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Abstract: Numerous questions and problems on Earth and questions with respect to other planets
arise from morphodynamic processes caused by sediment movements driven by flows of fluids,
such as water, air and other gases. A sediment surface opposes the current with a resistance that is
determined by its skin or grain roughness. As soon as sand waves, such as ripples and/or dunes,
are formed, these bedforms cause a further resistance to the flow, the so-called form roughness.
Dependent on the dimensions of the ripples and dunes, the form roughness can be much more
pronounced than the skin roughness. The relevant literature provides a large number of solution
approaches based on different basic ideas and different result quality. The aim of this paper is a
comparative analysis of solution approaches from the literature. For this purpose, 14 approaches
to bedform-related friction in the subaqueous case are evaluated using 637 measurements from
laboratory and natural settings. We found that all approaches were significantly more accurate for
ripples than for dunes. Since this was equally the case for all approaches tested, it is reasonable to
assume that this is caused by measurement inaccuracies for dunes in the natural case rather than due
to the approaches themselves. The approach of Engelund 1977 proved to be most accurate among
all approaches investigated here. It is based on the Borda–Carnot formulation and an additional
empirical term. An analytical derivation and justification is provided for this additional term.

Keywords: morphodynamics; sediment transport; friction factor; form roughness; shape friction;
ripple; dune

1. Reasons and Task
1.1. Reasons

Morphodynamic processes in rivers and coastal areas can lead to many problems and
considerable costs as a result of too much or too little sediment input. With a few exceptions,
solutions for such problems can only be developed with morphodynamic models in which
sediments move in mutual coupling with the local currents (e.g., Brakenhoff 2020 [1],
Leone et al., 2021 [2]). As soon as ripples and/or dunes form on the sediment surface,
these bedforms cause a specific flow resistance that influences the current and thus also the
transport rates. In alluvial rivers, the flow velocity reduces when sand waves develop and
the water depth increases (Figure 1).

The situation is different for tidal rivers, where the water level is controlled by the
ocean tides. In this case, the water level cannot rise freely when ripples or dunes form,
and thus not only the flow velocities but also the discharges are reduced by these bed-
forms. For this reason, models of morphodynamic processes require the prediction of form
roughness due to bedforms. Since the first approaches in the 1930s, several such functions
have been developed to calculate the form roughness in order to improve the quality of the
results.

Relevant research has been published by, e.g., Motzfeld 1937 [3], Shinohara and Tsub-
aki 1959 [4], Ackers 1964 [5], Vanoni Hwang and 1967 [6], Swart 1967 [6], van Rijn 1982 [7],
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Höfer 1984 [8], Soulsby 1997 [9], Bartholdy et al., 2010 [10], Engelund and Hansen 1967 [11],
Engelund 1977 [12], Vittal et al., 1977 [13], Lefebvre et al., 2016 [14] and Schippa et al.,
2019 [15]. However, the structure and results of these approaches differ—in some cases,
considerably. In order to arrive at a better understanding of this, our paper compares these
approaches with a comparatively large amount of measurement data from different authors.
The prediction of the presence and dimensions of ripples and dunes is a separate task that
is not addressed here.

1.2. Tasks

In areas of fine and medium sand, ripples migrate. These bedforms occur regardless
of the water depth with relatively short length L and small height H. The formation of
ripples begins with sufficient sediment movement , i.e., 1 < τ?/τ?

c <≈ 1.2 (Liu 1957 [16])
where τ?

c denotes the critical shear stress as introduced by Shields 1936 [17]. This is further
restricted by L? = v?L/ν ≈ 30,000, which corresponds quite well with the Yalin number
χ = 9 (Zanke and Roland 2021 [18]).

The parameter χ = Re?
√

τ? was introduced by Lapotre et al., 2017 [19]. Herein,
Re? = v? d/ν and τ? = v? 2/(ρ′ g d), d = particle diameter, g = acceleration of gravity, v? =
shear velocity, ρ′ = (ρs − ρ)/ρ = relative density with ρ = density of fluid, ρs = density of
sediment, and ν=kinematic viscosity of the fluid. When χ > 9, dunes develop. Dunes on
Earth occur in medium sand and coarser sediment. They reach heights up to approximately
30% of the water depth, h. Although much larger, dunes are not a priori rougher than ripples
because their number per unit length is much smaller due to lengths of approximately
10 < L/H < 30.

At the crest of the bed features, the flow separates, and a lee roller with a horizontal
axis forms, which creates energy losses and, in this way, influences the flow regime. At the
same time, the resistance due to skin friction in the area of the roller becomes largely
subordinate. (See Figure 2). For bed load transport, the area of the stoss side with skin
friction is largely effective.

Figure 1. The effects of bedforms on hydraulics (schematically).

Figure 2. Illustration of the areas with specific flow resistance over sand waves. Dotted lines indicate
separation zones.

Many approaches have been developed to predict the roughness of bedforms, such
as ripples and dunes (see below in the tables, Tables 1–3). As early as 1937, Motzfeld [3]
investigated energy losses through wavy walls at an early stage. He performed systematic
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experiments with different roughness types and developed a formula for calculating the
roughness effect. Since then, a number of experiments have been conducted with this focus.

Semi-analytical functions were developed based on the definition of an effective
roughness height of ripples and dunes, ks,RD, and their transformation into a friction
factor via the logarithmic velocity profile. Furthermore, semi-analytical functions based
on Borda–Carnot’s expansion principle have been created as well as purely or widely
empirical approaches.

However, the calculation of the form roughness is still comparatively fuzzy. The prob-
lem becomes apparent from the large number of solutions to the problem that have been
proposed since then. The tasks of this paper are therefore

1. a comprehensive comparison of the different approaches and
2. the development of an improved prediction function.

2. Hydromechanical Relationships

The resistance of a sediment bed against the flow is generally described by the shear
stress τ between the fluid and bed:

τ =
f
8

ρ v2
m = ρ v?2 (1)

The resistance coefficient, f , thus, is

f = 8 (v?/vm)
2. (2)

with vm = the time- and depth-averaged current velocity. For beds with sand waves,
the total resistance is the sum of the resistance related to the bed features and the grain
or skin resistance, which are described by the respective friction factors, i.e., grain-related
shear stress fg and bedform-related stress fRD. Grain-related resistance arises along the
overflowing sediment surface, and form-related resistance arises from flow separations in
the lee of the crests.

However, it is unphysical to define a total roughness height by simply adding the
respective roughness heights to a total roughness height kS = kS,g + kS,RD and then calcu-
lating the total resistance ft with Equation (2) using Equation (8). The index “g” stands for
the grain or skin roughness, and the index “RD” stands for the form roughness. Even if
sometimes used this way, it remains a purely empirical procedure without a physical basis.
In the case of ripples and dunes,

τt = τg + τRD (3)

ft = fg + fRD (4)

(vm/v?)t =

(
1

(vm/v?)2
g
+

1
(vm/v?)2

RD

)−1/2

(5)

The relationship between the average velocity and shear rate, vm/v?, is a measure of
the flow resistance as expressed by Equation (2). For steady and uniform flow, vm/v? can
be determined by the assumption of a logarithmic velocity profile with

vm

v?
=

1
κ
(ln

h
kS
− 1) + B (6)

where κ = the von Karman constant ≈ 0.4 in undisturbed stationary flow, kS = equivalent
sand roughness according to Nikuradse, h = water depth and B an integration quantity.
The latter depends on the type of flow, which may be hydraulically smooth, hydraulically
rough or in a transition state and can approach natural roughness by

B =
1
κ

ln
1

0.033 + 0.11/Re?
(7)



Water 2022, 14, 2024 4 of 21

with Re? = v? kS/ν and ν = the kinematic viscosity of fluid. kS = a · d is the equivalent
sand roughness after Nikuradse with a being a factor that is mostly chosen between 1
and 3. Here, we use kS = d. Later, we investigate the effects of a and B on the results for
bedform roughness.

Most approaches to bedform-induced friction in the literature for simplicity assume
hydraulically rough conditions and therefore set B = 8.5 when determining skin friction.
Then, Equation (6) becomes

vm

v?
=

1
κ

ln(11
h
kS

) hydraulically rough only. (8)

3. Classes of Approaches for Determination of Bed Roughness

Figure 2 illustrates the areas of origin of specific losses of energy. Energy is lost on the
one hand by wall friction due to grain roughness and on the other hand downstream of the
crest due to flow separation. In the wake zone, energy is withdrawn from the flow through
turbulent eddying. Starting at the point where the current reattaches to the bed, there is
skin friction up to the crest.

The two roughness effects cannot be measured directly—only the total roughness
effect. The form roughness is then obtained by subtracting the skin roughness, calculated,
e.g., by Equations (2) and (6): fRD,measured = fmeasured − fg,calculated. However, this can only
be taken as an approximation wherefore the final result is inevitably imprecise. The main
reason for this is that Equation (6) assumes a logarithmic velocity distribution profile and,
strictly speaking, applies only to steady and uniform flows.

However, no such conditions exist along the part of the windward slope that generates
skin friction. Therefore, a certain part of the uncertainties in the determination of the
form-related roughness values is at the expense of the non-accurate determination of the
skin roughness. However, the greater the proportion of form roughness in an individual
case, the smaller this problem is and vice versa.

3.1. Determination of Skin Roughness

In the case of skin roughness, with the above discussed shortcomings, fg = 8(v?/vm)2

can be determined from the logarithmic velocity profile. Traditional approaches to skin
friction take the total length L of a bedform as decisive. However, skin friction occurs
mainly on the slope LS (magenta in Figure 2). This simplification is also evaluated in
the following.

3.2. Determination of Form Roughness
3.2.1. Determination via an Effective Bed Form Roughness Height and Length

This approach defines an effective roughness height of the bedforms. Clearly, the actual
height of the sand waves, H, is important as well as the distance between the wake zones,
i.e., L (Figures 2 and 12). The associated hydraulically effective roughness height ks, f is
thus a function of H and H/L. Equations (2) and (8) are then used to determine the friction
coefficient fg assuming the validity of the logarithmic velocity profile.

3.2.2. Determination via the Borda–Carnot Loss Approach

Another approach is the direct computation of the energy loss downwind of the
crests via the Borda–Carnot approach. Here, Equation (1) is used in combination with the
Darcy–Weisbach approach of energy head loss, hv:

hv = f
L

4h
v2

m
2g

(9)

or
f =

8 g h
v2

m
· hv

L
(10)
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with L = any flow path, where the bedform length, hv/L = IE = energy gradient and
g = the acceleration of gravity. Local losses, such as those downstream of a sand wave
crest, can be determined with

hv = ζ
v2

2 g
, (11)

with ζ =energy loss coefficient. According to Borda–Carnot, the energy loss during a
sudden widening of the flow, as it occurs after the stall at the crests, can be determined
from the knowledge of the flow velocity and the cross-sectional areas before and after the
widening. This approach is empirical but based on theoretical considerations. With the
designations from Figure 2, the following can be written for the two-dimensional case with
obstacles, such as ripples and dunes (RD)

hv,RD =
v2

1
2 g
·
(

1− h1

h2

)2
. (12)

with h1 ≈ h− H/2 and h2 ≈ h + H/2. In the stationary case with q = h1 v1 = h2 v2 = h vm
Equation (12) can be converted to

hv,RD =
v2

m
2 g

(
1

1− H
2 h
− 1

1 + H
2 h

)2

. (13)

With the loss approach according to Darcy–Weisbach after Equation (9) yields

fRD = 4
h
L

(
1

1− H
2 h
− 1

1 + H
2 h

)2

. (14)

4. Approaches from the Literature

The approaches given in the literature can be divided into three groups:

4.1. Approaches via Empirical Determination of an Effective Form-Roughness Height

Many of these approaches are originally written in different notation. For better read-
ability, the approaches were converted into a uniform notation as with that of Equation (8)
without changing their physical content. Table 1 shows the key parameters κ and kS/h of
the individual approaches.

Table 1. Approaches via the logarithmic velocity profile (Equation (8)).

Author Year κ
ks,RD

h

Motzfeld 1937 [3] 0.4 10.3 H
h

H
L

Shinohara and Tsubaki 1959 [4] 0.4 7.5 H
h

(
H
L

)0.57

Ackers 1964 [5] 0.4 37.7 H
h

(
H
L

)1.61

Vanoni and Hwang 1967 [6] 0.247 55 H
h

H
L

Swart 1967 [6] 0.4 25 H
h

H
L

van Rijn 1982 [7] 0.4 1.1 H
h

(
1− exp(−25 H

L )
)

Höfer 1984 [8] 0.4 11.3 H
h

H
L

Soulsby 1997 [9] 0.4 27.5 H
h

H
L

Bartholdy et al. 2010 [10] 0.4 0.57 H
h
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4.2. Approaches via Energy Loss at Sudden Widening (Borda–Carnot)

Two relevant approaches of this class are listed in Table 2. Engelund and Hansen
1967 [11], for simplification, replace the term in brackets from Equation (14) empirically by
(H/h)2 and, in this way they obtain

fRD = 4
H
h

H
L

. (15)

Figure 3 shows that this is acceptable within the typical range of natural bedforms, which
is H/h <≈ 0.3.

By comparison with data, Engelund in 1977 [12] improved the quality of the evaluation
of fRD by introducing the additional empirical term 2.5 exp(−2.5H/h) (Table 2). The
effects of this term are also shown in Figure 3. It reduces fRD with increasing relative
roughness H/h.

Figure 3. Check of the effects of simplification of Equation (14) by Engelund and Hansen 1967 (red
curve) and information on Engelund’s 1977 improvement term (blue) as functions of the relative
roughness H/h.

Table 2. Approaches via Equation (14).

Author Year Friction Factor fRD

Engelund and Hansen 1967 [11] fRD = 4 H
h

H
L

Engelund 1977 [12] fRD = 4 H
h

H
L

(
2.5 exp(−2.5 H

h )
)

4.3. Empirical Approaches

In addition, there are entirely or largely empirical approaches based less on physical
considerations and instead on curve fitting.

Table 3. Empirical approaches for fRD.

Author Year Formula

Vittal et al. * 1977 [13] fRD = 4 m
(

H
h

)3/8 H
L

Lefebvre et al. 2016 [14] fRD =
[
8.5 ln

(
h L

10.61 H2

)]−1

Schippa et al. 2019 [15] fRD = 0.56 ( H
L )0.81

(1−( 1
2

H
h )2)

2

* Vittal et al. gave the coefficient m in in tabular form. It ranged from 0.46 to 0.53 for 20 > L/h > 10. Here, m is set
at 0.5, which causes an error for fRD of a maximum of ≈10%.
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Note that the approach of Schippa et al. starts from the Borda–Carnot principle but is
classified as empirical here because it includes major empirical extensions. This results in a
different quality with respect to the ripples on one side and the dunes on the other side
as can be seen further below from the Figures 7 and 10.

4.4. Intermediate Evaluation

In comparing the first two approaches, it is noticeable that the same quantity H
h

H
L in

the approaches of Table 1 describes a roughness height where, for those in Table 2, they
directly represent the form resistance. This suggests the conclusion that, if at all, only one
of the two approaches may apply in a physical sense.

5. Comparison of the Approaches versus Data
5.1. Data

A set of 637 measurements, from laboratory experiments and nature, was used to
compare the approaches according to Tables 1–3. These data are described by Tables 4–6.

Table 4. The main characteristics of the comparative data.

Author(s) Year Lab./Nature Water Depth h (m) Number of Data

Shinohara and Tsubaki 1959 [4] Hii-River 0.1 < h < 1 36
Stein 1965 [20] Lab 0.12 < h < 0.31 17
Simons and Richardson 1966 [21] Lab 0.06 < h < 1.06 163
Vanoni and Hwang 1967 [6] Lab 0.07 < h < 0.29 22
Stückrath 1969 [22] Rio Parana ≈ 12 1
Zanke 1977 [*] Lab 0.37 < h < 0.92 4
Grazer 1982 [23] Lab 0.047 < h < 0.127 6
Engel and Lau 1980 [24] Lab 0.07 < h < 0.3 37
Höfer 1984 [8] Lab 0.09 < h < 0.4 55
Hong, Karim and Kennedy 1984 [25] Lab ≈0.07 19
Klaassen 1992 [26] Lab 0.09 < h < 0.4 14
Julien 1992 [27] Missouri 2.8 < h < 5 23
Julien 1992 [27] Rio Parana 22 < h < 26 13
Julien 1992 [27] Jamuna 8.2 < h < 18.6 33
Julien 1992 [27] Zaire River 9.5 < h < 17.6 21
Julien 1992 [27] Maas 6.2 < h < 10.50 26
Julien 1992 [27] Meuse 6.8 < h < 9.52 60
Kühlborn 1993 [28] Lab 0.084 < h < 0.185 39
Gaweesh and v. Rijn 1994 [29] River Nile 3.9 < h < 5.7 6
Gaweesh and v. Rijn 1994 [29] River Rhein 4.8 < h < 6.1 4
Gaweesh and v. Rijn 1994 [29] Lab 0.37 < h < 0.5 9
Wallisch 1996 [30] Lab 0.15 1
Wieprecht 2001 [31] Lab 0.08 < h < 0.5 29

[∗] unpublished data 637.

Table 5. The main characteristics of the comparative data (all data).

d h H L H/L H/h h/d Fr I χ
mm m m m - - - - - -

min. 0.02 0.047 0.006 0.09 0.0012 0.023 19.6 0.07 6 · 10−7 0.26
max. 90 26 7.5 735 0.22 0.83 97500 1.2 0.0032 146

Table 6. The main characteristics of the comparative (data qualified as ripples).

d h H L H/L H/h h/d Fr I χ
mm m m m - - - - - -

min. 0.02 0.047 0.006 0.09 0.033 0.023 133 0.04 6.6 · 10−5 0.26
max. 0.7 0.5 0.51 0.6 0.155 0.455 6200 0.77 0.0043 9
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5.2. “Measured” Form Roughness

The measurement results initially provide the total roughness or resistance by the
sum of skin friction and form resistance. Form resistance values are then derived by
subtracting the calculated skin roughness from total roughness. This means that the
“measured” form roughness values (from here denoted by ”) are not directly measured
but are calculated—and to a certain degree falsified by—the somewhat fuzzy determination
of the skin roughness.

In the following, the accuracy for the friction coefficient fRD was separately determined
in the case of ripples and for all data (ripples and dunes). This is due to the fact that the
measured values of H, L, d and bed inclination I are generally more accurate for ripple beds
than for dunes, especially if they come from measurements in the laboratory, as is mostly
the case here:

1. In a measured section, there are generally many more ripples than dunes.
2. According to various observations, including those of Zanke 1976 [32], the variation

of the dune parameters H and L from one dune to the next is often considerable.
Echograms from the Rio Parana of Stückrath 1969 [22] show, e.g., differences in H of
about 60% and in L of about a factor of 2 for dunes following each other directly.

3. The determination of the sediment grain size is more accurate for ripples than for
dunes, because typically several ripples are captured during sampling, while for
dunes, the sediment determination is much more uncertain.

Samples taken by Vollmers and Wolf 1969 [33] at dunes in the Lower Elbe River in
Northern Germany (Figure 4) clearly illustrate this. Nasner (1974) [34] produced com-
parable results in samples taken in the Lower Weser River. The sediment is clearly and
systematically finer in the crest region than in the troughs. In particular, when measuring
in nature, only drill cores from the crest area of dunes can give reliable information about
the sediment in a dune field. However, this is usually not the case for measurements in
nature. Locally random soil samples can therefore lead to appreciable misinterpretations of
the transported material.

Figure 4. Varying grain size along dunes (after Vollmers and Wolf 1969 [33]).

5.3. Comparison of the Approaches from Tables 1–3 to the Data from Table 4
5.3.1. Case 1: Ripples

According to Zanke and Roland 2021 [18], ripples are indicated by a Yalin-number
χ = Re?

√
τ? < 9. Variously in the literature, L < 0.6 m for ripples is also specified,

e.g., Flemming 1988 [35] and Ashley 1990 [36]. Different stability diagrams show the ripple
domain (e.g., Zanke 1976 [32], Southard and Boguchwal 1990 [37], van den Berg and van
Gelder 1993 [38]). Here, 154 data points of Table 4 are specified as ripples with the criteria
χ < 9 and L < 0.6 m.



Water 2022, 14, 2024 9 of 21

Approaches via the Logarithmic Velocity Profile

Figure 5 shows the quality of the different approaches for only ripples. The trend
curves of the individual solutions were calculated by regression functions of the form
y = a xb. For the nine approaches tested in this class, there is a clear trend toward
overestimation of the roughness effect for small form roughness and underestimation
for large form roughness. Another difference between the approaches is the absolute
magnitude of the roughness effect.

Only the approach of Vanoni and Hwang 1967 [6] provided a better trend. This is
clearly due to the empirically determined values of κ = 0.247 in Equation (6), which result
from a transcription of their original notation fRD = (3.3 lg(hL/H2)− 2.3)−2. Since the
velocity profile over ripples and even more over dunes is constantly changing along the
flow path, its description by the profile for steady and uniform flow given by Equation (6)
with the values for κ = 0.4 is only a rough approach.

Figure 5. Approaches via the log profile fRD = 8 (v/v?)−2 and Equation (8) in the case of ripples.
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Approaches via Borda–Carnot Expansion Law

Figure 6 shows that this approach, as used by Engelund and Hansen 1967 and En-
gelund 1977, provides significantly better results than the approaches via the velocity
profile.

Figure 6. Approaches via energy loss at a sudden widening (Borda–Carnot) in the case of ripples.

Purely or Widely Empirical Approaches

From Figure 7, it becomes clear that completely or largely empirical approaches have
no advantage. Due to a lack of physics, they always suffer from the fact that they react
problematically to data sets that go beyond the data available for calibration. A further
problem is the impossibility to causally analyze individual effects.

Figure 7. Purely ore widely empirical approaches in the case of ripples.

5.3.2. Case 2: Ripples and Dunes
Approaches via the Logarithmic Velocity Profile

Figure 8 demonstrates the performance of the various approaches for 637 cases of
ripples and dunes. For the nine tested approaches, which are based on the logarithmic
velocity profile, the general trend and the specific error is similar (but most of the time
slightly worse) to the case of only ripples.
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Figure 8. Approaches via the log profile fRD = 8 (vm/v?)−2 and Equation (8) in the case of ripples
and dunes (red trendline: ripples, blue trendline: all data, and blue arrow = some results outside).

The approach of Vanoni and Hwang 1967 [6] with a modification of κ in Equation (6)
again delivers the best results in this class with respect to the general trend. However, there
are some calculated results outside the grid.
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Approaches via the Borda–Carnot Expansion Law

With respect to the general trend, Figure 9 shows that the solution via the Borda–Carnot
expansion loss describes the physics the better than the other approaches. The Engelund
1977 solution again provides the best results.

Figure 9. Approaches via energy loss at a sudden widening (Borda–Carnot) in the case of ripples and
dunes (red trendline: ripples, and blue trendline: all data).

Purely or Widely Empirical Approaches

From Figure 10, for dunes it also becomes clear that completely or largely empirical
approaches do not bring an advantage. Not untypical is a divergent trend in the results for
ripples on the one hand and for dunes on the other hand (trendline ripples (red) and all
data (blue) may diverge significantly as in Vittal 1977 [13] or Schippa 2019 [15]). In the case
of Lefebvre et al. 2016 [14], it is important to note that the trend curves for the 154 ripple
data and the 637 data for ripples and dunes show only slight deviations with respect to
their trend. However, the trend deviates strongly from the line fcalc = fmeas. It can also be
concluded that the approaches of Vittal and Schippa show improved trends when the data
set with dunes is considered as Figure 10 indicates.

5.3.3. Quality Characteristics

On the one hand, the quality of the different approaches can be evaluated visually.
On the other hand, the results can be rated via characteristic values. One such characteristic
value is the geometrical standard deviation, sgeo, which is the average multiple of the
forecast versus the measured value:

sgeo =
(

Product(ri)
i=n
i=1

)1/n
(16)

with r = fRD,calc
fRD,meas

and r = 1/r in the case of r < 1. In this way, Sgeo describes the deviation to
both sides of perfect results, which fall on the diagonal in a plot ’calculated = f(measured)’.
The closer Sgeo is to 1, the better the rated formula.

Another feature is the exponent of the power regression (PR) functions of fRD,calc =
f ( fRD,meas). In the case of perfect agreement between measurement and calculation, the ex-
ponent ex = 1. Measurements, however, will typically show ex 6= 1. The deviation from
the perfect trend can be described by the qualifier TRND = exPR/exper f ect. In the case of
exponents exPR > 1, 1/exPR is to be used. In this way, the qualifier for the trend is always
TRND <= 1.

We combine both qualifiers to describe the quality of the respective results by

Qual =
TRND

Sgeo
.
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Figure 10. Purely or widely empirical approaches in the case of ripples and dunes (red trendline:
ripples, blue trendline: all data, and blue arrow = some results outside).

6. Approaches to Further Improve the Quality of Forecasts

The above results show, especially with respect to the trend, that an approach based
on Borda–Carnot’s expansion loss law describes the form roughness effect better than the
other two classes of approaches. In the following, we therefore focus on Engelund and
Hansen’s 1967 basic approach and investigate possibilities to further improve it.

6.1. Regarding the Effects of Relative Water Coverage, h/H

The traditional descriptions of hydraulic resistance in open channels are valid only
when the depth h is much greater than the roughness height kS. If the relative coverage
becomes smaller than about h/kS ≈ 100, turbulence damping occurs (e.g., v. Driest
1956 [39], Nezu and Rodi 1986 [40] and Nezu and Nakagawa 1993 [41]). The resistance of
flow obstacles then becomes smaller, and a change in the velocity profiles occurs.

From h/kS ≈ 100 and below, this effect begins and becomes clearly evident in practice
when approximately h/kS < 10. In the case of dunes, the magnitudes of h/H are usually
well below h/H ≈ 10. In the case of ripples, h/H > 10 is often the situation in nature.
However, many laboratory experiments with ripples were performed with shallow water
depth at h/H < 10. The above descriptions of hydraulic resistance in open channels are
therefore incomplete as soon as the effect of low water cover becomes noticeable, i.e., when
h/H <≈ 10.

Based on work by Nezu and Rodi [40], Zanke 2001 [42] and Zanke 2003 [43] proposed
turbulence damping:

v′rms,b

v?
= 0.31 k+S · ex(−0.1k+S ) + 1.8 · exp(−0.88

kS
h
) · (1− exp(−0.1 k+S )). (17)

with v′rms,b the rms of the turbulent fluctuation velocity at the bed, k+S = Re∗ kS/d and
Re? = v? d/ν. Here, kS/h is replaced by H/h. As a first approach, the flow conditions in
the lee of the crests can be treated as fully turbulent. Then, Equation (17) simplifies to

v′rms,b

v?
= 1.8 · exp(−0.88

H
h
). (18)
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Strictly speaking, the effective shear stress is determined not only by the mean value of τ
(which is mostly simplifying written as τ) but also by the distribution of turbulent shear
peaks τ′. If τ′ is dampened, the same τ would be less effective compared to a case with
fluctuations as the strongest τ′ are most effective. For this reason, the bedload movement,
e.g., at low coverage, begins only at an increased value of the critical shear stress τc. This is
why the bandwidth of τ′ decreases.

The effects of this can be described by a damping coefficient, Dτ , which, in the case
of low relative coverage can be calculated by (indices h/H indicate values in the range of
influence of low water coverage)

Dτ =
τh/H

τ
=

fh/H
f

=

 (
v′rms,b

v? )h/H

(
v′rms,b

v? )h/H>100

2

(19)

i.e., with Equation (17)

Dτ =

(
0.31 k+S · e

−0.1k+S + 1.8 · e−0.88 d
h · (1− e−0.1k+S )

0.31 k+S · e
−0.1k+S + 1.8 · 1 · (1− e−0.1k+S )

)2

, (20)

and, in the fully turbulent case, this reduces to

Dτ = e−1.76 H
h . (21)

Based on the above described background, the drag coefficient can be improved to

fRD = 4
H
h

H
L

(
2.12 exp(−1.76

H
h
)

)
. (22)

Figure 11 shows the results for the ripple data (red) and all data (blue). In the final
effect, Equation (22) it is largely congruent with the solution of Engelund 1977 (Table 2 and
Figure 9). This explains the physical background, why the empirical term, which Engelund
introduced in 1977 into the equation of Engelund and Hansen 1967 (see Table 2), brought
considerable improvements. Although empirical, Engelund’s additional term fits the effects
of turbulence damping in the case of low water coverage quite well. The trend curves for
ripples and for ripples and dunes hardly deviate from each other and are close to the target
values fcalc = fmeas.

Figure 11. The new approach considering of the water coverage h/H (Equation (22). Red: ripple
data only and blue: all data).
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Based on Equation (22), the geometric standard deviation sgeo for the calculated
vs. measured friction factors fRD is evaluated. For the ripples only dataset, a value of
sgeo = 1.29 was obtained based on the data of Table 4. This means that the calculation
yields, on average, between 1.29-times too large or 1/1.29-times too small results. For all
637 data with ripples and dunes, sgeo = 1.63. The larger scatter in the case with dunes is
likely due to inaccurate measurement results as mentioned above.

6.2. Enhancements with Respect to the “Measured” Form Roughness

The following investigations were conducted based on Equation (22).

6.2.1. Regarding the Flow Path with Effective Skin Friction

One uncertainty in the relationship “calculated vs. measured” form roughness results
from the determination of the “measured” form roughness on the flow path, which is taken
as significant for skin friction. This flow path is usually assumed as the total sand wave
length L. However, skin friction mainly takes place on the windward slope of ripples and
dunes, which is marked by LS in Figure 12 in magenta. To determine the effects of this,
the profile of the ripples and dunes is approximated by triangular shapes. This results in

(L− LS) tan α = LS tan β (23)

or
LS
L

=
1

tan β
tan α + 1

(24)

and
tan β =

1
L
H − tan ϕ

. (25)

Herein, ϕ is the angle of repose, which ranges around approximately 30◦. Sometimes
the lee angle of the dunes is smaller than even 20◦. Then, the respective friction factor is
reduced, which can be taken into account by an approach of Lefebvre and Winter 2016 [14].
Regarding this, the skin friction is reduced by a factor of Ls/L.

Figure 12. Definitions.

As a result, the length considered effective for skin friction, L or Ls, proved to be
marginal compared to the remaining spread. This is shown in Figure 13.
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Figure 13. All data: Influence of the effective length assumed to be decisive for skin friction on the
“measured” form roughness (=measured total roughness minus calculated skin roughness). Blue: full
length L assumed for skin friction; and magenta: only Ls effective.

6.2.2. Influence of the Choice of kS/d on the “Measured” Friction Factor

Next, we investigated the effects of the choice of kS/d on fRD,meas.. Typically, 1 <
kS/d < 3 is chosen in the literature.

The investigation of the effects of the choice of kS/d showed noticeable effects only
with small form roughness (and correspondingly dominant grain roughness) as can be
seen in Figure 14. With larger kS/d, the grain roughness increases and thus the “measured”
form roughness is expected to be slightly reduced.

Figure 14. All data: The effects of the assumption for kS/d. Blue: kS/d = 1; Red: kS/d = 3.
(Skin friction assumed as active on full length of the ripples and dunes and B = 8.5 in both cases.).
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6.2.3. Skin Friction Assumed as Active on Full Length of the Ripples and Dunes and B
Determined by Iteration

In case of dunes with low steepness H/L, the proportion of grain roughness (=skin
roughness) is significantly higher than that of ripples. For this reason, and because rough-
ness conditions in the hydraulic transition region may occur, the integration constant
B of the logarithmic velocity distribution law should be determined by iteration when
determining the “measured” grain roughness, rather than simply assuming B = 8.5.

The investigation of this influence revealed noticeable effects. For small total rough-
nesses, lower skin roughness values were calculated with the consequence of larger calcu-
lated “measured values” of the form roughness. Figure 15 shows the result. Note that this
does not change the predicted values of the form roughness, but the correlation “calculated
versus measured”.

Figure 15. Effect of the iteration of B for determination of “measured” skin friction.)

Furthermore, it should be taken into account that in waters with dune beds there is
always some irregularity of the bed surface, e.g., also ripples on dunes. Therefore, it makes
sense to assume a small amount of form roughness of about fRD ≈ 0.005 as always present.
Adapting to the existing data, the best solution in this sense was found to be

fRD = 10
H
h

H
L

(
exp(−1.76

H
h
)

)
+ 0.005. (26)

7. Discussion and Conclusions

Fourteen ripple and dune roughness prediction functions from the literature are
classified according to the way they are constructed:

1. semi-analytical with roughness estimation based on the logarithmic velocity profile
with the definition of an effective roughness height,

2. semi-analytical based on the Borda–Carnot approach for the energy loss due to flow
expansion in the lee of the crests of ripple and dunes and

3. entirely or largely empirical approaches.
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The results of these functions were compared to 637 data from laboratory experiments
and field measurements. The results for geometric standard deviation and quality with
respect to trend are summarized for all approaches in Table 7.

Table 7. Quality of the different approaches.

Author Year Ripples Rank All Data Rank

Motzfeld 1937 [3] 0.35 9 0.24 8
Shinohara and Tsubaki 1959 [4] 0.36 8 0.16 10
Ackers 1964 [5] 0.38 6 0.31 7
Vanoni and Hwang 1967 [6] 0.55 3 0.35 6
Swart 1967 [6] 0.39 5 0.24 9
van Rijn 1982 [7] 0.29 10 0.16 10
Höfer 1984 [8] 0.36 8 0.24 8
Soulsby 1997 [9] 0.38 6 0.24 8
Bartholdy et al. 2010 [10] 0.22 11 0.04 11
Engelund and Hansen 1967 [11] 0.51 4 0.41 4
Engelund 1977 [12] 0.65 2 0.51 2
Vittal et al. 1977 [13] 0.39 5 0.49 3
Lefebvre et al. 2016 [14] 0.37 7 0.18 9
Schippa et al. 2019 [15] 0.14 12 0.38 5
this paper 2022 0.72 1 0.60 1

The approach classes 1 and 3 showed a significant form roughness overestimation in
the case of low form roughness and an underestimation for high form roughness. This is not
the case with the Borda-Carnot based approaches (Engelund and Hansen 1967, Engelund
1977, and Equation (26)), which yielded the best results. However, there remains a large
scatter, especially in the case of dunes as roughness elements. To determine the background
for this scatter, we investigated different possible effects.

A previously unnoticed effect is that of low water cover, h/kS with kS = H in the
case of ripples and dunes. This is always present with dunes and sometimes with ripples.
Low water cover is known to cause damping of turbulence and is thus responsible for
a reduction in shear stress. We obtained an analytical solution for this effect, which is
identical to the empirical solution of Engelund 1977 except for numerical factors. Thus,
the empirical approach of Engelund can be validated analytically. Measurements of rough-
ness usually provide the total roughness, i.e., the sum of the grain-roughness effect and
form-roughness effect. The form roughness is thus obtained by subtracting an estimated
grain roughness: fRD,measured = fmeasured − fg,calculated. Errors in grain roughness therefore
affect the ‘measured’ form roughness.

In this context, we investigated the effect of assumptions to calculate the grain rough-
ness and thus the “measured” form roughness. These are the relation of kS/d and the
effective part of the sandwaves with skin friction. This did not bring much improvement
with regard to the spread “calculated vs. measured” in case of dunes. However, in cases
where the skin roughness under non-hydraulically rough conditions was determined by
simplification for the hydraulically rough case (B = const. = 8.5), significant effects were
found. That is, an iteration of the integration constant B of the logarithmic velocity pro-
file leads to significantly smaller calculated values of the grain roughness in the cases in
question and thus to larger values for the “measured” form roughness, resulting in a better
correlation of the friction factors “measured versus calculated”.

Furthermore, the variation in height and length was clearly greater for dunes and thus
gives rise to the question of what the representative properties are. This is particularly
true for dune fields, which, in nature, show strongly three-dimensional characteristics
and significant spread with respect to the lengths and heights. Furthermore, grain size
detection is more uncertain for dunes in nature than for ripples, and finally, the detection
of energy gradients and their assignment to dune dimensions is also uncertain. Form
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roughness that is computed significantly too low can also be caused by ripples on dunes.
This case would considerably increase the form roughness, especially for long dunes of
low steepness but is not included in the analysis results due to a lack of corresponding
information. Supplementary investigations are required for this.
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Abbreviations
The following abbreviations are used in this manuscript:

B integration constant of log. velocity profile -
d grain diameter m
D∗ dimensionless grain diameter = (ρ′g/ν2)1/3d = (Re∗2/τ?)1/3 -
Dτ τ-damping coefficient in the case of low relative water coverage -
f friction factor -
fg grain (or skin) roughness-induced friction factor -
fh/H friction factor in the case of low relative water coverage -
fRD friction factor due to ripples and dunes = ft,meas − fg,calc -
ft total friction factor -
g acceleration of gravity m/s2

H height of bedforms m
h mean water depth = h1 + H/2 m
h1 water depth over the crests of ripples and dunes m
h2 water depth at reattachment point of ripples and dunes m
hv energy loss head m
I longitudinal bed slope -
IE energy slope -
kS equivalent sand roughness height, in case of skin roughness we use kS = d m
k+S = Re∗ kS/d = v? kS/ν -
ks,g equivalent sand roughness height due to grain roughness (kS = d is taken here) m
ks,RD effective roughness height of ripples and dunes m
L length of bedforms m
Ls length of bedforms with significant skin friction m
L? = v? L/ν -
Re∗ = v? d/ν, particle Reynolds number -
vm depth- and time-averaged flow velocity m/s
v1 depth- and time-averaged flow velocity at the crests of ripples and dunes m/s

v2
depth- and time-averaged flow velocity at the reattachment points of ripples
and dunes

m/s

v? shear velocity =
√

τ/ρ =
√

τ?ρ′gd m/s
α angle of free turbulence ◦

β angle of inclination of the windward slope of ripple and dunes ◦

ϕ angle of repose = angle of internal friction of sediment ◦

ν kinematic viscosity of fluid m2/s
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κ von Karman constant -
ρ density of fluid kg/m3

ρs density of sediment kg/m3

ρ′ = (ρs − ρ)/ρ, relative density -
τ = ρghI = f /8ρv2, shear stress at the bed N/m2

τ′ peak values of shear stress in the case of turbulence N/m2

τh/H = τ Dtau = shear stress at the bed in the case of low water coverage N/m2

τ? = τ/(ρs − ρ)gd = v?2/(ρ′gd), dimensionless shear stress N/m2

τ?
c critical dimensionless Shields stress for the initiation of sediment motion -

Index ‘RD’ stands for the case of ripples and dunes
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