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s u m m a r y

Many infiltration models rely on an effective hydraulic conductivity parameter (Ke) which is often deter-
mined in the field from rainfall simulation experiments on small plots. Ke can be defined as the spatially
averaged infiltration capacity when the soil is ‘field-saturated’ and steady state is reached. Then it equals
the infiltration rate (f), provided ponding occurs. When a homogeneous surface is assumed, with negli-
gible ponding depth, Ke is constant and does not vary with rainfall intensity (r).

We developed a drop infiltrometer that allows measuring Ke on small plots under simulated rainfall
intensities that vary between experiments. Infiltration experiments were conducted on a winter wheat
field in the Belgian Loess Belt and various surface and soil properties were measured. Furthermore, pho-
tos were taken of the soil surface during the infiltration experiments for the determination of the inun-
dated surface fraction.

The results of the experiments show that Ke is strongly dependent on rainfall intensity. In a statistical
approach a dynamic Ke could be estimated with a function of rainfall intensity, tillage treatment, percent-
age residue cover and bulk density. Observations indicate that microtopography, surface fraction covered
by a sedimentary seal and macroporosity interact with rainfall intensity, surface ponding and infiltration.

We propose that Ke in physically based infiltration models should either be made dependent on
dynamic state variables in a mechanistic way, such as ponding depth and water content or made depen-
dent on rainfall intensity using an empirical relationship. With such adaptations, both surface runoff and
erosion models might have more potential to deal with scale effects in runoff generation.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

During a rainfall event, soil moisture and suction head profiles
change as the wetting front moves downwards. Once the wetting
front has moved far enough, the effect of suction on infiltration
capacity becomes very small and it approaches the value of the
effective hydraulic conductivity (Ke). A heterogeneous soil above
the wetting front will be partly saturated and partly less saturated,
with air filled porosity. At this ‘field-saturation’ and when steady
state is reached, Ke is the spatial average of hydraulic conductivi-
ties and it is equal to the infiltration rate (f). A minimal condition
for field-saturation is that at least some ponding occurs some-
where within a unit of soil surface or plot.

When a homogeneous soil is assumed, which is ponded com-
pletely with a negligible ponding depth, any variation in rainfall
ll rights reserved.
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intensity (r), given r > f, will have no effect on Ke. But Hawkins
and Cundy (1987) have shown that within a given area, say a plot
or a hillslope, there exists a distribution of infiltration capacity or
hydraulic conductivity, rather than a single value. This implies that
at a given rainfall intensity some patches might pond and produce
rainfall excess, while others do not. Their ‘apparent’ infiltration
rate at steady state (fs) is defined as area-averaged infiltration rate
of which a certain fraction contributes to rainfall excess produc-
tion. Infiltration capacities can be assumed to have an exponential
distribution (Hawkins and Cundy, 1987), so fs can be given by:

Fs ¼ fmaxð1� expð�r=fmaxÞÞ ð1Þ

with fmax being the average infiltration rate, when the whole plot is
contributing to rainfall excess production. With given f and r, the
model has only one empirical parameter, fmax, which makes it
attractive for practical use. Yu et al. (1997) and Stone et al. (2008)
applied the exponential model to their rainfall–runoff data, which
yielded much better results than the application of a model with
a constant Ke.

The definition of fs in Eq. (1) implies that at any rainfall intensity
there are patches that contribute to runoff and that the soil is at
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least partly saturated. This means that the definition of fs is exactly
the same as the definition given above for Ke and it can be con-
cluded that Ke is dependent on rainfall intensity. Indeed, experi-
mental studies that measure steady state infiltration rates at
different rainfall intensities usually find increasing infiltration with
rainfall intensity (Karssenberg, 2006; Stone et al., 2008). Plot stud-
ies under natural rainfall confirm this trend (Leonard et al., 2006;
Yu et al., 1997). The concept of randomly distributed infiltration
capacities is only one way to explain the observed f–r relationship.
Dunne et al. (1991) observed a strong relationship between rainfall
intensity and infiltration rate on rangeland plots. They explained
this with the inundation of mounds around grassed patches, which
have a higher infiltration capacity. In a laboratory experiment Fox
et al. (1998) proved that the increase in ponding depth within an
inundated micro-depression increases infiltration more than can
be explained solely by the increased hydraulic gradient. They
attributed this to characteristic sealing conditions in the microto-
pography of an agricultural soil. Gradual inundation of a larger
fraction of structural seal with increased rainfall intensity causes
significantly higher infiltration rates. Boiffin (1984) and Bresson
and Boiffin (1990) described the process of sealing on agricultural,
loamy soils, that are also common to our study area. After tillage,
raindrop impact creates a thin structural seal by disaggregation
and the gradual decrease in pore volume through plastic deforma-
tion. When during rainfall the shear strength of the soil surface
drops below a critical value, a sedimentary seal develops in the
micro-depressions. Relocation of small aggregates and particles
from the micro-slopes and sedimentation from runoff contribute
to the formation of this sedimentary seal. Infiltration capacity of
the structural seal is higher than that of the sedimentary seal by
at least one order of magnitude. Inundation does not only depend
on rainfall intensity, but also on the height of the microtopography
and the connectivity between depressions when they become
ponded (Darboux et al., 2002). Activation of preferential flow
through macropores, when becoming inundated, is also considered
to contribute to increasing infiltration rates with rainfall intensity
(Weiler, 2005).

In hydrological and erosion modelling a correct determination
of Ke is essential for the calculation of infiltration excess runoff
generation. Calibration exercises of runoff-erosion models, such
as of LISEM or EUROSEM, have shown that the effective or satu-
rated hydraulic conductivity (Ke or Ksat) is one of the model param-
eters to which model results, both in terms of runoff and erosion,
are most sensitive (Jetten et al., 1998; Veihe and Quinton, 2000).

Therefore, it is important to revise the view of an invariant Ke. A
mechanistic approach would be to explicitly model preferential
flow, ponding depth and inundation at the surface and their inter-
actions with other sources of heterogeneity. For this, accurate
information on processes and distributions would be required.
Rainfall intensity in such a conception is a driver or input, with
only an indirect causal connection to hydraulic conductivity. The
practical approach that this paper presents is to predict Ke in a sta-
tistical manner similar to pedo-transfer functions (PTFs), relating
Ke to any possibly relevant and easy to measure variable, including
rainfall intensity, which makes Ke ‘dynamic’. Rainfall intensity in
this concept is a statistical proxy that ‘stands’ and accounts for
the effects of a heterogeneous soil on infiltration rates.

When variable rainstorms are simulated within infiltration
models that require an effective hydraulic conductivity, a dynamic
Ke can function equally well as a constant Ke. There might be a
small lag time of the effect of rainfall intensity on hydraulic con-
ductivity, but when time steps are chosen appropriately, there is
no theoretical problem in applying the concept. This is also true
for the Time Compression Approximation (TCA) (Reeves and Miller,
1975). A dynamic Ke would change the form of the cumulative
infiltration curve, but the assumption of TCA that temporal
variability in the supply of infiltration water is quickly redistrib-
uted within the wetted soil profile remains untouched. It would
be an interesting study to compare a constant with a dynamic Ke

within any TCA model.
Finally, models need to be tested before any conclusion on the

applicability of the dynamic Ke approach can be drawn, which is
beyond the scope of this paper. But the results of Stone et al.
(2008), who applied a rainfall intensity-dependent final infiltration
rate to model plot runoff, are promising.

The problem of rainfall intensity-dependency of Ke appears to
have many dimensions. Understanding of the controls on spatial
variability and interactions between infiltration capacities is still
lacking. Moreover, especially on sealing soils, the study is compli-
cated by the alteration of the soil surface by raindrop impact, when
different rainfall intensities are applied to the same plot. This paper
therefore (1) presents a methodology for measuring infiltration at
different rainfall intensities that reduces bias by minimizing rain-
drop impact. Further objectives are (2) to study the relationship
between rainfall intensity and infiltration rate with a limited data-
set, considering tillage and various soil and surface properties and
(3) to discover the role of inundation of the microtopography in the
infiltration process under field conditions.
2. Materials and methods

2.1. Experimental field

Experiments with variable rainfall intensity on small runoff
plots (0.8 by 0.8 m) were conducted on one field that was split into
a reduced, non-inversion tillage (RT) and a conventional,
mouldboard tillage (CT) strip. The experimental field is located in
the Belgian part of the Western and Central European Loess Belt,
near Huldenberg (50�4603500N; 4�3603900E). The area is under inten-
sive agricultural use and predominant crops are wheat, maize, su-
gar beet and potato. The splitting of the experimental field
occurred in 2004, with maize as crop. Subsequent crops until
2008 where: wheat, sugar beet, wheat and wheat again. Annual
average rainfall is around 800 mm. High intensity rainstorms that
occur from late spring to early summer meet a relatively low
ground cover and can cause severe erosion, local flooding and sed-
imentation problems (Verstraeten et al., 2003). In April 2008,
experiments were undertaken at 18 locations within the field, 9
on each tillage treatment, both planted with winter wheat with
an average plant cover of 39% and a plant height of 5–10 cm. The
slope was straight to slightly concave, with a mean (and standard
deviation) of 7.3% (1.5). The soil is a silt loam (FAO/USDA) with
sand 33% (3.8), silt 60% (3.7) and clay 7% (1.2).
2.2. Drop infiltrometer experiments

A drop infiltrometer was newly developed to meet the demand
of producing a range of rainfall intensities for small plots with a
sufficiently good drop distribution and a low kinetic energy per
mm rainfall. This was to minimize differences in sealing stages be-
tween the applications of different rainfall intensities. A sketch
showing the most important features of the experimental setup
is given in Fig. 1.

The infiltrometer had the appearance of a table and could be
easily transported to the field. A total of 309 silicon tube capillaries
with an inner diameter of 0.5 mm and a length of 12 cm hung be-
low the perforated aluminium plate of the table and produced
drops with a diameter of ca. 3.3 mm. The distance between capil-
laries was 0.035 m, covering a surface of 0.56 m2. A frame with legs
that were adjustable in height between 0.7 m and 1.1 m supported
the plate, which could be levelled in order to create the same water



Fig. 1. Sketch of the experimental setup. Only the most important parts are sketched, a description is given in the legend within the figure.

Fig. 2. Time progress of runoff rates for plot 11. The legend gives the input rainfall
intensities and the horizontal lines give the approximated steady state runoff rate
levels.
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pressure in each capillary. At the centre of the plate a camera was
mounted above a hole, which was spared for the lens that pro-
truded through the plate. Demineralised water from a constant
head barrel installed upslope was conducted through a hose to
the drop infiltrometer and distributed to the capillaries in a den-
dritic system of a plastic tube (30 mm inner diameter) and silicon
tubes (3 mm inner diameter).The pressure head that controlled the
flow rate of the capillaries was read from a vertical transparent
tube, connected to the system, and could be controlled with a
valve. The difference in pressure drop that occurs in the silicone
tubes having different lengths between the plastic tube and the
capillaries was calculated to be maximally 5%. The kinetic energy
of the drops after falling 0.8 m was 6.5 J m�2 mm�1, which is 20%
of the kinetic energy the drops would have at terminal velocity.
Christiansen’s Coefficient of Uniformity (CU = 1 � (deviation from
mean/mean)) was measured in the lab for four different rainfall
intensities: 96, 48, 24 and 12 mm h�1 with CU of 0.87, 0.91, 0.88
and 0.86, respectively. The average uniformity coefficient over all
intensities was 0.88. The actual rainfall intensity was determined
by catching the total rain just below the capillaries with a remov-
able corrugated plate.

Prior to each experiment, 45 mm h�1 of rainfall from 3.25 m
height from a nozzle-type simulator was applied to the plot until
steady state runoff occurred, which was after 30–60 min. The re-
sults of this dry run are not reported here and details on design
and usage of the nozzle simulator are reported in Leys et al.
(2007). The rainfall with relatively high kinetic energy left the plot
surface strongly sealed and wet at field capacity. This had the
advantage that the following experiments with its relatively low
kinetic energy brought about very little change in the sealing stage.

Each experiment consisted of four stages of rainfall intensity,
ranging around 96, 48, 24 and 12 mm h�1 and carried out in this
order. The choice of halving the rainfall intensities rather than
using a fixed interval was done in anticipation of the non-linear ef-
fects of the rainfall–runoff system. On windless days, the infiltrom-
eter needed to be rocked gently by manual impulses on the
aluminium plate with an interval of about 1 s, in order to ensure
a spatially random impact of drops. This was rarely necessary in
the field, as slight wind sufficed to randomize drop impact. Runoff
was caught in a gutter at the downslope end of the plot. A short
pipe conducted the runoff to a hole, dug in the soil. Here, runoff
was collected at time steps of 30 s and its volume was read from
a transparent beaker. At the lowest intensity this time step was in-
creased to 60–240 s, in order to have a more accurate reading of
the volumes.

Usually, the experiments started between 10 and 30 min after
the first wetting of the plot with the nozzle rainfall simulator. This
means that there was some percolation and evaporation in the



258 C. Langhans et al. / Journal of Hydrology 399 (2011) 255–262
mean time, so that the first (and highest) rainfall intensity needed
to rewet the soil a bit, which made the experiment typically last
longer than the following (Fig. 2). Fig. 2 shows the progress of run-
off rates, approaching steady state for plot 11. On some other plots,
the curves showed irregular oscillations, which may be due to the
escape of entrapped air, for example from macropores, and subse-
quent filling with infiltration water. In general, infiltration rates are
decreased by entrapped air (Wang et al., 1998). With the presented
method it was not possible to estimate the error caused by air
entrapment. When values did not change for three subsequent
readings with more than ca. 5%, which is the minimum accuracy
of reading, steady state was assumed and a photo was taken. The
average of the last three values was taken as an approximation
for the steady state final runoff rate.
2.3. Measurement of variables

Large earthworm macropores (>4 mm diameter) were counted
after plot installation and normalized to the number of one square
meter, which yielded the macropore density (MAC, number/m�2).
Before the experiment, a photo was taken with the camera centred
above the plot. Percentage residue cover (RC) and plant cover (PC)
were derived from the photo by evaluating the presence of residue
or plants at ca. 196 grid points. PC was geometrically corrected for
bias caused by the plant height with: PC = uncorrected PC ((height
of lens above soil surface � average plant height)/height of lens
above soil surface)2. Soil bulk density (qb, g cm�3) was determined
with a Kopecki cylinder (100 cm3) in the surface layer (0–5 cm),
percentage soil organic carbon (SOC) with the Walkley–Black
method and texture with a Laser Diffraction Particle Size Analyzer
(Beckman Coulter, LS 13 320).

Before the experiment, two roughness profiles were taken per-
pendicular to the sowing line that ran parallel with the slope. This
was done with a pinmeter whose white pins were marked black at
the top ends. Digital photos were taken from a 3 m horizontal dis-
tance to the pinmeter surface. Software aided colour recognition
and a spline-interpolation created profiles with 120 height values
with equal distances of 7.2 mm. The profiles were corrected for
slope trends, but a correction for oriented roughness was not nec-
essary, because a clear tillage induced pattern was not present.
Random roughness (RR) (Allmaras et al., 1966) and tortuosity (T)
(Boiffin, 1984) indices were derived from the profiles. Also, an
experimental variogram of each profile was modelled with a con-
stant for the sill and a linear model for the ascending limb. The
intersection of both lines defined the range.

Inundated area (Ai) was defined as the surface area fraction
where single grains and micro-aggregates were clearly inundated
by either flowing or ponding water. Automated colour recognition
of the ponded area on the digital photos was not possible, so we
needed to determine Ai by visual interpretation. Three digital tran-
sects were drawn perpendicular to the flow direction, one at the
centre of the plot and the other two around one third from the
upper and lower border. Transects on one plot, but at different
rainfall intensities were drawn at exactly the same location. A dig-
ital ruler tool was used to measure the number of pixels showing
Table 1
Soil (0–5 cm depth) and surface properties of CT and RT plots (n = 18) a.

Tillage MAC (nm�2) PC (%) RC (%) RR (mm) T (–) S

CT Mean 54.2 43.9 4.3 5.2 1.07 3
St. Dv. 16.2 5.1 2.1 0.9 0.01 1

RT Mean 74.1 34.6 11.7 6.5 1.10 6
St. Dv. 31.7 6.1 3.6 1.3 0.02 3

a MAC: macropore density, PC: plant cover, RC: residue cover, RR: random roughness
inundation along the transects. Ai was calculated by averaging
the inundation fractions derived from each transect.

2.4. Statistical analysis

As tillage strips could not be arranged in a randomized block de-
sign for practical reasons, it had to be assumed that random soil
variation between two plots within one tillage treatment is similar
to the variation between two plots of two different tillage treat-
ments. This assumption seems reasonable, because the distance
between randomly chosen plots on the same tillage treatment
was similar to the distance between plots on different tillage
treatments.

The effects of tillage treatments and plot characteristics on infil-
tration were examined with a mixed model analysis using the
mixed procedure of the SAS software (SAS Enterprise Guide 4.1).
Linear mixed models were developed for two dependent variables:
natural logarithm of f (lnf) and Ai. The variables used to build the
statistical model consisted of both a class variable (tillage) and
covariates (rainfall intensity and all other continuous variables
mentioned in Table 1). Infiltration rates and inundation measured
during the four rainfall intensities applied on one plot were re-
peated measures on the same plot and were therefore correlated.
The mixed procedure is able to account for this. In order to identify
the optimal variable subset that can significantly explain variation
in the dependent variables, we used the log likelihood ratio test
(Littell et al., 1996) and backward elimination of insignificant vari-
ables, using a significance level of 5%.

3. Results

3.1. Soil and surface properties

The reduced tillage treatment (RT) had higher mean values of
macropore density (MAC), percentage residue cover (RC), random
roughness (RR), tortuosity (T), sill, range, soil organic carbon
(SOC) and percentage sand, but lower plant cover (PC) and percent-
age clay than conventional tillage (CT). Bulk density (qb) was the
same in both treatments. Standard deviations were generally high-
er for RT than for CT, with the exception of bulk density, sand, clay
and soil organic carbon.

3.2. Infiltration and inundation data

Steady state final infiltration rate (f) is plotted against rainfall
intensity (r) in Fig. 3. The variation of absolute infiltration values
increased with r. The White and Breusch–Pagan tests on hetero-
scedasticity suggested that variation increased exponentially. A
conversion of f and r to its natural logarithms created ln(f) values
that were evenly distributed over the ln(r) scale, with constant
variations. After transformation the dataset did not show any
significant heteroscedasticity anymore. The exponential model
(Eq. (1)) was fitted to this converted data, because a model fitted
to unconverted data would violate the assumption of normality
and be biased by heteroscedasticity. However, in both cases the
ill (mm2) Range (mm) qb (g cm�3) SOC (%) Sand (%) Clay (%)

7.5 92.2 1.36 0.63 31.7 7.0
3.8 33.9 0.08 0.14 4.2 1.2

4.7 140.2 1.37 0.80 33.8 6.3
6.1 58.5 0.04 0.05 2.8 1.1

, T: tortuosity, qb: bulk density, SOC: soil organic carbon.



Fig. 3. Final, steady state infiltration (f) vs. rainfall intensity (r). Data from CT and RT
plots are modelled separately with ln(f) and ln(r) values with Eq. (1).

Table 2
Model description for Eq. (2) (n = 72) and Eq. (3) (n = 71); RC: residue cover qb: bulk
density.

ln (f) (Eq. (2)) Ai (Eq. (3))

RT (reduced tillage);
CT (conventional tillage)

True = 1; false = 0 True = 1; false = 0

Type III F statistic ln(r): p < 0.0001
ln(r) � tillage: p < 0.0001 r: p < 0.0001
RC: p < 0.001 Tillage: p < 0.01
qb: p < 0.01

Model efficiency (ME) 0.87 0.62
Mean absolute error 0.72 0.10
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parameter fmax is biased, and it appears to be problematic to apply
the model or Hawkins and Cundy (1987) correctly in this study.
Hence, fitting Eq. (1) to the logarithmic data gives a suitable
description of the data in terms of fit, without allowing for any
physical interpretation. The best fit was obtained with the FIT
statement in the MODEL procedure of SAS, separately for CT and
RT (CT: n = 36, R2 = 0.91; RT: n = 36, R2 = 0.75) (Fig. 3). The fit was
better for CT than for RT, reflecting the higher variability of RT.

The inundated area fraction is given in Fig. 4. Ai increased stron-
ger at lower r than at higher r. The variation of the Ai values was
relatively constant throughout the range of r.
3.3. Statistical analysis

Eq. (2) gives the mixed model for the prediction of the natural
logarithm of the final infiltration rate ln(f) and Table 2 entails infor-
mation about the significance of effects and model performance.

lnðf Þ ¼ 0:822 lnðrÞRTþ 0:9741 lnðrÞCTþ 0:04725RC

� 0:3536qb ð2Þ

Ln-transformed values of both r and f were chosen, because
of the earlier mentioned heteroscedasticity and approximate
Fig. 4. Observed inundated surface area fraction (Ai) vs. rainfall intensity (r)
classified by tillage.
log–log linearity. Tillage treatment was tested first. It had a signif-
icantly different slope with r, which means that the effect of
rainfall intensity was dependent on tillage. RT and CT are dummy
variables that determine which parameter for rainfall intensity is
used (Table 2). An intercept was excluded as insignificant. Once
this basic model structure had been established, it was checked
whether additional variables could significantly improve the
model. Residue cover (RC) and bulk density (qb) were the variables
that best improved the model, regarding the log likelihood. The
effect of these variables seemed to be independent of the tillage
treatment, and parameters could be applied for both treatments.
Other variables and variable combinations rather deteriorated
the log likelihood. The Nash and Sutcliffe model efficiency was
good, with ME = 0.87. Eq. (3) gives the mixed model for the
inundated area fraction at steady state (Ai) and Table 2 gives
additional information on the model.

Ai ¼ 0:217RTþ 0:16373CTþ 0:002604r ð3Þ

As there was no heteroscedasticity in the data, no transforma-
tion of r was necessary. Again, tillage was checked first. For Ai,
the effect of rainfall intensity was not significantly different for
the two tillage treatments, so that a common slope model was
used. No other variables could significantly improve the model,
regarding the log likelihood. Model efficiency was fairly good, with
ME = 0.62.

Fig. 5a and b shows the observed versus predicted values for the
two models. Fig. 5a shows that the prediction of ln(f) had no sys-
tematic deviations from the 1:1 line. A linear mixed model seemed
to be appropriate in this case. Fig. 5b shows that low values of Ai

were clearly over-estimated. The choice of a linear mixed model
for the prediction of Ai has the background that at the present stage
of research not enough data has been gathered and analysed that
would allow the establishment of a non-linear or segmented
model.

The results of the statistical analysis indicate that rainfall inten-
sity had a highly significant effect on the dependent variables. The
interaction term r � tillage was significant in the infiltration model
(Eq. (2)). At higher rainfall intensities, the difference between the
tillage treatments became more pronounced, values for RT being
lower than for CT. Tillage alone had no significant effect on f. Ai

did not show an interaction between rainfall intensity and tillage,
rather, tillage treatments had different intercepts but the same
slopes.
3.4. Qualitative analysis

The statistical analysis did not allow us to identify much of the
variation of the infiltration model, nor did it reveal the underlying
mechanisms explaining the nature and strength of the Ai–r rela-
tionship. By studying the inundation photos in more detail, typical



Fig. 5. Observed vs. predicted data points for the two dependent variables,
classified by tillage: (a) ln(f) (Eq. (2)) and (b) Ai (Eq. (3)).

Fig. 6. Observed infiltration coefficient vs. rainfall intensity for two contrasting
plots (3 and 5) under RT.
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cases could be found that have some potential for extending the
explanation beyond the statistical analysis.

The relationship between the infiltration coefficient (IC), de-
fined as IC = f/r, and r was qualitatively analysed by comparing
the four values of each plot with the appropriate inundation pho-
tos. RT-plots 3 and 5 (Fig. 7) were selected as typical cases to be
discussed and are displayed as graphs in Fig. 6. While the infiltra-
tion coefficient remained more or less constant on plot 3, plot 5
showed a decline of the infiltration coefficient with rainfall inten-
sity. A quantification of the area fraction of the sedimentary seal
(Ased) that covers the main channel and micro-depression network
was difficult; however, it was delineated for the two shown plots
(transparent white area in Fig. 7). Plot 3 had a low Ased that was
well connected to the outlet (white arrows in Fig. 7a) and a low
random roughness of 4.1 mm. Plot 5 had a deep central micro-
depression that was covered by an extended sedimentary seal
and a high random roughness of 8.2 mm. White arrows in Fig. 7b
show the spill-points of the depression at higher rainfall
intensities.
4. Discussion

4.1. A dynamic Ke

The results show that it is possible to model Ke as a function of
mainly rainfall intensity, which has been demonstrated with a lim-
ited dataset derived from one agricultural field. The experimental
setup with the drop infiltrometer is well suited to derive the nec-
essary relationships, as drop impact is limited, a wide range of
intensities can be easily set and adjusted and the measurement
scale of 0.8 by 0.8 m2 is meaningful, because it comprises relevant
micro-topographical heterogeneities. Measuring different intensi-
ties on one plot is fast compared to installing a new plot per rainfall
intensity. Steady state was usually reached after 3–10 min (Fig. 2).

This study shows that predictions of Ke correspond well to field
observations, when rainfall intensity is used as a dynamic input
variable. The application in infiltration models should not pose
any theoretical problem, keeping in mind that rainfall intensity is
a statistical proxy for effects of heterogeneity on hydraulic conduc-
tivity. Rainfall intensity-dependency of Ke is closely related to run-
off, which can also increase inundation of the microtopography
and thereby the effective hydraulic conductivity. Accumulation of
runoff may lead to generally increasing infiltration in the down-
slope direction, leading to a decrease of runoff per unit area and
a degressive increase of total runoff under steady state conditions.
This scale dependency of runoff and erosion has been reported by
many authors (Cerdan et al., 2004; Lal, 1997; Parsons et al., 2006;
van de Giesen et al., 2000). Modelling Ke in dependence of rainfall
intensity could be a step towards improved hillslope infiltration
excess runoff and erosion models.
4.2. Tillage and infiltration

Usually, reduced tillage plots produce less runoff than conven-
tional tillage plots (Leys et al., 2007; Tebrugge and During, 1999).
Furthermore, Lal (1997) found that scale effects are much stronger
on reduced than on conventional tillage. Common explanations for
the infiltration increasing effect of reduced tillage are: the effect of
residue cover to decelerate runoff and prevent surface sealing
(Mannering and Meyer, 1963; Ruan et al., 2001; Trojan and Linden,
1998), abundance of earthworm burrows that increase preferential
flow (Valckx, unpublished results; Ehlers, 1975; Weiler and Naef,
2003) and a higher level of surface soil organic matter that
increases aggregate stability and prevent structural sealing and



Fig. 7. Orthographic view of plots 3 (a) and 5 (b), taken before the experiment. The upper and lower plot border is marked with a scale, where one segment of red (dark) or
white equals 0.05 m. The main channel and micro-depression network, which is entirely covered by a sedimentary seal is delineated with a white line, filled with a
transparent white shade. The white arrows in (a) mark the outflow from the plot, while in (b) they mark the points where water spills from the central depression.
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retain surface random roughness throughout the growing season
(Govers et al., 2000; Tebrugge and During, 1999). These observa-
tions are generally confirmed by our measurements (Table 1), ex-
cept that RT has actually a lower infiltration rate at steady state
than CT. As data of only one field and one season are the basis of
the presented results, specific conditions of the field may be the
cause for this.

The statistical analysis shows that the effect of tillage on infil-
tration cannot be seen detached from rainfall intensity (Eq. (2)),
because the way tillage influences infiltration is dependent on
rainfall intensity. For example, preferential flow increases with
inundation, as gradually earthworm burrows become inundated
with increasing rainfall intensity (Weiler, 2005), which was actu-
ally observed on some plots in this study. The importance of resi-
due cover and bulk density for infiltration is supported by the
statistical analysis (Eq. (2)). But the study also shows that it re-
mains difficult to explain the variability of infiltration, because
many of the measured variables that are believed to be signifi-
cantly related to infiltration could not be used in the model. Also,
the exact composition of factors and coefficients can of course
change when more fields, and thus more variability, are introduced
as empirical basis for the model.
4.3. Inundation and sedimentary sealing

Inundated area fraction was significantly higher on RT than CT
(Eq. (3), Fig. 4), but there was only a rainfall intensity effect and
no interaction effect between tillage and rainfall intensity, in con-
trast to Eq. (2). This means that Ai is constantly higher on RT than
on CT over the whole range of rainfall intensities. It seems reason-
able to state that this constant difference is caused not so much by
a dynamic rainfall-intensity related factor, but by some structural
properties of the surface, such as the extent of a sedimentary seal,
where ponding easily occurs. Inundation-effects that increase
infiltration would be expected at high rainfall intensities and
with Ai extending beyond the extent of the sedimentary seal.
Unfortunately, as long as we do not have a suitable methodology
to measure the extent of the sedimentary seal, this hypothesis
remains unsupported by data.

The results of the qualitative analysis could be interpreted in
the following way. Relatively stable aggregates, mixed with resi-
dues at the surface, dominate the reduced tillage treatment and
easily trap detached fine sand that can form a sedimentary seal.
The form of the IC-graph (Fig. 6) then might depend on the actual
depth and connectivity of micro-depressions. Plot 3 had a rela-
tively low random roughness with well connected channels that
could more easily evacuate the fine sand. At higher rainfall inten-
sities there was much direct infiltration and infiltration through
inundated or less sealed area, leading to a high IC. Plot 5, in con-
trast, had a relatively high random roughness, badly connected
with the plot outlet. An extended sedimentary seal could develop.
The infiltration coefficient drops with increasing rainfall intensity,
as more and more of the micro-depressions start contributing to
runoff. From the qualitative analysis it follows that infiltration rate
is not related to ponding depth in a simple way, but microtopogra-
phy and sealing conditions determine a more complicated interac-
tion. To disentangle this, indicators would need to be found to not
only model ponding and runoff connectivity within the microto-
pography (Antoine et al., 2009), but to relate this to infiltration.
4.4. The challenge of modelling Ke for field-scale infiltration

Future research with the aim of improving our concepts of infil-
tration capacity and the performance of runoff and erosion models
could focus on the interaction of sedimentary seal, preferential
flow, inundation and rainfall intensity. When more than one field
and a wider range of slopes and soil types become basis and scope
for predictions, the models in this study need to be extended or
adapted. But also then, Ke values derived from the models should
not be used as average for the whole field, because possible effects
of runoff concentration, run-on and the associated inundation
of the microtopography on infiltration capacity can alter these
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capacities and cause scale effects (Leys et al., unpublished results).
Modelling runoff at hillslope scale also requires knowledge of
connectivity patterns and scale-dependent processes (Bracken
and Croke, 2007; Sidle, 2006). Transmission processes require an
event-based distributed modelling approach, where inundation
and rainfall intensity dynamically determine the local effective
Ke. For modelling infiltration throughout the vegetation period
after tillage, Ke values should also be considered transient. Their
evolution can be related to rainfall kinetic energy and biological
activity that require parameter calibration during time after tillage
(Brakensiek and Rawls, 1983; Risse et al., 1995).
5. Conclusion

For the purpose of studying the relationship between rainfall
intensity and infiltration a drop infiltrometer was developed that
is able to produce a wide range of simulated rainfall intensities
on a meaningful scale. Furthermore, photos of the soil surface were
taken during the infiltration experiments for the determination of
the inundated surface fraction (Ai). The combination of drop infil-
trometer results with surface photos allowed us to establish func-
tional relationships between rainfall intensity, infiltration and
inundation. The results show that a variable intensity drop infil-
trometer can be used to quantify the rainfall–infiltration relation-
ship at varying intensities.

The data show that there is no constant final infiltration capac-
ity on sealed agricultural soils that represents the averaged effec-
tive hydraulic conductivity. In a highly heterogeneous soil
structure with macroporosity, sealing patterns and plants Ke de-
pends on the degree of inundation and direct rainfall input. A prac-
tical approach to account for this is to model a dynamic Ke in a
statistical way. In our study we did this with a mixed linear model
that relates ln(f) to ln(r) (Eq. (2)). The effect of rainfall intensity on
infiltration was different for tillage treatments. Statistical analysis
and observations indicate that percentage residue cover, bulk den-
sity, area fraction covered by a sedimentary seal and macroporos-
ity determine the variation of Ke. There are strong indications that
inundation is mainly determined by sedimentary sealing and mic-
rotopography, but its interaction with infiltration and rainfall
intensity remains an issue for future research.

This study shows that the assumption of homogenous soil and
surface conditions or the application of an averaged, constant Ke

is problematic. It gives empirical evidence that Ke is dependent
on r and explores the role of tillage and inundation of the microto-
pography. It can be generally expected that an effective hydraulic
conductivity, which is defined within a framework of dynamic
hydrological and hydraulic variables will increase the performance
of distributed models. Consequently, this approach might contrib-
ute to meeting problems of heterogeneity and scale within an agri-
cultural hillslope.
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