393 
0.713 
0.773 

Bypass flow is also demonstrated by measured tensiometer profiles. In Fig. 5 
fortnightly tensiometer data at 0.50 m depth are combined with measured rain 
intensities. A nearly immediate response on rain events can be seen for e.g. plot 
56 and 115. Plot 16 and 179, on the contrary, show a strongly delayed reaction 
on rain events. For plot 179 it even takes 2 months before equilibrium is 
reached. Cups with a fast reaction can, therefore be regarded as being close to 
water conducting macropores (Booltink and Bouma 1991). Slowly reacting 
cups, on the contrary, are located inside structure elements where only little 
water displacement occurs due to diffusion processes. These techniques are, 
therefore, unsuitable for predictive purposes, such as nitrate leaching, or for 
validation of solute transport models. Recently installed automated TDR (Time 
Domain Refiectometry) equipment (Topp et al., 1990; Heimovaara, 1991) 
integrates water contents over an area of 0.025 m2 and, therefore, seems to be 
a good alternative for laborious and manifold tensiometer measurements. 

Drain discharge: effects of structure 
In Fig. 6 a drainage discharge peaks, over a period of 5 days in february 1990 
(day numbers 411 to 416) is taken as an example to illustrate solute fluxes 
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Figure 5 Measured rain intensities with corresponding tensiometer reactions at 0.50 m 
depth. Period 5 October to 31 december 1991 (1 January 1989 is daynr. 1). 
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Figure 6 Drain discharge and concentrations of nitrate and chloride in the drainage 
water infebruary 1990 (1 January 1989 is daynr. 1). 
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during that period. The tile drains discharged 14.5xl0~3 m (84%) of the 17.2xl0~3 

m precipitation in the particular period of 5 days. Even though the profile was 
relatively wet before this bypass flow period, water storage capacity, measured 
by tensiometers, was approximately 0.10 m. In a non-macroporous soil this rain 
event would, therefore, not have lead to drain discharge. In Fig. 6 drain 
discharge rate is presented in combination with chloride and nitrate 
concentration. Due to dilution of ground water with high chloride concentration 
with bypass flow water with low chloride concentration, the chloride 
concentration in drain discharge decreases proportionally with the discharge rate. 
Nitrate, on the contrary, shows the opposite effect. Nitrate concentration is 
increasing proportionally with drain discharge rate. This effect is caused by the 
dissolution of easily accessible nitrate in the top layer of the soil. Due to the 
relatively small structure elements in the plough layer, there is a good contact 
between bypass water and soil material, which allows dissolution of nitrate as 
was previously suggested by Addiscot and Cox (1976). Increasing nitrate 
concentration with discharge rates was also reported by MacDuff and White 
(1976), Martin and White (1982), and White et al. (1983). However, the origin 
of this nitrate was not determined. 
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Figure 7 Drain discharge and concentrations of nitrate and chloride in the drainage 
water in June 1991 (1 January 1989 is daynr. I). 

Although there is a considerable amount of mineral nitrogen in the subsoil this 
nitrogen has no effect on the leaching process, as is illustrated by a bypass event 
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in June 1991 (Fig. 7). During this event, nitrate concentrations in drain water 
remained low. Nitrate in the topsoil, either applied by spring fertilizing or 
mineralised from the soil, had all been consumed by an active growing winter 
wheat crop. Since rooting depth at that time had not yet reached the subsoil 
(plants where 0.20 m high), conditions for nitrate leaching in the subsoil can be 
compared to those in the winter period. 

Effects of cropping 
In 1989 yellow mustard (Brassica nigra) was sown directly after the slurry 
application. Italian rye-grass (Lolium multiflorum) was sown in the spring of 
1991. The slurry application was equivalent to an average of 143 kg total N per 
ha1 (75 kg-ha^NIV-N and 63 kg.ha1 organic N). 
By studying time series of nitrate concentrations, an increase of the nitrate 
concentration in bypass flow water can be seen during the winter season. Table 
5 shows that for the period 1989-1990 the increase over time is rather small, in 
the winter period of 1991-1992 this increase, however, is very pronounced. 
These differences are mainly caused by the effect of the catchcrop. During the 
1989-1990 period the yellow mustard was well developed. This catchcrop, which 
covered 80% of the study site, consumed all the easily available nitrogen. After 
mixing the catchcrop with soil by ploughing, nitrogen is slowly released again. 
The Italian rye-grass in 1991 was poorly developed and covered only 40% of 
the study area. This resulted in small nitrate crop-uptake and high nitrate 
concentrations in bypass flow water, already early in winter (dec 1991 in table 
5). Mineral soil N data collected during the periods 1989-1990 and 1991-1992 
confirmed the processes as described above. In Fig. 8a-f average soil mineral N 
profiles are presented. Fig 8 a and d represent the Nmin status directly after 
harvest but before manure application in august in both periods. N^a profiles in 
Fig. 8b and e were taken just before winter cultivation. Differences in N,̂ ,, 
profiles are distinct. Due to the poorly developed catchcrop in 1991 the N,^ 
content (80 kg.ha"1) is high compared to 1989 (39 kg.ha"1) in which year the 
catchcrop was well developed. Most pronounced differences were found in the 
layers below 0.30 m depth. Mineralization over the winter period was 
considerable in 1989/1990. Total N ^ content in february 1990 was 117 kg.ha1 

(Fig. 8c), an increase of 78 kg.ha"1. In the winter period of 1991/1992 this 
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increase was only 8 kg.ha"1 (Fig. 8f), indicating that the conservation effect of 
the catchcrop was negligible for this latter period. 

Table 5 Effects of cropping and agricultural management on nitrate concentration 
during two comparable winter periods. 

Season 

Average nitrate and peak 
concentrations (g.m"3) 

nov. 
dec. 
jan. 
feb. 

Catchcrop 
name 
cover 
development 

Application of 
slurry 

Winter cultivation 

Summer crop 

1989-1990 

avg peak 
-
7.0 8.6 
10.0 12.1 
14.3 16.1 

yellow mustard 
80% 
good 

august 24 

november 24 

spring barley 

1991-1992 

avg peak 
11.9 22.5 
36.5 43.1 
-
-

italian rye-grass 
40% 
poor 

september 2 

October 22 

winter wheat 

-' indicates that no data were available for this period. 
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Figure 8 Average mineral N profiles of 6 fields during the winter seasons of 1989-1990 
and 1991-1992. 
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Unsuitabilitv of suction cups for measuring solute components 
The location of suction cups in the soil peds strongly influences its ability for 
extracting soil moisture. Cups in close contact with water conducting 
macropores will be able to extract bypass water. Cups inside soil peds, on the 
contrary, can only extract water from the soil matrix, which has a different 
chemical composition. Since the precise location of these cups is never known, 
suction cups have to be regarded as unsuitable for extracting soil solution in this 
type of soil because of the high heterogenity of results obtained. As an example, 
nitrate concentrations in soil water, collected with suction cups, during a bypass 
flow event are presented in Fig 6. Nitrate concentrations collected with suction 
cups (De Boer, 1992), in all 13 plots (total 53 cups) were an order of magnitude 
lower than values determined in the drain outflow at the same time. Error bars 
represent 95% confidence intervals. 

CONCLUSIONS 

1. In structured clay soils bypass flow is an important term of the water 
balance. Field monitoring data on bypass flow indicate that up to 80 
percent of precipitation is nearly directly transported to the ground water. 
Since nitrate concentrations, measured in drain discharge, increased during 
bypass flow, bypass flow increases the nitrate load to ground water. 

2. Occurence of small soil aggregates reduces bypass flow but has a negative 
effect on nitrate leaching. Small structure elements with large contact 
areas along their walls, increased nitrate leaching. 

3. In this study the Dutch standard level for surface water quality of 10 g N-
N03" per m3, as measured in drain outflow, was exceeded only during the 
winter season. The order of magnitude and the time in winter when high 
concentrations occurred, were strongly influenced by management 
practices. 

4. A catchcrop, grown directly after slurry application could strongly reduce 
nitrate concentrations in drain water. For two comparable winter seasons, 
this reduction was estimated to be 75 percent. 

5. Soil solution sampling by suction cups, with or without mixing into an 
average sample, seems to be an unsuitable procedure in the type of soil 

125 



Morphometric methods for simulation of water flow 

being considered. Nitrate values vary greatly and concentrations are 
significantly lower than those in drain discharge. Monitoring nitrate 
concentrations by means of drain discharge is a good method for 
measuring nitrate leaching of larger areas. If data are needed for smaller 
sub-areas small scale lysimeters can be an alternative. 
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SOIL 

H.W.G. Booltink 
Departement of Soil Science and Geology, Agricultural University, P.O. Box 37, 6700 AA Wageningen, The 
Netherlands. 

ABSTRACT 

Water transport in structured soils is strongly influenced by macropores. This 
study was conducted to develop a water transport model able to simulate bypass 
flow processes on a field scale. The LEACHW-model was extended with 
subroutines describing bypass flow, tortuous water transport through macropores 
and absorption of water along macropore walls. The model was tested on 
measured data from an experimental site in the Netherlands. A Monte-Carlo 
analysis in combination with a Rotated-Random-Scan procedure was carried out 
to take into account variability of model parameters and to subsequently 
calibrate the model. A sensitivity analysis showed that the conductivities of the 
top soil layers were the most sensitive parameters in the model. Validation of 
the model on independent data showed that the model was capable of simulating 
bypass flow realistically. The Rotated-Random-Scan procedure was a valuable 
tool for the quantification of ill-defined model parameters. 

INTRODUCTION 

The occurrence of macropores in soils has an important impact on water and 
solute movement. Beven and Germann (1982) and White (1985) reviewed the 
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experimental evidence that water flow in soils containing macropores cannot be 
described accurately by models based on Darcian flow theory only. 
Macropore or bypass flow was defined as: "the flow of free water along 
macropores into and through an unsaturated soil matrix" by Bouma (1984), or 
by Beven and Germann (1982) as: "the flow of water through a system of large 
pores that allows fast velocities and bypasses the soil matrix". 
Increased awareness of a need to improve water-use efficiency and the risks of 
rapid transport of pesticides and fertilizers to deeper soil layers leads to the 
necessity to describe bypass flow in quantitative terms. 
Several modelling approaches have been followed in the past. Edwards et al. 
(1979) used a two-dimensional model which simulates infiltration and 
redistribution of water into a soil surface containing a cylindrical macropore. 
Beven and Clark (1986) defined a uniform distribution of macropores with 
different widths and depths, from which water moved away radially and 
vertically. Darcian flow in the soil matrix was combined with Hagen-Poiseuile 
transport in macropores by Chen and Wagenet (1992). Germann and Beven 
(1985) and Germann (1990) used kinematic wave theory to simulate bypass 
flow. In their approach the soil matrix and macropores are considered as one 
domain in which the water propagates as a kinematic pulse. Hatano and Sakuma 
(1991) used a combined capacity-bypass flow model to simulate transport of 
water and reactive solutes in an aggregated soil. They distinguished mobile, 
immobile and mixing phases for water and chemical interactions. However, in 
all these modelling approaches "real" soil structure, defined as the physical 
constitution of a soil material, as expressed by the size, shape and arrangements 
of the elementary particles and voids, is not considered. 
Booltink et al. (1993) incorporated measured soil structure characteristics, such 
as fractal dimensions of macropore-stains formed by bypass flow, into a simple 
simulation model which could simulate bypass flow on laboratory scale. This 
model, based on previous work of Hoogmoed and Bouma (1980), can, however, 
not be used to simulate bypass flow on a field scale. 
Studies on simulation of bypass flow on a field scale are rare. Bronswijk (1988) 
modelled water flow in a heavy clay soil with strong swelling and shrinkage. 
Shrinkage characteristics were used to calculate volume changes which were 
converted into cracking and subsidence of the soil. This model was field tested 
by comparison to measured data on cracking volume, ground water levels and 
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water contents. Jarvis and Leeds-Harrison (1987a) described a two-domain water 
balance model which explicitly accounts for the effect of soil structure. This 
model, which operates on a one day basis, was tested on a large undisturbed 
lysimeter (Jarvis and Leeds-Harrison, 1987b). The model was further developed 
by Jarvis (1991) to include transpiration and root water uptake, exchange 
processes between the two domains and water flow in the soil matrix. In these 
studies no attention was paid to variability of model parameters. 
In the underlying field study an existing water transport model, LEACHW, 
(Wagenet and Hutson, 1992) was extended with subroutines describing bypass 
flow and interaction of bypass flow and surrounding soil, based on concepts as 
described by Booltink et al. (1993). Special attention is given on the effects of 
variability of model parameters and soil physical properties as characterized by 
using a Monte-Carlo procedure. This Monte-Carlo procedure was also used to 
calibrate the model. Finally, the calibrated model was validated on an 
independent data set. 

SIMULATION MODEL 

The numerical simulation model LEACHM (Leaching Estimation and Chemistry 
Model) was used as the base model (Wagenet and Hutson 1992). LEACHM 
considers different processes in a variable soil profile, with or without plant 
growth. Processes included are: transient fluxes of water, fluxes and 
transformation of nitrogen, pesticides and salts; évapotranspiration and rainfall. 
In this study we used the water flow sub model LEACHW. A brief description 
of the model is given below. More detailed information can be found elsewhere 
(Wagenet et al., 1989; Wagenet and Hutson 1989). 

Simulation of water flow in the soil matrix 
In LEACHW water flow is calculated using a finite-difference solution of the 
Richards' equation. 

àt èz 
m¥L -U(z,t) [1] 

ôz 
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Where 9 is volumetric water content (m3.m3) t is time (day), K is hydraulic 
conductivity (m.day1), H is hydraulic head (m), composed of matrix potential 
\|/ and profile depth z, U is a sink term representing water uptake by plants 
(day1). 
The original Campbell K-9-y equations to describe soil hydraulic properties 
(Campbell, 1974; Hutson and Cass, 1987), were replaced by Van Genuchtens' 
closed form equations (Van Genuchten, 1980). 
In this approach the relative saturation Se is calculated according to: 

M Tfi 

Se = [ l + | a i M n ] [2] 

where a is the reciprocal value of the air entry in the soil (cm1), and n and m 
are dimensionless empirical constants. Mualem (1976) defined m as: 

m = 1 - 1 [31 
n 

The volumetric soil water content 9 as a function of y can now be calculated 
with: 

e = e , + i * k i M , iif<o Ha] 
Se 

and, 

e = e 5 , t ^ o [4b] 

where 9r and 9S refer to the residual and saturated water content (m3.m3) 
respectively. The K(9) relation, finally, is given by 

K(d)=KsSe*[l-(l-Sehm]2 [5] 

where K, equals the saturated hydraulic conductivity (m.day_1) and y is a 
dimensionless fitting parameter. 
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To prevent numerical instabilities caused by infinite differential water capacities, 
the maximum saturation was limited to 0.99 percent of the saturated water 
content. 

Simulation of bypass flow 
Since LEACHW originally does not consider bypass flow, the model was 
extended with the following modifications: 
A. For every rain or irrigation event (30 minutes interval), the amount of 

water that could not infiltrate in the soil surface during the time period 
available (amount divided by intensity of the rain event) was determined. 
This surplus is stored on the soil surface and when a certain threshold 
value for surface storage (MinSS) is exceeded, water starts to flow into 
the macropores. Not all macropores present are equally accessible, due to 
small differences in micro relief (Booltink et al., 1993). A maximum 
surface storage (MaxSS) was therefore defined. Above this level water 
flows directly into the macropores. Between MinSS and MaxSS excess 
water is proportionally divided between surface storage and bypass flow. 
Water remaining on the surface continues to infiltrate as soon as the rain 
stops. 

B. In the macropore domain, water transport is simulated using a tipping-
bucket approach. Propagation of the water front in the macropores 
(Bpprop), i.e. tipping-bucket switching times, is calculated using a 
regression equation based on rain intensities (Rinten) and measured 
morphological properties (Booltink et al., 1993). 

Bp =a*R.. +c*G, +b [6] 

Parameters a, b, and c are empirical constants. The geometry factor (Gfac) 
is defined as: 

Gfac-
VSlADs3-\) [7] 

100 

where Vs, is the volume of methylene blue stains (% vol.) in the limiting 
soil layer and Ds3-1 is the depth weighed fractal dimension of the stains. 
High values of Vs^ which are an indication for either a large number of 
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small macropores, or a few big water conducting macropores, will lead 
to a reduction of Bpprop. The fractal dimension on the other hand gives 
information on the geometry of water conducting macropores. A 
macropore system with a Ds3-1 value of 1 consists of mainly vertical 
oriented cracks, a value of 2, on the other hand, indicates that horizontal 
cracks dominate the system. For more discussion on the parameters Vs 
and Ds3 we refer to Hatano and Booltink (1990) and Booltink et al. 
(1993). 
When water flows into macropores it is absorbed into macropore walls. 
Lateral absorption of water in vertical continuous macropores is based on 
absorption described by a diffusivity equation (eq. 8a). Vertical absorption 
of water on horizontal pedfaces of structure elements is dominated by 
gravity forces, described by the Darcy equation (eq. 8b) (Booltink et al., 
1993). 

QPhor=I>(e)^- [8a] 

QPver=Z(*)[^] [8b] 

where Qphor and Qpver represent the potential horizontal and vertical 
absorption flux (m.day1), respectively, D is soil water diffusivity in 
m2.day_1 and x is distance to the centre of the structure element (m). ÔT 
and 89 were calculated as a geometrical mean between saturation 
(macropore wall) and the actual value of respectively *F and 0 in the 
adjacent soil matrix as simulated with the Richard's equation. The 
potential absorption fluxes were reduced for the area of soil in contact 
with bypass water as indicated by the occurrence of stains. Contact areas 
for horizontal and vertical absorption were determinated by using dye 
tracers in laboratory experiments. This procedure was previously 
described by Booltink et al. (1993) and is based on stratification of 
methylene blue stained macropores into sets of horizontal and vertical 
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oriented macropores using the ratio between area and perimeter 
(Ar/Pe2<0.015) (Bouma et al., 1977). 
The reduced, actual absorption fluxes were added as an additional sink 
term to Richard's equation. 
The surplus of water, not absorbed during the residence time in a given 
compartement, is added to the next compartment and finally to the ground 
water. 

D. Originally LEACHM does not provide a special bottom boundary 
condition which can simulate dynamic ground water levels. Simulation of 
such a ground water level was realized by combining a freely draining 
profile with an impermeable soil layer at the bottom of the profile. 
Deep drainage towards ditches (Qa) was simulated using a third order 
polynomial 

<?</(Ä) = C 0 + C 1 Ä + C 2 A 2 + C 3 Ä 3 [9] 

where h is the pressure potential in the bottom compartment and the 
constants C0, Q , C2, and C3 are fitting parameters. A similar procedure 
was followed to simulate discharge through tile-drains (Qtd). Parameter h 
in eq. 9, in that case, represents the ground water level above a specified 
drain depth. 

SITE DESCRIPTION 

Soil survey 
On the experimental farm "De Kandelaar" in Eastern Flevoland in The 
Netherlands a tile drained research site of approximately 100 x 300 m was 
selected. Tile drains in this site are 150 m long and placed at distance of 48 
meter. 
The soil was classified as a mixed, mesic Hydric Fluvaquent (Soil Survey Staff, 
1975). A soil profile description is presented in Table 1. Macropores present 
were both, vertical and horizontal interpedal planar voids. 
A soil survey was carried out following a nested sampling scheme (Webster, 
1977) as described by Finke et al. (1992). The soil survey resulted in 72 profile 
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descriptions. Semivariograms (Journel and Huijbregts, 1978) were constructed 
for texture and thickness of distinguished functional layers. 

Table 1 Soil profile description of the study site at the Kandelaar experimental farm. 

Ap 0.00 - 0.30 m: clay (42% clay) with a moderate, medium angular blocky structure 
and an abrupt wavy boundary 

2C 0.30 - 0.70 m: clay loam (40% clay), strong, very coarse prismatic structure 
3C 0.70 -1.03 m: silty clay loam (30% clay), strong, very coarse prismatic structure 
4BCb 1.03 -1.20 m: sand, single grain 

Continuity of flow patterns was quantified by tracer experiments. To explore 
macropore continuity, at 6 plots within the experimental field, an iodide tracer 
experiment as developed by Van Ommen et al. (1988) was carried out. 
Macropore geometry and the quantification of vertical and horizontal contact 
areas between bypass flow water and macropore walls was quantified in 
laboratory experiments on large soil samples (0.20 m diameter and 0.20 m 
length) as reported by Booltink et al. (1993). 

Monitoring 
In 6 research plots in the research site tensiometer profiles were installed at 
0.05, 0.25, 0.35, 0.50, 0.80 and 1.00 m depth. Ground water piezometers were 
installed in every one of the 6 plots and on a line perpendicular to the tile 
drains. Deep ground water (4.5 - 5.0 m) was measured on 2 plots. A fortnightly 
monitoring scheme was maintained as much as possible during the year. 
A CRIO-datalogger (Campbell) was used for continuous monitoring drain 
discharge on one tile drain in the centre of the study site. Measuring resolution 
of the drain outflow meter was 0.03xl0"3 m. Water samples were taken every 
0.06x10"3 m of discharge, using a sequential sampler (ISCO). The drain water 
samples were analyzed for NO^, NH4

+ and CI" in the laboratory. The CRIO-
datalogger was also used for measuring rain intensity and amount, soil surface 
temperature and ground water level on one plot within the experimental field. 
A full description of the experimental lay out of the site is given elsewhere 
(Booltink, 1993). 
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The parameters Dra_C, Dra_D and Dra_E in the third order polynomial (eq. 9) 
for drain discharge, were fitted on simultaneously measured ground water levels 
and drain discharge rates in the winter period 1989-1990 using multiple 
regression techniques (Statistical Package for Social Studies, SPSS (1991)). 

Soil physical analyses 
At every one of the 6 plots in every distinguished soil horizon, samples were 
taken in large steel cylinders, 0.20 m long and 0.20 m diameter. These samples 
were analyzed in the laboratory using the following methods. 
1. Suction crust infiltrometer: determination of the saturated conductivity and 

unsaturated conductivity near saturation (Booltink et al., 1991a). 
2. One-step outflow method: for unsaturated conductivity- and retentivity 

curve (Parker et al., 1985). 
3. Pressure extractors were used to determine water retentivity data at high 

suctions (Klute, 1986). 
Determination of the Van Genuchten parameters, for describing the hydraulic 
functions (Van Genuchten, 1980), was performed on both retentivity and outflow 
data, as described by Booltink et al., 1991b. Basic water retention and hydraulic 
conductivity curves, to be used as input in the simulation model, were 
determined by averaging individual curves for every distinguished soil layer. 

SIMULATION PROCEDURE 

Monte-Carlo analysis 
The adjusted LEACHW-model was tested at data from the Kandelaar 
experimental farm. The objective of this test was to: (i) obtain information on 
the performance of the model and, (ii) calibrate the model on measured time 
series of phreatic ground water levels. For this purpose a Monte-Carlo analysis 
was used. In this Monte-Carlo analysis (MCA) the uncertainty of model inputs 
is characterized in terms of distributions with or without mutual correlations 
among the various parameters. 
From exploratory simulation runs the maximum compartment thickness was 
determined to be 0.02 m. The total profile depth was set to 1.5 m and consists, 
therefore, of 75 compartments. 
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During the exploratory runs it appeared that using the standard soil layers, as 
determined in the soil survey, bypass flow only occurred in a limited number of 
cases. An additional top soil layer of 0.02 m, which reflected surface resistance, 
caused by surface smearing during ploughing and small loose structure elements, 
was, therefore, added. 
In table 2 the most relevant input parameters, as selected from the exploratory 
simulation runs, are briefly summarized: 
* Vertical contact areas (Vercon_up c.q. _lo) represent the physical contact 

between bypass water and vertically oriented macropores for respectively 
top- and subsoil. Horizontal contact areas (Horcon_up c.q. _lo) represent 
the contact between bypass flow water and horizontal oriented 
macropores. Distributions were calculated on 15 samples. 

* Vst and Ds3 are respectively the total volume of stained macropores and 
the 3-D fractal dimension of the stained macropores. These parameters 
were obtained in laboratory experiments as described by Booltink et al. 
1993. Distributions were calculated on 15 samples. 

* Minimum and maximum surface storage of water (threshold values before 
bypass flow occurs) are given by MinSS and MaxSS. Since no field 
measurements for these parameters were available, a uniform distribution 
with adequate minimum and maximum values, determined in the 
exploratory simulation runs, was selected. The value of MaxSS has to be 
added to MinSS. 

* WCS_1 to WCS_4 depict the saturated water contents (9S) of the 
distinguished soil layers. WCS was determined on 24, 16, 16, and 8 
samples for the respective layers 1, 2, 3, and 4. 

* Similar to WCS, CON_0 to CON_4 represent the saturated hydraulic 
conductivities (Ks) for the various soil layers. Distributions were 
calculated on the same amount of samples as WCS. For CON_0 no 
measurements were made. Minimum and maximum values were 
determined during the exploratory model runs. 

* Dra_C to Dra_E are the regression coefficients in the 3rd-order 
polynomial tile drainage characteristic (Qtd). The coefficients were 
determined on 150 measured values for drain discharge and ground water 
level during the winter season 1989-1990. 
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Table 2 Overview of parameters used in Monte-Carlo analysis 
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* Deep_D to Deep_G depict the regression coefficients for the deep 
drainage (Qj) towards ditches in eq. 9. The coefficients were calculated 
recursively on measured ground water levels and model simulation runs 
in the winter season 1989-1990. 

* Struc_0 to Struc_3 represent the structure element size in the 
distinguished soil layers determined during the soil survey. 

In cases of unclear distributions, or lack of data, uniform distributions with 
adequate minimum and maximum values, reflecting the actual uncertainty of the 
parameters, were selected. 
The Monte-Carlo analysis was carried out using the newly developed software 
package UNCSAM 1.1 (Jansen et al., 1993a). This package was developed for 
uncertainty and sensitivity analysis on mathematical models. Sampling of the 
distributions was done using the Latin Hypercube Sampling (LHS) technique 
(McKay et al., 1979; Iman and Conover, 1980), which uses a stratified way of 
sampling from separate parameter distributions on basis of a subdivision in 
disjunct equiprobable intervals, resulting in an efficient and, therefore, relative 
small number of samples. When using LHS the parameter space is adequately 
represented with a number of samples (N) between 2p and 5p, where p is the 
number of parameters to be sampled (Jansen et al., 1993a). In this study, with 
31 parameters, the number of samples was 150. 
Sampling distributions of mutually correlated parameters (e.g. drainage 
characteristics) will result in unrealistic combinations of parameters. To 
overcome this problem UNCSAM 1.1 provides the possibility for incorporating 
mutual correlations among parameters in the sampling procedure (Jansen et al., 
1993a) 

Sensitivity analysis 
Model simulation outputs were evaluated in a combined uncertainty and 
sensitivity analysis, using UNCSAM 1.1. In the sensitivity analysis the variations 
of the various parameters was tested against simulated water balance terms by 
means of a linear regression model (eq. 10). 

y(k) = PQ + Vlxl(k)+...ppxp(k)+e(k) * = l,....,tf [101 

where ß0, ßa, ,ßp denote the ordinary regression coefficients, obtained by 
minimizing the sum of squares error (e(k)). The values y(k) and x,(k),....,Xp(k) 
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represent the model output and input parameters respectively in the k-th model 
simulation. N denotes the total number of simulation runs. 
In the uncertainty analysis attention was focused on structural model errors, so-
called unstructured uncertainty (Keesman and Van Straten, 1989), i.e. 
uncompensated model error due to an inadequate model structure. 
Total explained variance of the various model input parameters Xj,...,Xp on y(k) 
was used as a measure for structural model error. 
Most significant model parameters were selected for further model calibration. 

Model calibration 
Although model input parameters and their distributions reflect individual 
variability, not all combinations of these input parameters necessarily result in 
realistic simulation results. Further calibration is, therefore required. In this study 
a set-theoretic approach, developed by Jansen (1993) and Jansen et al. (1993b) 
was used. This ROtated RAndom SCan (RORASC) procedure, based on 
previous work of Keesman and Van Straaten (1988, 1989) and Keesman 
(1989,1990) uses an iterative Monte-Carlo search procedure to reduce the 
parameter space by updating the currently available set of acceptable parameters. 
In this way one gradually and efficiently zooms in on the acceptable parameter 
set. 
The RORASC procedure consists of three basic steps (Jansen, 1993): 
1. Initialization. Before starting the iterative procedure, an initial set of 

parameters has to be determined, which serves as a starting point for the 
subsequent simulations. In this study the initial set of 150 model runs, as 
used for the sensitivity and uncertainty analysis, was selected. 

2. Generation of new candidate samples. Simulated ground water levels for 
the winter season 1989/1990 were compared to measured time series for 
the same period. By visual inspection of the results, the simulation runs 
were divided in a population of acceptable and non-acceptable simulation 
results. The generation of a new set of parameters is achieved by 
transforming or rotating the original parameter space to focus on the 
current set of acceptable parameters. This transformation is based on the 
decomposition of the covariance matrix of the accepted parameters, as 
described in detail by Jansen (1993) and Jansen et al. (1993b). 
Subsequently a random-scan on basis of uniform random sampling in this 
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transformed space is performed which serves as a new set of candidate 
samples. 

3. Simulation and acceptance. Model simulations are performed for the 
newly generated candidate samples and results are again divided into a 
population of acceptable and non-acceptable results. The file containing 
the total number of acceptable results is updated and the transformation 
and random-scan procedure are repeated iteratively until simulation results 
are satisfactory. 

To obtain a reliable covariance matrix when using LHS in combination with 
RORASC a number of samples N > 10p is recommended, where p is the 
number of parameters to be sampled. 

Validation 
A Monte-Carlo sampling was performed on the parameters obtained from the 
final set of acceptable simulation results, which was used as input for a 
validation session. Parameters showing insignificant sensitivity were fixed at a 
value obtained in the sensitivity analysis. The model validation was carried out 
using measured ground water levels and drain discharge from the winter season 
1991-1992. 

RESULTS 

Data collection 
Semivariograms constructed for soil texture and thickness of the distinguished 
functional layers all showed large nugget effects indicating that spatial 
correlation of the properties was weak. The lack of spatial correlation is mainly 
caused by the calm sedimentation regime in this part of a former sea which has 
led to a homogeneous deposition of soil material. Hence all variability was 
regarded as variation of a stochastic nature. 
From the iodide experiments it appeared that the number of macropores sharply 
decreased around the boundary between plough layer and subsoil at about 0.30 
m depth. Macropores present below the plough layer are permanent and 
originate from structural shrinkage processes during land reclamation. These 
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large macropores in the subsoil were continuous to the sandy subsoil at 1.0 m 
depth. 
Since iodide is absorbed deep inside structure elements it cannot be used to 
derive contact areas between bypass flow water and macropore walls. Macropore 
geometry and contact areas were, therefore, determined on large soil columns. 
The procedure is extensively described by Booltink et al. (1993) and will not be 
further discussed here. The sharp decrease around the boundary between the 
plough layer and subsoil was confirmed by these experiments. Average contact 
areas for vertically and horizontally oriented macropores (respectively Vercon 
and Horcon in table 2) for top- and subsoil (respective subscripts _up and _lo) 
show a decline of 85 to 90 percent for top- compared to subsoil. 
During the first year of study, tensiometer profiles were monitored on a 
fortnightly time base. Data obtained from these measurements exhibited large 
scatter which resulted from the location of the tensiometer near macropores (fast 
reactions) or within structure elements (slow reactions) as previously reported 
by Booltink (1993). Tensiometer readings are for this reason a good indicator 
for whether or not bypass flow occurs. Such readings are unsuitable for use in 
a model calibration procedure. 
Bypass flow is clearly demonstrated on measured time series of ground water 
levels e.g. on day number 19 and 57 in fig. 2a. Measured ground water levels 
exhibit a sharp rise of circa 0.4 m after rain events with high intensities. Instant 
drain discharge occurs when the ground water level is at a depth less than 0.82 
m below soil surface. When drain discharge rates were plotted against measured 
ground water levels a hysteretic behaviour was sometimes visible. The 
regression parameters Dra_C, Dra_D and Dra_E, describing the third order 
polynomial drain discharge characteristic, do not take into account this hysteretic 
behaviour. To correct for this inaccuracy the three parameters were incorporated 
in the Monte-Carlo analysis. The hysteresis of the drain discharge characteristic 
is probably caused by shrinkage and swelling of the soil around the tile drain. 
In table 3 average parameters from the Van Genuchten and Mualem equations 
(eq. 2-5) are presented. To differentiate between the saturated conductivity of 
the overall sample (Ks) i.e. the maximum capacity for a sample to conduct water 
and the saturated hydraulic conductivity of the soil matrix (K(s)) (Bouma, 1982) 
the suction crust infiltrometer was used to determine the point in the 
conductivity curve were the soil matrix was just saturated. In the inverse 
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modelling procedure used, for the derivation of the hydraulic parameters, the 
parameters a, n, 9S, Gr, and y were optimized within their physical boundaries. 

Table 3 Averaged Van Gewichten and Mualem parameters as used in the simulation 
procedure. 

Profile depth 
(m) 

0.00-
0.30-
0.70-
1.03-

0.30 
0.70 
1.03 
1.50 

a 
(cm"1) 

0.00264 
0.12238 
0.01920 
0.01320 

n 
(-) 

1.17184 
1.08774 
1.13178 
1.33779 

?• , 
K.m-3) 

0.484 
0.623 
0.620 
0.320 

?' , 
(m3.rtï3) 

0.001 
0.001 
0.050 
0.050 

Y 
(-) 

-12.000 
-22.985 
-15.010 
-7.361 

\) 
(m.day) 

0.11 
0.59 
0.22 
0.25 

When optimizing the various parameters it appeared that optimizations could be 
improved when also K(s) was included. K(s) was, therefore, optimized within the 
limits of measured K(s) and K at a pressure head of approximately -1.0 kPa. To 
reduce the total amount of parameters in the Monte-Carlo procedure only the 
most important, K(s) and 0S, were used. 

Sensitivity analysis 
The sensitivity analysis was carried out on the simulated mass balance terms for 
the winter season 1989-1990. Since not all parameter combinations show linear 
relations with the various mass balance terms, ordinary regression coefficients 
could not be used. Rank regression coefficients were used instead (ordinary 
regression coefficients were replaced by their rankings, where the smallest value 
gets ranking 1, the next one 2, etc.). This technique can be used to linearize 
nearly non-linear relations (Iman and Conover, 1982). In table 4 an overview of 
the parameters which had an influence on the simulated mass balance terms with 
a 95 % significancy (i.e. -2.0 > t-statistic > 2.0) are presented. Next to the 
sensitivity of a parameter for a mass balance term, the contribution of that term 
to the total mass balance was also considered. These are given at the bottom of 
table 4, together with the total explained variance of the regression model (eq. 
10) for the mass balance term. 
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Table 4 Parameters which contributed with 95% significance to the simulated 
cumulative mass balance terms using a linear regression model (eq.10). Total 
explained variance (R2) and the average simulated amount in the mass balance 
(Avg (mm)) is indicated, together with the standard deviation (Std (mm)). 
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Table 4 shows that the saturated hydraulic conductivity of layers 0 and 1 
(CON_0 and C0N_1) are dominating in most regression models. Cumulative 
absorption into macropore walls is also influenced by the horizontal and vertical 
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contact areas in the subsoil (Vercon_lo and Horconjo). Parameters regulating 
tortuous water transport in macropores, parameter D_trv, B_ trv, and A_trv), 
also have a significant impact on cumulative absorption into macropores walls. 
Considering the low contribution of only 8.3 mm to the total mass balance of 
268 mm, this mass balance term does not play an important role in the overall 
simulation results. This can be explained by the relative small contact areas and 
the wet soil conditions during winter. In lighter textured soils with smaller 
structure elements or under dryer initial conditions, absorption will become more 
important as indicated by Booltink and Bouma (1993). 
Leachate at the bottom of the soil profile is mainly influenced by the regression 
parameters of the deep drainage characteristic (Deep_D, Deep_E, Deep_G and 
Deep_F). Drain discharge is more dependent on parameters which control the 
transport of the water towards the drain than by the discharge-fitting parameters 
which regulate the actual discharge. 
The total explained variances in table 4 indicate that mass balance terms could 
be well predicted with the various regression models, which implies that the 
aggregated model structure was able to adequately describe the processes 
considered. 

Model calibration 
The underlined parameters in table 4 were selected for calibrating the simulation 
model. According to the criteria that for the RORASC procedure at least 10p 
simulations are required (where p is the number of parameters), 80 simulation 
runs were performed. Parameters not varied, were fixed at values obtained from 
the best simulation run in the first Monte-Carlo session. Calibration was 
performed on measured cumulative drain discharges during the winter season 
1989-1990 and the measured time series of ground water levels in the same 
period. In the RORASC optimalization procedure only three iterative steps had 
to be performed. The third step did not lead to significant better simulation 
results, indicating that the parameters had reached their limits. It also indicates 
that the initial parameter space was close to the calibrated one. 
In fig. 1 the effect of the RORASC procedure is demonstrated on the surface 
storage parameter MinSS. This parameter can not be measured in experiments 
and was, therefore, ill-defined by means of a uniform distribution with 
maximum and minimum values (table 2). Due to consequently dividing the 
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simulation results in acceptable and non-acceptable results the original uniform 
distribution (C01 in fig. 1) slowly turns into a lognormal distribution (C02, 
C03). From fig. 1 it can also be seen that the third simulation run (C03) did not 
improve the parameter space of MinSS much further. 

Number of simulations 
18 
17 
16 
15 
14 
13 
12 
11 
10 
9 
8 
7 
6 
5 
4 
3 
2 
1 
0 

| c01 150 simulations 

c02 80 simulations 

Issaääl c03 80 simulations 

1 1"—I' ' T ' 

0.050.10.150.20.250.30.350.40.450.50.550.60.650.70.750.8 

Minimum Surface Storage [MinSS] (mm) 

Figure 1 The effect of the RORASC procedure on the original uniform distribution of 
surface storage parameter MinSS (C01). C02 and C03, respectively, show the 
transformation into a lognormal distribution. The number of simulations 
performed for the various steps has been included. 

In fig. 2a and 2b measured ground water levels are presented with the 1-99% 
confidence intervals of the simulation results. The effect of the RORASC 
procedure is demonstrated by the smaller band between the upper and lower 1% 
confidence intervals which is especially obvious from day number 60 to 110. 
When interpreting these data one has to consider the difference in sensitivity for 
the ground water above and below the depth of the tile-drains (0.82 m minus 
surface). 
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Acceptable and unaceptable simulation results 

2a 

0) 
o 
es 

r 
3 
a 
» 
3 
C 
> 

es 
S 
•a 
c 
3 
S 
o 

1.3 -

1.2 -

1.1 -

1 -

0.9 -

0.8 -

0.7 -

1 - 9 9 % confidence intervais 

A A measured 

• 4 

•"••i A Â 
4*4 ijß 

S A' • * « *V • 
^ A »» % »A^ / • 9 

H Y # i • Ja » 
. ' Af * I 1 * * « 

:•. * ; • • • # ' • 

: f ; v. « A •'* • 
: • ; A ß.\, & ;* / 

day 1 is november 27,1989 

10 30 50 70 90 110 130 
Time (daynr) 

2b 
Acceptable simulation results 

» o 
A . 
3 » 
n 
3 
C 

£ 
A . 
CO 

! 
c 
3 
O 
A . 

O 

1.3 -

1.2 -

1.1 -

1 -

0.9 -

0.8 -

0.7 -

«fr: 

•• 

A 

H A • • * 

i " 

• • 

;i 
• * 

• 

i 

i 

/ / 
* • : 

AA A 

i i 1 r 

1 I 
1 • » • 

ft 

1 1 

Jf 

• 1 - 99 % confidence intervals 

measured 

•j-.l 

« . • # 
/*. \t: 

* * I * A • 

4 . ' A » A <A" 'i 1 • • 

day 11s november 27,1989 
—•1 1 1 1 1 1 

10 30 50 70 

Time (daynr) 

90 110 130 

Figure 2 Comparison of measured ground water levels for the winter season 1989-1990 
with upper and lower 1% confidence intervals for all (acceptable and 
unacceptable) simulation results (2a) and for acceptable simulation results 
only (2b). 

150 



Distributed modelling of bypass flow 

While a simulated deviation of only a few centimeters below the tile-drain level 
will have a small effect on the water balance, an equal deviation will have a 
large effect on the drain discharge if the ground water level is above tile-drain 
depth, due to high drain discharge. 

Model validation 
Using the input parameters as they were obtained in the third RORASC step, a 
Monte-Carlo simulation of 80 model runs was carried out to validate the model. 
In fig. 3 measured ground water levels in the winter season 1991-1992 are 
compared to the simulation results for the same period. The overall agreement 
between measured and simulated results is good. 
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Figure 3 Validation results of simulated ground water levels for the winter season 1991-
1992. 

Except for the bypass flow event around day number 65, all events were well 
simulated with the model. The model overestimates the ground water level in 
the period from day 45 to 60. This does, however, not necessarily lead to large 
mass balance errors, as discussed in the model calibration section. 
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The generally small difference between the 1 and 5% confidence intervals in fig. 
3 indicates that the calibrated parameter space was within the limits and does, 
therefore, not lead to large simulation errors or outliers. Only around day 
number 95, a distinct difference between the 1 and 5% levels can be seen. In 
fig. 4 the 1 and 5% confidence intervals of the simulations are compared to the 
measured cumulative drain discharge. 
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Figure 4 Validation results of simulated cumulative drain discharge for the winter 
season 1991-1992. 

Although it seems that the model predicts the start of the drain discharge peaks 
a little late, the overall agreement is good. The average simulated cumulative 
drain discharge of 79.9 mm was close to the measured cumulative drain 
discharge of 86.9 mm. 
In table 5 simulated terms of the mass balance are presented. Cumulative surface 
infiltration is the most important term in the water balance. Bypass flow is also 
a substantial term and was calculated to be 48.1 mm. Absorption along 
macropores in this winter period was, again, relatively small with 8.7 mm. The 
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mass balance error was small: for most simulations (60) the value was 0.6 mm 
with only a few outliers. 

Table 5 Simulated cumulative average mass balance for the period 1991-1992. Delwat 
refers to profile water change over the simulation period and MBE to the mass 
balance error. STD is the standard deviation, SKN the skewness or 3th moment 
of the distribution and CV the coefficient of variation. 

Average 
STD 
SKN 
CV 

Infiltration 

(mm) 131.5 
(mm) 37.5 

-10.6 
(%) 28.5 

Evaporation 

38.0 
3.9 

-23.9 • 
10.4 

Drainage 

79.9 
11.5 
5.3 
14.4 

Absorption 

8.7 
11.7 
3.9 

134.7 

Bypass 

48.1 
27.9 
11.9 
58.1 

Leachate 

66.8 
10.9 
-0.5 
16.3 

Delwat MEE 

2.9 0.6 
1.2 0.4 

-0.1 0.0 
41.6 58.7 

The skewness and coefficient of variation of the mass balance terms in table 5 
show that, except for the terms Leachate, profile water change (Delwat) and the 
mass balance error (MBE), distributions show an asymmetric tailing, towards 
positive values for a positive skewness and towards negative values for a 
negative skewness. 

CONCLUSIONS 

The LEACHW model, extended with a module which describes tortuous water 
transport in macropores, is capable of simulating bypass flow under field 
conditions, as is illustrated by good agreement between the independent 
comparison of measured and simulated time series of ground water levels. 
Water flow processes, simulated by the model, are well described as indicated 
by the explained variances obtained in the uncertainty analysis on the mass 
balance terms. 
The pedotransfer function, based on measured soil structure characteristics is 
capable of predicting the propagation velocity of the water front inside 
macropores and, related to that, allows the calculation of water absorption along 
vertically and horizontally oriented macropores. In this study, water absorption 
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along macropore walls was only a small fraction of the total water balance. In 
soils with high contact areas between bypass water and macropore walls or dry 
initial conditions, this factor is bound to become more important. Well defined 
contact areas will become extremely important when, next to water transport in 
macropores, also reactive transport of solutes is simulated. 
The simulation model does not take into account the effects of shrinkage and 
swelling of the soil matrix. The process of swelling and shrinkage in the clay 
soil being considered was, however, not very relevant. In the relatively loose-
structured top soil smaller macropores never completely close, whereas in the 
subsoil macropores (cracks) were permanent as a result of ripening during land 
reclamation. The only effect which might have been caused by swelling and 
shrinkage was the slight hysteresis in the drain discharge curves. 
From the conducted sensitivity analysis it appeared that the saturated hydraulic 
conductivity of the upper soil matrix (K(s)) was the most important parameter 
controlling bypass flow. Soil physical methods applied should, therefore, be able 
to quantify the effects of soil structure (e.g. crust infiltrometer, Booltink et al., 
1991a). The high sensitivity for the saturated hydraulic conductivity also implies 
a high sensitivity for rain intensities. Since the measuring interval in the 
monitoring set up was 15 minutes, rain intensities are always a manifold of a 15 
minutes. This results in smoothed values, especially for short rain events with 
high intensities. For this type of research it might, therefore, be better to work 
with continuously recording rain gauges. 
Use of the rotated random scan procedure (RORASC) in combination with a 
Monte-Carlo simulation procedure provides a valuable tool for obtaining ill-
defined model parameters and for restricting initially wide parameter spaces to 
more realistic values for the system considered. This makes interpretation of 
data in terms of confidence intervals more realistic. 
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General conclusions 

GENERAL CONCLUSIONS 

1. In structured soils, water flow processes are strongly influenced by the 
occurrence of macropores. The suction crust infiltrometer is particularly 
suitable to measure the hydraulic conductivity near saturation and to 
express the effects of macropores on conductivity, because crusts, 
prepared according to the described procedure, ensure perfect contact with 
the soil. 

2. Sensitivity analyses of models describing bypass flow indicate that in 
heavy textured soils the applied rain intensity and hydraulic conductivity 
of the soil matrix are important parameters controlling bypass flow. In 
lighter textured soils absorption processes, such as surface infiltration and 
absorption of water along macropore walls, are the controlling parameters. 

3. Continuous macropores induce significant bypass flow in heavy clay soils. 
When modelling the fate of water in these macropores a stratification of 
water conducting macropores in terms of horizontal and vertical 
orientations is necessary, because infiltration is a function of macropore 
orientation. 

4. The geometry of macropores has major impact on tortuous water 
transport. This tortuosity can be well described by a pedotransfer function 
based on measured morphological features such as volumes and fractal 
dimensions of methylene-blue stained macropores. 

5. Absorption of water in structured soils with continuous macropores is 
more affected by their geometry, expressed in terms of fractal dimensions 
and volumes of stained macropores, than by their physical properties. 

6. Field monitoring of bypass flow in a heavy clay soil shows that nitrate 
concentrations in drain discharge increase proportionally with the outflow 
rate during bypass flow events. This nitrate originates from the top soil, 
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Morphometric methods for simulation of water flow 

were there is good contact between bypass water and relatively small 
structure elements. 

7. Soil solution sampling by suction cups is an unsuitable procedure for 
measuring nitrate concentrations in structured heavy clay soils. 

8. Good agreement between the independent comparison of measured and 
simulated time series of ground water levels and drain discharge indicates 
that bypass flow can be simulated on field scale using combined 
morphometeric and soil physical properties in a dynamic water transport 
model. 

9. Use of the rotated random scan procedure in combination with a Monte-
Carlo simulation approach provides a valuable tool for obtaining ill-
defined model parameters and for restricting initially wide parameter 
spaces to more realistic values for the flow system being considered in a 
heavy clay soil with macropores. This makes interpretation of data in 
terms of confidence intervals more realistic. 
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Abstract 

Booltink, H.W.G., 1993. Morphometeric methods for simulation of waterfow. Doctoral Thesis. Agricultural 
University Wageningen, The Netherlands. 

Water flow in structured soils is strongly governed by the occurence of 
macropores. In this study emphasis was given to combined research of 
morphology of water-conducting macropores and soil physical measurements on 
bypass flow. Main research objectives were to: (i) develop and improve soil 
physical methods in such a way that hydraulic effects of macropores in soils are 
accounted for, and (ii) quantify soil structure in such a way that bypass flow 
phenomena can be realistically represented in simulation models. 
In chapter 2 a modified crust test is presented, to be used for measuring the 
unsaturated hydraulic conductivity near saturation. The test will be referred to 
as the suction crust infiltrometer. Since contact between soil and crust is perfect 
the suction crust infiltrometer is particulary suitable to express the effects of 
macropores on conductivity. Only one crust is used as fluxes through the crust 
occur at different heads, which makes the method less laborious and more 
convenient to use than the former crust test. 
Chapter 3 combines physical measurements of soil water potentials (using small 
transducer equipped automated tensiometers) and bypass flow with 
morphological data obtained from staining patterns. Tensiometers in close 
contact with water-conducting macropores reacted very quickly during the start 
and at the end of a bypass flow event. Other tensiometers showed slow reactions 
indicating a location deep inside structure elements. The various tensiometer 
reactions were used as a point count to identify occurence of soil physical 
processes such as internal catchment and bypass flow. Mass balances showed 
that 52 percent of the applied water left the soil cores through bypass flow while 
an estimated of 33 percent contributed to internal catchment. 
In chapter 4 a sensitivity analysis on processes affecting bypass flow was carried 
out. A simulation model was used to determine the relative impact of different 
soil physical properties and boundary conditions on different soil types. For the 
light textured soils surface infiltration was the most important term in the water 
balance. For heavy textured soils drainage through macropores was the most 
important mass balance term. Lateral absorption was only a minor fraction in the 
total mass balances. Surface infiltration is a crucial parameter in bypass flow 
and is mainly dependent on rain intensity, initial pressure head and the 
conductivity of the soil matrix. 
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In chapter 5 an empirical equation was developed which relates total amount of 
measured outflow, derived from 5 bypass experiments, to fractal dimensions and 
volume fractions of methylene-blue stained macropores. The total amount of 
bypass flow was successfully regressed on measured time lag for initial 
breakthrough at the bottom of the soil column. This study indicates that 
morphology of flow paths is an important factor in the process of bypass flow. 
A physico-morphological approach for measuring and simulating bypass flow 
on 15 undisturbed soil columns was described in chapter 6. The impact of 
various physical boundary conditions on bypass flow was measured with a 
computer-controlled measuring device. Macropore geometry was characterized 
using fractal dimensions of methylene-blue stained macropores. Initial 
breakthrough at the bottom of the soil cores was predicted with a pedotransfer 
function based on fractal dimensions and methylene blue stained volumes. 
Measurements showed that geometry of water conducting macropores prevailed 
over soil physical properties with respect to water absorption along macropores 
walls. Soil physical and morphological data were used in a simulation model 
which predicted drainage at the bottom of the cores with significant precision. 
In chapter 7 bypass flow and nitrate leaching at the Kandelaar experimental farm 
was measured in drain outflow over a period of 4 years, using an automated 
monitoring set up. Bypass flow towards ground water exceeded sometimes 80 
percent of precipitation. Simultaneously measured nitrate concentrations in 
drainage water increased during bypass flow, indicating that bypass flow is 
associated with an increased nitrate load to ground water. A catch crop grown 
directly after slurry application could reduce nitrate concentration in drainage 
water up to 75 percent. This study also showed the inability of suction cups in 
structured clay soils to provide representative samples for soil solutes. 
Chapter 8 describes the field scale modelling of bypass flow on the Kandelaar 
experimental farm. The LEACHW model was extended with a module that 
described bypass flow and tortuous water transport in macropores. This model 
was used in a Monte-Carlo analysis to calibrate the model parameters and to 
investigate the sensitivity of the various model parameters. Explained variances 
for the various terms in the water balance were always significant. Simulation 
of measured ground water levels and drain discharge from an independent year 
using the calibrated parameter set appeared successful. 
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Samenvatting 

Morfometrische methoden voor de simulatie van waterstroming 

Stroming van water in gestructureerde gronden word sterk beinvloed door de 
aanwezigheid van macroporiën. Li deze studie is de nadruk gelegd op het 
gecombineerde onderzoek naar morfologie van watervoerende macroporiën en 
bodemfysische metingen op het gebied van bypass-stroming. De belangrijkste 
onderzoeksdoeleinden waren: (i) het ontwikkelen en verbeteren van 
bodemfysische meetmethoden zodat de hydraulische effecten van macroporiën 
kunnen worden gemeten, en (ii) het kwantificeren van bodemstructuur zodat 
bypass-stroming realistisch in simulatie modellen kan worden weergegeven. 
In hoofdstuk 2 wordt de vernieuwde korstmethode besproken. Deze methode 
wordt gebruikt voor het meten van de onverzadigde doorlatenheid nabij 
verzadiging. De korstmethode is gemodificeerd tot een korst-infiltrometer. Het 
perfecte contact van de korst met de bodem maakt de korst-infiltrometer 
byzonder geschikt voor het meten van effecten van macroporiën op de 
doorlatendheid. Bij het gebruik van de korst-infiltrometer hoeft slechts één korst 
te worden gemaakt, wat de methode minder arbeidsintensief en makkelijker 
maakt vergeleken met de voormalige korstmethode. 
Hoofdstuk 3 combineert fysische metingen van bodemvocht potentialen (door 
middel van kleine tensiometers uitgerust met drukopnemers) en bypass-stroming 
met morfologische gegevens verkregen van vlekken patronen. Tensiometers in 
de nabijheid van watervoerende macroporiën reageerden erg snel gedurende het 
begin en einde van het bypass experiment. Andere tensiometers gaven een zeer 
langzame reactie te zien wat aangeeft dat zij diep in structuur elementen waren 
gelocaliseerd. Om de verschillende bodemfysische processen te identificeren zijn 
de verschillende tensiometer reacties gebruikt als een punt-telling. Op grond van 
deze telling konden processen als bypass-stroming en interne infiltratie worden 
gekwantificeerd. Massa balansen gaven aan dat 52 procent van het toegediende 
water de bodemkolommen verliet als bypass-stroming en 33 procent bijdroeg 
aan interne infiltratie. 
In hoofdstuk 4 is een gevoeligheids analyse uitgevoerd op processen die bypass-
stroming beïnvloeden. Om het relatieve effect van verschillende bodemfysische 
eigenschappen en randvoorwaarden op verschillende bodemtypen te toetsen is 
een simulatie model gebruikt. Voor bodems met een lichte textuur was 
oppervlakte infiltratie de belangrijkste term in de waterbalans. Voor bodems met 
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een zwaardere textuur was stroming van water door macroporièn de 
belangrijkste massabalans term. Oppervlakte infiltratie is een cruciale parameter 
in bypass-stroming, die voornamelijk door neerslag intensiteit, initiële 
bodemvocht potentiaal en de doorlatendheid van de bodem matrix wordt 
bepaald. 
In hoofdstuk 5 is een empirische relatie ontwikkeld die de totale hoeveelheid 
gemeten drainage, verkregen uit 5 bypass experimenten, relateert aan de fractale 
dimensies en volume fracties van methyleen blauw gekleurde macroporièn. De 
totale hoeveelheid drainage kon bovendien worden gerelateerd aan de gemeten 
vertraging van de doorbraak van drainage aan de onderkant van de grondkolom. 
Dit deelonderzoek geeft aan dat de morfologie van stromingspatronen een 
belangrijke factor is in het proces van bypass-stroming. 
Een fysisch-morfologische benadering voor het meten en simuleren van bypass-
stroming in 15 ongestoorde grondkolommen is beschreven in hoofdstuk 6. Het 
effect van verschillende fysische randvoorwaarden op bypass-stroming is 
gemeten met behulp van een computer gestuurde meetopstelling. De geometrie 
van macroporièn is gekarakteriseerd door middel van fractale dimensies van, 
door methyleen blauw gekleurde macroporièn. Initiële doorbraak van water aan 
de onderkant van de grondkolommen kon worden voorspeld met een bodem 
vertaalfunctie gebaseerd op fractale dimensies en methyleen blauw gekleurde 
volumina. In het proces van waterabsorptie in macroporiewanden toonden 
metingen aan dat de invloed van bodemfysische eigenschappen ondergeschikt 
was aan de geometrie van watervoerende macroporièn. Bodemfysiche en 
morfologische gegevens zijn vervolgens gebruikt in een simulatie model dat de 
drainage aan de onderkant van de grondkolommen met significante precisie kon 
voorspellen. 
In hoofdstuk 7 wordt gerapporteerd over veldmetingen aan bypass-stroming en 
nitraat uitspoeling, uitgevoerd gedurende een periode van 4 jaar op de 
proefboerderij "De Kandelaar". Hiervoor is gebruik gemaakt van een 
geautomatiseerde meetopstelling. Bypass-stroming naar het grondwater was soms 
meer dan 80% van de hoeveelheid neerslag. Gelijktijdig gemeten nitraat 
concentraties in het drainage water namen toe gedurende een bypass gebeurtenis. 
Dit geeft aan dat bypass-stroming geassocieerd kan worden met een toenemende 
belasting van het grondwater met nitraat. Indien, direct na toediening van een 
bemesting, een vanggewas werd geteeld kon de nitraat concentratie in het 
drainage water met een factor van 75% worden gereduceerd. Verder bleek uit 
dit onderzoek dat bodemvocht bemonsteringscups ongeschikt zijn voor het 
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nemen van representatieve bodemvocht monsters in sterk gestructureerde 
kleigronden. 
Hoofdstuk 8 beschrijft het modelleren van bypass-stroming op de proefboerderij 
"De Kandelaar". Het LEACHW-model is uitgebreid met een module die bypass-
stroming en tortuous watertransport door macroporien beschrijft. Dit model is 
gebruikt in een Monte-Carlo analyse om het model te calibreren en om de 
gevoeligheden van de verschillende modelparameters te onderzoeken. Verklaarde 
varianties voor de verschillende massabalans termen waren altijd significant. Het 
simulatie model is tenslotte gevalideerd op een gemeten tijdreeks van 
grondwaterstanden en drainafvoeren voor een onafhankelijk jaar. 
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