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Review article
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Abstract – Soil surface roughness affects surface depression storage, water infiltration, overland flow velocity as well
as overland flow organisation. This paper attempts to give an overview of our knowledge of the effects of roughness on
surface runoff and to indicate areas where further research is most needed. The relationship between soil surface rough-
ness and depression storage is relatively well understood. On the other hand, few studies exist on the relationship
between roughness and the infiltration characteristics of a tilled surface, although this may be more important. Insights,
which have been developed over the past few years, may in the near future lead to a better prediction of the hydraulic
resistance of interrill and concentrated overland flow. Recent studies have also provided important information on the
effects of roughness on runoff patterns. 

soil roughness / depression storage / infiltration / hydraulic resistance / runoff pattern 

Résumé – Rugosité du sol et écoulement sur le terrain. La rugosité de la surface du sol affecte le stockage de l’eau
dans les dépressions de la surface, son infiltration et la vitesse ainsi que l’organisation de l’écoulement sur le terrain.
Cet article tente de donner une vue d’ensemble de nos connaissances actuelles sur les effets de la rugosité sur le ruissel-
lement de surface et indique les domaines dans lesquels de nouvelles recherches sont les plus nécessaires. La relation
entre la rugosité de la surface et le stockage de l’eau dans les dépressions est relativement bien connue. En revanche, il
existe peu d’études sur la relation entre la rugosité d’une surface labourée et ses caractéristiques d’infiltration, bien que
ce phénomène soit plus important. Les tentatives d’approche développées au cours des dernières années devraient
conduire, dans un proche avenir, à une meilleure prédiction de la résistance hydraulique des zones de ruissellement dif-
fus et concentré. Des études récentes ont fourni également des informations importantes sur les effets de la rugosité sur
l’organisation spatiale de ruissellement.

Rugosité du sol / stockage dans les dépressions / infiltration / résistance hydraulique / organisation spatiale de
ruissellement
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1. Introduction

The term soil roughness is used to describe dis-
turbances or irregularities in the soil surface at a
scale which is generally too small to be captured
by a conventional topographic map or survey.
Römkens and Wang [79] make a distinction
between four types of roughness: (i) microrelief
variations, which are due to individual grains or
micro-aggregates, (ii) random roughness, which is
related to soil clodiness, (iii) oriented roughness,
which describes the systematic variations in topog-
raphy due to farm implements and (iv) higher order
roughness, representing elevation variations at the
field, basin or landscape level. Studies on rough-
ness and its effects on arable land usually concen-
trate on random and oriented roughness because
these roughness types are far more important than
microrelief variations while higher order roughness
is adequately described by conventional topo-
graphical surveys. 

Both oriented and random soil roughness affect
various hydrologic and erosion processes on arable
land. Soil roughness determines the storage of
water on the soil surface and may indirectly influ-
ence its infiltration capacity. The velocity of over-
land flow is controlled by the hydraulic resistance
of the soil surface. Soil roughness affects the
organisation of the drainage pattern on the field
and the catchment scale, which in turn may have
important implications for the spatial distribution
of sediment sources and sinks. Conversely, some
of these processes affect surface roughness.

This paper attempts to give an overview of our
knowledge with respect to the effects of random
and oriented roughness on overland flow genera-
tion, hydraulics and organisation on arable land
and to identify areas where further research may be
needed. The first section, however, is devoted to
roughness measurement and characterisation,
which allows us to introduce and discuss some
basic concepts that are used throughout the rest of
the paper. In a final section runoff patterns are dis-
cussed, which are controlled by both oriented
roughness and higher order roughness. 

2. Measurement of roughness

Soil roughness is a measure of the variations in
surface elevation. Over the last years a wide range
of techniques has been used to measure surface
elevations ranging from simple handheld rulers to
more sophisticated non-contact devices. The most
commonly used apparatus is a contact profile
meter, consisting of a row of pins that can be low-
ered onto the surface. Nowadays, this system is
often used in combination with photography [16]. 

Another simple and cheap method to measure
surface roughness, is the chain method of Saleh
[80, 81]. This method is based on the principle that
as a chain of given length, L1, is placed across a
surface, the horizontal distance covered, L2, will
decrease as the roughness increases. 

More recently, laser-scanning devices have been
developed to measure surface roughness at high
resolution e.g. [9, 46]. Only the laser beam makes
contact with the soil thereby eliminating surface
disturbance by physical probes. This method
allows accurate measurements with grid spacings
down to (sub)millimeter scales. Two types of laser
scanners are reported in literature. Laser scanners
that are based on triangulation project a laser beam
vertical on the surface. The reflected laser spot is
focussed onto a photosensitive recorder with a lens
that is inclined by a small angle to the primary
laser beam. The surface elevation is then defined
by the position of the reflected laser spot on the
recorder [46]. However, on a rough surface, the
laser spot may hit the surface just behind a steep
edge of a roughness element, so that the recorder
cannot see it. Scanning the surface twice with the
recorder in different positions can minimise this
problem, but this requires a very accurate move-
ment system. The other type of laser scanners is
based on defect-of-focus techniques. Here the sur-
face elevation is calculated from the size and light
intensity of the reflected laser spot [9]. This system
may give rise to problems on dark surfaces where
the intensity of the reflected light is low and the
method has shown to be sensitive to the colour of
the surface (E. Kamphorst, INRA, personal com-
munication). 
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Another non-contact method to measure surface
roughness is stereo photogrammetry [47, 95]. This
method is not yet commonly used for high-resolu-
tion measurements but may be more intensively
applied in the future, as methods for automatic
stereocorrelation become more reliable and user-
friendly. Satellite radar data may allow to assess
soil roughness over much larger surface areas: this
technique is also in the experimental phase e.g.
[15, 59, 82]. 

It is important to realise that both the resolution
and the surface area over which roughness is mea-
sured may have significant effects on the results
obtained. Huang and Bradford [45] found that the
estimated depression storage capacity of a simulat-
ed soil surface increased with increasing resolu-
tion. An increase of the sample area also led to an
increase of estimated depression storage capacity. 

3. Roughness characterisation

Elevation data can be used to calculate indices
for surface roughness. In literature numerous
indices to express (random) surface roughness are
proposed. Generally these indices are calculated
after the topographical data have been corrected
for slope and, in some cases, tillage effects. Most
commonly used are indices related to the variance
of height measurements, l ike the Random
Roughness index of Allmaras et al. [7]. Other well
known indices are the MIF index [79], the
Limiting Slope (LS) and Limiting Difference (LD)
indices [52], the Tortuosity index [12], the rough-
ness index of Saleh [80, 81] and the Fractal
Dimension [10]. Also, spectral analysis has been
used to analyse roughness e.g. [17, 100]. Huang

and Bradford [45] and Bertuzzi et al. [10] give an
overview of the different roughness indices used
and their advantages and disadvantages are dis-
cussed. Zobeck and Onstad [102] have given a
review of measured Random Roughness values for
different tillage systems, previous crops and soil
types.

Huang and Bradford [44] analysed roughness
from a more theoretical viewpoint. They proposed
that roughness can be described by combination of
fractal Brownian and Markov-Gaussian models.
They argued that roughness cannot be completely
described by a single index, as a single index is
never capable of quantifying both the variance
(reflecting the absolute variations in height) and
the correlation length (describing the distance over
which spatial autocorrelation occurs). Most exist-
ing roughness indices indeed describe either the
variance or the correlation length. Random
Roughness and the Limiting Difference are strong-
ly related to the variance, while the Fractal
Dimension, the Tortuosity and the Limiting Slope
are strongly controlled by the correlation length.

Despite the development of a range of roughness
indices over the last decades, the Random
Roughness index is still most widely used. Zobeck
and Onstad [102] summarised Random Roughness
values resulting from various tillage types (Tab. I).

Many authors have studied the effect of rainfall
on Random Roughness (RR) and developed mod-
els to describe the decrease in RR as a function of
amount of rainfall or rainfall kinetic energy [14,
21, 49, 55, 67, 68, 78, 87]. These studies (except
[55]) were summarised and compared by Zobeck
and Onstad [102]. They used all these data to
develop a general model to predict RR as a 

A
gr

ic
ul

tu
re

 a
nd

 E
nv

iro
nm

en
t

Table I. Mean values of RR by tillage type [102].

Mould-board Plow, disk Plow, disk, harrow Plow, disk, disk, harrow Chisel Rotary tillage No-till 

Mean 3.12 1.68 1.74 1.16 2.28 1.48 0.68 
C.V. 36.8 25.5 29.2 14.1 28.9 20 28.2 
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function of tillage operation and total amount of
rainfall:

RR/RRi = a exp(–b P) (1)

RR = Random Roughness (cm)
RRi = initial Random Roughness (directly after
tillage) (cm)
P = rainfall amount (cm)
a, b = coefficients.

The coefficients were presented as constants,
which results in a generalised function for all soils.
However rainfall modifies RR at varying rates for
different soils. Potter [74] estimated RR decay
curves as a function of soil properties. He devel-
oped a model in the form of RR = exp(–(P/b)c) in
which c is a constant and b is a function of organic
matter content and clay percentage. 

The widely accepted concept of decreasing
roughness with increasing amount of rainfall may
not always be appropriate. Huang and Bradford
[45] measured surface roughness of a laboratory
pan before the application of rainfall and after 63
and 155 mm of simulated rain. After 63 mm of rain
the surface was crusted and surface roughness was
decreased. However, an additional 92 mm of rain
caused the development of microrills and the sur-
face appeared to have a higher roughness. Crop
growth may also lead to an increase in surface
roughness. Figure 1 shows the evolution of the
standard deviation of elevation measurements dur-
ing the growing season of chicory (a root crop).
Especially the roughness perpendicular to the
direction of tillage increased between the last two
measurements, due to the growth of the roots that
push up the surrounding soil. The presence of rock
fragments in the soil may have similar effects [93].
The formation of cracks and/or the activity of soil
fauna may also cause deviations from the predicted
exponential decline of soil roughness with rainfall
amount [85].

Bertuzzi et al. [10] described six roughness
indices and discussed their usefulness for describ-
ing soil surface change by rainfall. They found that
all indices captured the decrease of roughness with
cumulative rainfall, despite the fact that the corre-
lation between the various roughness coefficients
was sometimes rather low. For a given surface, the

variability in roughness index values was lowest
for the Tortuosity index [12] and highest for the
MIF-index [79]. 

4. Depression storage

Surface roughness data have been used to calcu-
late surface storage capacity, i.e. the maximum
equivalent water depth that can be stored on the
soil surface. The studies of Mitchell and Jones
[57], Moore and Larson [61] and Onstad [66] were
based on elevation measurements obtained on a
relatively coarse grid. The more detailed data of
surface roughness obtained by laser scanning tech-
niques allow examining water depths and volumes
in a spatially varying manner [37, 44]. This is
important as the resulting values for depression
storage are dependent on the grid spacing [44]. 

Various algorithms have been used to calculate
depression storage. In general, these algorithms try
to determine the amount of water needed to fill all
the depressions present on the surface up to their
“pour point”, i.e. the water level at the moment that
they start to overflow. However, the results of the
calculations depend on the algorithm used to 

Figure 1. Surface roughness expressed as standard deviation
of height measurements along 1 m long profiles with 1 cm
spacing. (Red. = reduced tillage, Conv. = conventional tillage,
X = measurements made perpendicular to sowing lines, // =
measurements made parallel to sowing lines.) 
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delineate depressions as well as on the assumptions
made with respect to open depressions, i.e. depres-
sions connected to the plot border. 

Onstad [66] presented a thorough study of the
relationship between depression storage and
Random Roughness. He found that variations in
depression storage could be well predicted from
variations in Random Roughness and slope 
gradient:

DS = 0.112⋅RR + 0.031⋅RR2 – 0.012⋅RR⋅S (2)

where:
DS = the maximum depression storage (cm)
RR = the Random Roughness index according to
Allmaras et al. [7] (cm)
S = the slope gradient (percent)

Depression storage can be quite important:
Moore and Larson [61] report values exceeding
20mm for a freshly mouldboard ploughed soil sur-
face with zero slope. However, values are in most
cases much lower. If a seedbed is prepared using a
harrow or rotary tillage, Random Roughness is
always below 20 mm [102], which, according to
the model of Onstad [66], results in depression
storage values below 3 mm on a zero slope. This
value decreases even further for sloping surfaces
[44, 66]. Furthermore, values for depression stor-
age should be correctly interpreted: the work by
Onstad [66] shows that runoff will start well before
all depressions are filled to their maximum. On a
4% slope with a Random Roughness of 16 mm, the
maximum depression storage is estimated as ca 2
mm. However, ca 6 mm of rainfall is needed to fill
this storage completely, resulting in a runoff excess
of ca. 4 mm.

Hansen et al. [38] studied the efficiency of vari-
ous roughness indices for the prediction of depres-
sion storage. When comparing existing indices, the
best results were obtained with a combination of
the Limiting Difference index and slope: combina-
tions of Random Roughness and slope also gave
reasonable results. They also proposed a new
roughness index (MUD: Mean Upslope
Depressions) which performed significantly better
than the existing roughness indices for their
dataset. Another interesting result from their study
concerns the sample magnitude needed to estimate

depression storage reliably. The accuracy obtained
is a function of both the number of slope profiles
sampled as well as their length. They found that, in
general, roughness measurements along 10 slope
profiles over a length of 120 cm resulted in an
accurate estimation of depression storage. 

5. Infiltration

Soil roughness does not only affect the runoff
amount through depression storage, but may also
affect the volume and rate of infiltration. Several
experimental studies have shown an effect of sur-
face roughness on infiltration rate. On rough sur-
faces the amount (or kinetic energy) of rainfall
required to initiate runoff is higher e.g. [26, 40, 
42, 58]. This is not only due to larger depression
storage, but also to the fact that the process of sur-
face sealing is affected by surface roughness. It
was observed that surface sealing was reduced on
rough surfaces. This could be explained by the fact
that rough surfaces have a larger surface area,
which means that the impact force of raindrops is
spread over a larger area. In addition, the local
slope of the surface will be higher on rough sur-
faces, which leads to a lower impact force in the
direction normal to the soil surface [40, 42, 
53, 58]. Brakensiek and Rawls [13] developed a
procedure to estimate Green and Ampt infiltration
equation parameters for tilled agricultural soils,
including the effect of roughness on surface crust-
ing. In their model, which was later incorporated in
WEPP [76], the decrease of effective hydraulic
conductivity with rainfall energy is assumed to be
dependent on random roughness as the latter
affects the rainfall crusting energy [53].

Results are different with respect to final infil-
tration rates. The final infiltration rates reported by
Moldenhauer [58] after 90 min of rainfall at
67 mm/h do not systematically vary with initial
clod size distribution, except for the case where all
clods < 30 mm were removed: in this case, higher
final infiltration rates were measured. Falayi and
Bouma [26] did not find a significant effect of ini-
tial soil roughness on final infiltration rates 
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measured in the field after ca. 2 h of simulated
rainfall at 85 mm/h. Helming [42] noted that the
difference in infiltration rates between smooth,
medium rough and rough surfaces diminished con-
tinuously with rainfall. Final infiltration rates after
180 min of rainfall at varying intensities were
almost equal. Thus, the initial roughness of the sur-
face appears to have a strong control on runoff and
infiltration during the first phases of the crusting
process. Infiltration rates of surfaces with a fully
developed crust are more or less independent of
initial soil roughness. 

It has been known for quite some time that the
infiltration characteristics of a soil surface are very
variable, so that a large number of samples are
required for an adequate characterisation of its
hydraulic properties e.g. [94]. Such variability is
typical for both natural and til led surfaces,
although the controlling factors may be different.
Variations in infiltration capacity on natural sur-
faces can occur at various scales due to variations
in soil thickness, vegetation, etc. e.g. [8, 23, 99]. If
variations in infiltration capacity are important
enough, this automatically implies that the average
infiltration capacity of the soil surface under rain-
fall will increase with rainfall intensity [8, 23, 
39, 71]. Dunne et al. [23] showed that, in some
cases, part of this variation could be related to vari-
ations in mictotopography whereby the soil
mounds below grass tussocks has a much higher
infiltration capacity than the lower-lying non-vege-
tated areas. Consequently, an increase of surface
water depth led to a strong increase in infiltration
as increasingly more permeable areas of the soil
surface became submerged. 

Microtopography may also affect infiltration on
cultivated soils. Falayi and Bouma [26] observed
differences in crust morphology and hydraulic con-
ductance due to surface roughness. The hydraulic
conductance on top of soil clods was larger than in
the valleys between soil clods. Valentin [90] also
noted that a clear distinction could be made
between the crust formed on positive roughness
elements and the crust formed in depressions: in
the depressions, a thick, depositional crust was
found, while the mounds were covered by a much
thinner, structural crust. Systematic experimental

studies of the effects of these spatial variations on
the overall infiltration characteristics of a crusted
surface formed on a tilled soil were lacking until
the recent work by Fox et al. [29, 30]. Their studies
clearly demonstrated that the observed spatial vari-
ability in crust properties (related to soil rough-
ness) leads to an increase of the apparent infiltra-
tion capacity of the surface with increasing
ponding depth. The effect of water depth on infil-
tration appeared to be far more important for an
well-aggregated soil than for a strongly crusting
soil. The observed variations are such that they
may have a very significant influence on the total
runoff production of a field: Fox et al. [30] mea-
sured a 4-fold increase in infiltration capacity of a
crusted silty loam when the water depth was
increased from c. 1.5 to c. 2.5 mm. 

At present, too little experimental information is
available to predict in detail the effects of soil
roughness on runoff generation. However, the
available evidence suggests that soil roughness
effects on runoff generation are as much due to its
effect on infiltration capacity as to its effect on
depression storage. This is clearly an area where
more scientific work is needed. 

6. Flow hydraulics

6.1. Interrill flow

The hydraulic resistance of a surface can be
determined using various methods. Most common-
ly, flow depths and/or velocities are recorded for a
range of discharges over the surface: discharge
may be supplied either by trickle flow at the ups-
lope end of the plot e.g. [5] or by rainfall e.g. [96].
However, the measurement of flow depth and
velocity on rough surfaces is difficult and relative-
ly large measurement errors can be expected. In
Figure 2 two different methods to measure flow
velocity on a rough interrill surface are compared.
The measurements were made on a flume (2.3 m
long 0.6 m wide) at various discharges supplied at
the top of the flume on a fixed soil surface. The
first method was a dye tracing method. The leading
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edge of the dye cloud was measured for different
flow lines across the test area. The second method
was the calculation of average flow velocity from
measurements of flow depths, widths and dis-
charge. Depth and width measurements were made
along three transects perpendicular to the flow
direction. The width of each flow line was mea-
sured and depth was measured with a callipers on a
1 cm interval along the transect. The flow veloci-
ties that result from depth measurements are lower
than the velocities measured by dye tracing. This
can be explained on the one hand by an overesti-
mation of the flow velocity by the dye tracing
method. Firstly, dye tracing of the leading edge is
generally considered as a measure of surface flow
velocity. In literature several coefficients have been
proposed to correct these values to obtain average
flow velocity e.g. [24, 72]. Li et al. [51] propose a
set of correction equations which allow the calcu-
lation of the mean flow velocity from tracer mea-
surements. Secondly, if the flow is spatially vari-
able, only the areas where the flow is relatively fast
will be sampled by dye tracing [2]. On the other
hand, depth measurements can result in an under-
estimation of flow velocities, because areas of
standing or hardly flowing water are also taken
into account. 

Alternatively, roughness parameters are derived
from the falling limb of the hydrograph using 

best-fit techniques e.g. [25, 96]. This technique is
based on two assumptions. Firstly, it is assumed
that a hydraulic resistance equation such as the
Darcy-Weisbach or the Manning equation can
describe the flow on the surface. Secondly, it is
assumed that the flow is spatially uniform. While
fitting the hydrograph, a constant value for the
roughness coefficient will be calculated, which is
then used to calculate other flow parameters
(velocity, depth). However, these roughness coeffi-
cients are not independent on flow rate. On rough
surfaces or surfaces with vegetation cover
Manning's n varies with flow depth [89]. Also,
assumptions need to be made on infiltration rate,
which is generally taken constant and uniform over
the plot. Parsons et al. [70] argue that the direct
measurement of depth is a more reliable method to
define the friction factor than the hydrograph
method. 

Besides the differences that may result from dif-
ferent measurement methods, the method of water
application during experiments may also have an
effect on the measured hydraulic resistance.
Parsons et al. [70] compared two different experi-
mental setups and showed that friction factors
measured using artificial rainfall may be an order
of magnitude higher than those obtained using
trickle-induced runoff. It is well known that drop
impact leads to an increase of flow resistance e.g.
[83]. However, this increase is only 20% for lami-
nar flow on low slopes and decreases with increas-
ing discharge and slope [83]. The observed differ-
ence in friction factor between trickle flow and
rainfall simulation experiments is often an order of
magnitude. The additional increase in friction fac-
tor is explained by a difference in flow paths
formed during the different experiments. When
trickle inflow is used some parts of the plot remain
outside the area of flow, while rainfall-induced
runoff is distributed over the whole plot leading to
lower flow depths and velocities. Thus, the micro-
topography does not only affect the hydraulic resis-
tance due to flow obstruction but it also affects the
flow pattern. On a rough surface flow will concen-
trate between the clods, routing the runoff within
several flow paths on a small portion of the surface
[41]. This was also found by Parsons et al. [69],
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Figure 2. Measured flow velocities by two different measure-
ment methods (ea. dye tracing and the measurement of flow
width and depth) versus discharge.
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who described a downslope decrease in hydraulic
resistance due to flow concentration. Therefore,
trickle flow experiments will give good informa-
tion when a surface is considered to receive a rela-
tively large amount of overland flow from upslope
areas. If, on the other hand, the hydraulic resis-
tance has to be estimated for conditions where the
contribution of overland flow from upslope is rela-
tively minor, then the use of rainfall simulation is a
necessity.

The three most widely used equations to predict
velocity and depth of flow are the Darcy-
Weisbach, Chezy and Manning equations. These
equations require the value of a friction factor or
roughness coefficient as input (Darcy-Weisbach f,
Chezy C and Manning's n respectively). Values for
Manning’s n for many different surfaces can be
found in tabular format e.g. [25]. It is then assumed
that Manning's n is independent of flow rate.
Gilley and Finkner [31] presented regression equa-
tion relating Manning's n and the Darcy-Weisbach
f to the flow Reynolds number and the Random
Roughness Index. Several other field and laborato-
ry experiments were carried out to study the rela-
tionship between Darcy-Weisbach f, the flow
Reynolds number and other controlling variables
[3–5, 22, 33, 77, 83, 84]. In these studies the form
of the f-Re relationship varies from convex-upward
to negatively sloping. These shapes have been
explained in terms of the progressive inundation of
the roughness elements. If the flow depth is small-
er than the height of the roughness elements, pro-
gressive inundation results in an increase in the
wetted upstream-projected area and therefore in
increasing hydraulic resistance. Where the flow
overtops the roughness elements, progressive
increase in depth of flow over the already inundat-
ed element results in a decreasing resistance. Those
processes operate simultaneously and whether the
f-Re curve has a positive or a negative slope
depends on which process is dominating. This in
turn will depend on the configuration of the bed
and the discharge level [3]. f-Re relations are of lit-
tle value as models for predicting flow resistance at
locations other than those where they were devel-
oped for, because each location has its own unique
relation, which is a function of the surface proper-

ties at that location [5]. No single f-Re relationship
describes the hydraulics of an entire slope and the
relationship cannot be extrapolated to large areas
[60].

Until recently, attempts to obtain a more general
relationship were based on regression analysis:
empirical equations were developed to calculate
the friction factor from data on soil cover, soil
roughness and flow Reynolds number e.g. [5, 96].
Such attempts are not always very successful.
Furthermore, such equations may have a limited
applicability outside of the areas for which they
were developed as the parameters present in such
equations are dependent on the site characteristics
[5]. 

Another approach is based on the assumption
that the overall Darcy-Weisbach friction factor of a
rough surface may be calculated as the sum of a
number of subfactors, each describing the contri-
bution of a certain component of the surface (stone
cover, vegetation elements...) to the total rough-
ness. However, it is far from clear whether the
effects of various components of roughness may be
linearly combined, although in some cases such a
combination is indeed possible e.g. [33, 75]. 

In a recent study, Lawrence [50] proposes a fun-
damentally different approach. Based on funda-
mental equations describing the velocity profile of
thin flows, she developed a model whereby the
frictional resistance of an interrill surface is no
longer predicted using the flow Reynolds number,
but the inundation ratio, i.e. the ratio between the
depth of flow and the size of the roughness ele-
ments, as well as the concentration of roughness
elements. At partial inundation the flow resistance
increases with depth and percentage cover. At mar-
ginal inundation frictional resistance decreases
very rapidly with increasing depth of flow. Well-
inundated flows exhibit a decrease in frictional
resistance with increasing depth, but much more
gradual than that observed during marginal inunda-
tion. She also showed that the new model is capa-
ble of predicting the trends present in the experi-
mental data obtained by various authors. Further
research is needed to investigate whether the
model proposed by Lawrence indeed allows a



Soil roughness and overland flow 139

more general characterisation of the hydraulic
resistance of interrill surfaces as compared to earli-
er attempts. 

The practical application of Lawrence's model in
soil erosion models may be complicated. Firstly
flow depth is required to calculate the inundation
ratio, which implies that the friction coefficient can
only be calculated iteratively when flow depth is to
be predicted. Secondly, it is not clear how the
roughness length should be defined. Lawrence [50]
used the D50 of the roughness elements to calculate
the roughness length. For soil material without
macro roughness elements D50 was defined from
the particle size distribution of the soil material. If
the soil was covered with larger roughness ele-
ments D50 of these roughness elements was used
(in combination with the fractional cover). It is dif-
ficult to transfer these concepts to tilled surfaces
because these surfaces consist of a range of particle
sizes, which makes it is difficult to express the
roughness in a single measure. The fraction of the
surface covered by 'larger' roughness elements is
also hard to define in this case. 

The approaches described above all attempt to
characterise a topographically rough surface by a
single hydraulic resistance coefficient, which may,
for a given surface, vary in function of flow depth.
It is also possible to model the effect of soil rough-
ness on flow dynamics explicitly, using a two-
dimensional solution of the Saint-Venant equations
[101]. Zhang and Cundy [101] studied the effects
of spatial variations in hydraulic resistance, surface
microtopography and infiltration rates on the pre-
dicted outflow hydrograph. However, a compari-
son with experimental data has not been carried
out.

In most experimental and modelling studies on
hydraulic resistance, which have been carried out
this far, it is implicitly assumed that the distribu-
tion of cover and/or roughness elements over the
surface is random. This assumption does not hold
for agricultural surfaces, where both roughness and
cover are spatially structured. Only limited infor-
mation is available on the effect of roughness
and/or cover structure: Gilley and Kottwitz [32]
carried out a series of experiments whereby the
effect of row orientation with respect to the flow

direction was considered and concluded that the
hydraulic resistance was generally less when the
vegetation rows were parallel to the flow. 

6.2. Concentrated flow

Due to tillage practices, height differences along
field boundaries, soil erosion etc., runoff often
becomes concentrated in non-permanent channels,
like rills and ephemeral gullies. The width of non-
permanent channels can vary between a few cm
(e.g. rills) and several m, while their catchment
area varies between several m2 and tens of
hectares. The non-permanent channel network is in
many cases the major source of sediment transport-
ed off agricultural land e.g. [11, 35, 73, 91].

Some models do not consider the non-perma-
nent channel network and assume an aggregated
value of the hydraulic resistance to be representa-
tive for the whole surface (e.g. LISEM, [18]). In
other models, the Manning or the Darcy-Weisbach
equation is used to route flow through the non-per-
manent channels e.g. [63]. Recent experimental
research has shown that flow in non-permanent
channels is not well described by this approach.
Govers [34] found that equilibrium flow velocities
in rills are independent of the slope gradient, which
is not in agreement with predictions from the
Manning or the Darcy-Weisbach equations. A
compilation of literature data showed that flow
velocities in rills in loose, homogeneous soils can
well be predicted from discharge alone, using the
following power relationship:

v = 3.52Q0.294 (r2 = 0.73, n = 408) (3)

where v = the average flow velocity (m.s–1)
Q = the rill discharge (m3.s–1).

The absence of a slope effect on flow velocities
in rills was also reported by Nearing et al. [64] and
Takken et al. [88]. However, available data also
suggest that equation (3) is not universally valid.

The effect of rock fragments on rill flow veloci-
ties was investigated experimentally in the flume,
which was also used by Govers [56]. However,
only the lower 2 m of the flume were used. Before
each experiment the flume was emptied to a depth
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of ca. 0.25 m and refilled with a loosely packed
mixture of a silty loam soil and rock fragments
varying in size between 17 and 27 mm. The flume
was then set to the desired slope and runoff was
applied with a pre-set discharge. Velocity was mea-
sured by dye tracing, using the technique proposed
by Govers [34]. Figure 3 shows that the average
flow velocity in the rills is indeed affected by the
presence of rock fragments. However, the rock
fragment concentration does not have a significant
effect on flow velocity. When non-erodible rock
fragments are present, average flow velocity can be
predicted by the following equation:

v = 4.19Q0.344 (r2 = 0.93, n = 28). (4)

Other limitations of equation (3) were identified by
Takken et al. [88]. Equation (3) appears to be valid
only when the flow is capable of freely adjusting
the bed geometry. If non-erodible vegetation ele-
ments are present, flow velocities can be much
lower than predicted. However, if the competence
of the flow is sufficient to erode and transport the
roughness elements, velocities are accurately pre-
dicted by equation (3). If bed erosion is severely
restricted due to soil consolidation, the velocities
may both be higher or lower than predicted,
depending on the initial soil roughness and slope.

Data obtained on fixed beds also suggest that the
interaction between flow hydraulics and bed geom-
etry is crucial: experiments on rills with a fixed
bed often reveal a significant slope effect on veloc-
ity [6, 28]. In such experiments the flow cannot
adjust its bed: as a consequence, the data obtained
are irrelevant to the natural situation.

Although a general model predicting the
hydraulic resistance of rills does not yet exist,
some implications of the findings reported above
are clear. If free bed adjustment is possible, flow
velocities are independent of slope and/or soil
characteristics. It follows from this that, if the
Manning equation is used to route flow through
rills and a constant roughness coefficient is
assumed, velocities will be overpredicted on steep
slopes and underpredicted on low slopes. This will
not only affect predictions of both timing and
amount of runoff but also of erosion rates over the
slope. The adaptation of the hydraulic roughness to

the flow conditions can occur relatively rapidly.
Thus information on the topographic roughness of
an agricultural soil surface before an event will
often have only limited relevance for concentrated
flow hydraulics. Present-day models do not allow
taking this rapid change in hydraulic conditions
into account, as a fixed roughness coefficient is
assumed to be associated with a given surface. 

Experimental research on the hydraulics of con-
centrated flow in non-permanent, self-forming
channels is necessary to explain the findings
described above and should ultimately result in a
better model for the prediction of the hydraulic
resistance in rills. 

7. Runoff patterns

The pathways followed by surface runoff on
arable land are determined by topography as well
as macroscale roughness of various types (tillage
marks, roads, field borders…). Ideally, a determin-
istic model should be capable of predicting the
location and geometry of non-permanent concen-
trated flow channels. Recent research shows that it

Figure 3. Flow velocities in rills versus discharge for surfaces
with varying stone content, including the equations of Govers
( ) and Mertens (− − −): Govers' equation is valid when no
non-erodible roughness elements are present.
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may indeed be possible to predict accurately the
location of ephemeral gullies of a certain size from
information on topography and tillage direction
e.g. [19, 20, 54, 62, 92]. However, this is not feasi-
ble for rills in the context of a robust, widely
applicable hydrology/erosion model, as very
detailed information on topography and roughness
would be required. Even a digital elevation model
with a 5 m horizontal resolution and a vertical pre-
cision of a few centimeters does not provide the
necessary information to predict the starting point
of individual rills [20]. On the other hand, the sta-
tistical characteristics of rill networks can be deter-
mined from detailed studies of runoff organisation
on small plots or flumes [43, 65, 98]. These studies
show that the bifurcation and length ratios as well
as the fractal characteristics of equilibrium net-
works are similar to those of river networks. Such
statistical information may then be used to simu-
late a rill drainage network that can subsequently
be used as input for a soil erosion model [98].
However, this approach does not allow to take into
account the dynamic evolution of a rill network
observed in experiments [43]. Favis-Mortlock [27]
developed RILLGROW, a dynamic model of rill
initiation and network formation that, in principle,
should be capable of simulating such temporal
changes. 

The studies described above were limited to
plane surfaces having only random roughness (no
oriented roughness). However, rill network organi-
sation is also controlled by oriented roughness
and/or two-dimensional variations in topography
(planform curvature). Desmet and Govers [20] and
Souchere et al. [86] proposed empirical models to
predict the effects of topography and tillage marks
on runoff organisation. Studies on the effect of ori-
ented roughness and planform curvature on rill net-
work characteristics and evolution have not been
carried out yet. 

8. Conclusions

Our knowledge of the effect of soil roughness
on hydrological and erosion processes is far from

complete. Soil roughness has been investigated for
more than 30 years. Major progress has been made
concerning roughness measurement, mainly due to
the introduction of laser scanners. Also, various
methods and indices to characterise soil roughness
have been proposed. Only in a few studies, an
attempt has been made to compare the perfor-
mance of various roughness indices. Considering
the observations of Huang and Bradford [44] on
the inadequate description of roughness by a single
index, it may seem surprising that single roughness
indices have been used successfully in many stud-
ies. This indicates that, although a single index
may not be sufficient to give a complete descrip-
tion of roughness, it may often be sufficient to pre-
dict the effects of roughness on the process of
interest, e.g. depression storage. 

There are relatively accurate and robust tech-
niques to estimate the effect of soil random rough-
ness on depression storage. On the other hand, lim-
ited data are available with respect to the effect of
roughness on infiltration. The available evidence
suggests that infiltration is strongly dependent on
soil roughness during the initial phases of crust
development, while the final infiltration rates of
fully crusted surfaces are not. The infiltration char-
acteristics of a rough, tilled surface can vary signif-
icantly with water depth and thus with rainfall
intensity and/or runoff length. More experimental
work is needed to investigate under which circum-
stances these variations are important enough to
invalidate the assumption of a fixed hydraulic con-
ductivity for a given soil in a given condition. 

Various studies in the field and the laboratory
have concentrated on hydraulic resistance.
Multiple regression models for the prediction of
interrill hydraulic resistance have important limita-
tions. A more conceptual approach as has recently
been proposed by Lawrence [50] may be more suc-
cessful, but its application to tilled surfaces is not
straightforward. There is also a need for more
experimental data on interrill hydraulic resistance,
in order to identify effects of vegetation and rough-
ness structure as well as to evaluate deterministic
(two-dimensional) models of interrill overland
flow. 
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Experiments on the hydraulic resistance of con-
centrated flow channels have led to the conclusion
that in many cases, the velocity of the flow is inde-
pendent of slope. This is explained by the feedback
between flow and bed characteristics when free
bed adjustment is possible. At present, a general
model predicting the hydraulics of ri l l and
ephemeral gully flow is not available, also because
data on the effects of various controls on rill and
ephemeral gully flow are still limited.

The spatial organisation of runoff is affected by
random roughness, oriented roughness as well as
topography. The location (and possibly the geome-
try) of large runoff collectors (ephemeral gullies)
may be predicted deterministically. However, the
spatial organisation of rill and interrill runoff net-
works has to be represented stochastically. Some
information on rill and interrill drainage network
development is already available, but the available
experimental and field data are insufficient to
develop the proposed modelling concepts further. 

More scientific work in the areas identified
above will allow to eliminate structural errors from
models describing surface hydrological and ero-
sion processes. Although this is a basic step
towards better models of surface flow, it should be
kept in mind that there are other, important prob-
lems associated with the use of deterministic
hydrology/erosion models. An excellent general
overview of the issues involved with respect to
hydrological models is provided by Grayson and
Moore [36]. In general, the uncertainty associated
with estimation of parameter values for surface
areas larger than the typical scale of measurement
is such that accurate predictions on an event basis,
may be unachievable. However, deterministic
models have a continuing role as a tool to increase
our understanding of hydrological and erosion
processes and to investigate possible effects of
changes in land use and agricultural practices. 
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