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[1] A new model is presented that addresses the occurrence
of sorted bedforms on inner shelves of coastal seas. These
features consist of alternating bands of coarse and fine grains,
with small topographic undulations. We show that inherent
feedbacks between alongshore currents, sea waves, bottom
topography and roughness variations result in the emergence
of morphological patterns, similar to the observed bed fea-
tures. We find that two modes are amplified which display
different characteristics, yielding a possible explanation to
the diversity exhibited by sorted bedforms in the field. The
results illustrate that both roughness variations and bottom
topography influence the generation of sorted bedforms.
Citation: Van Oyen, T., H. E. de Swart, and P. Blondeaux (2010),
Bottom topography and roughness variations as triggering mechan-
isms to the formation of sorted bedforms, Geophys. Res. Lett., 37,
L18401, doi:10.1029/2010GL043793.

1. Introduction

[2] Field observations [e.g.,Cacchione et al., 1984; Thieler
et al., 2001] reveal that on many inner shelves of coastal seas,
the bottom consists of alternating bands of coarse‐grained
and fine‐grained material. The bands are approximately shore
normal, can extend thousands of meters in the cross‐shore
direction and have a wavelength in the order of tens to
hundreds of meters. Typically, these so‐called sorted bed-
forms are coupled to small undulations in the bed level (order
of 1 m), with the coarsest material located in the depressions,
or on the side of the bedform facing the mean flow [Thieler
et al., 2001; Murray and Thieler, 2004]. Insight in the
dynamics of these enigmatic features is crucial for a broad
range of geological, physical and biological processes
occurring on the inner shelf. For instance, due to the corre-
lation between sediment grain size, bacterial concentrations
and benthic communities [Leecaster, 2003; Baptist et al.,
2006], the grain size variations displayed by sorted bed-
forms profoundly influence local biodiversity. Also, the bed
features alter wave propagation on the inner shelf [Coco et al.,
2007], thereby affecting the nearshore circulation and shore-
line behavior.
[3] Recently, Murray and Thieler [2004] proposed an

idealized model to describe the generation of sorted bedforms
as self‐organizing features. Conceptually, the model considers
that the bottom roughness is larger in the coarser regions (larger

ripples present), leading to a locally intensified turbulence
structure. In turn, the latter inhibits the settling of finematerial
such that the local coarse character of the bottom composition
is enhanced. Coco et al. [2007] refined the model of Murray
and Thieler [2004], replacing idealized formulations with
empirically based parameterizations. The models of Murray
and Thieler [2004] and Coco et al. [2007] successfully
reproduce the development of rhythmic patterns of the
bottom composition. Still, some aspects deserve further
investigation. First, these models only simulate features with
a saturated length scale if the longshore flow has a time‐
oscillatory (tidal) component that is stronger than the steady
one. Yet field data reveal the presence of sorted bedforms
with well established length scales on a micro‐tidal shelf
[Gutierrez et al., 2005]. Second, these models do not explain
observations [Goff et al., 2005; Ferrini and Flood, 2005]
showing that the height of bed features can vary over an order
of magnitude (from 0.1 to 3 m) and that also upcurrent shifts
of the center of the coarse grains with respect to the trough
occur.
[4] Here, we hypothesize that, besides the roughness

feedback, flow‐topography interactions are essential to obtain
sorted bedforms with a preferred length scale. In the fol-
lowing, we evaluate this idea by examining the (linear) sta-
bility of a heterogeneous flat bed, under the action of a steady
wind‐driven alongshore current, to variations in topography
and bottom roughness. The analysis leads to results which
yield (a priori) information on the spacing, temporal growth
and migration speed of the emerging patterns, and describe
the relative position of the coarse material with respect to the
topography.

2. Model and Solution Procedure

[5] Motivated by the orientation of sorted bedforms
(almost orthogonal with the shoreline and elongated over the
inner shelf), we consider an idealizedmorphodynamicmodel,
restricting our attention to the processes occurring in the
alongshore direction. We assume the cross‐shore direction to
be unbounded and uniform, and introduce a 2‐dimensional
orthogonal coordinate system, with x‐ and z‐ axes in along-
shore and vertical directions, respectively.

2.1. Hydrodynamic Model

[6] The hydrodynamic problem consists of a steady wind‐
driven alongshore current, affected by surface gravity waves.
We describe the wave‐averaged flow field (current) with
steady momentum‐ and continuity equations, introducing an
eddy viscosity nT to model the turbulent mixing of momen-
tum. The influence of waves on the current is accounted
for by adopting a suitable eddy viscosity profile (Model II
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[Christoffersen and Jonsson, 1985]). The amplitude of the
near bed wave orbital velocity, uwb, is evaluated with linear
wave theory, assuming that the waves propagate orthogonal
to the shoreline. Presently, uwb is taken constant, once the
height and length of the waves are fixed. Since the current
is characterized by a small Froude number, we apply the
rigid‐lid approximation such that kinematic and dynamic
boundary conditions are imposed at the still water level. The
latter requires, in the alongshore direction, that the shear
stress at the free surface equals the wind shear stress twind. At
the bottom, the fluid velocity vanishes at a distance zr /30 from
the bed. The parameter zr denotes the bottom roughness and is
assumed to be related to the height of sea ripples, which
appear due to the action of waves. Here, zr is evaluated with
the formula proposed by Soulsby and Whitehouse [2005].
Note that zr depends on the bottom composition since coarser
sediments give rise to larger ripples, i.e., increase the rough-
ness of the bed.

2.2. Morphodynamic Model

[7] The morphodynamic problem describes the changes in
the bed due to current and wave induced sediment transport,
taking into account a heterogeneous cohesionless sea bed. To
model the bed composition, we consider two grain size
classes, with diameter di (i = 1, 2). Employing the active layer
model [Hirano, 1971], the bed evolution is governed by

ð1� nÞ �pa;i
@h

@t
þ La

@pa;i
@t

� �
¼ �r � ðpa;iqiÞ; ð1Þ

ð1� nÞ @h
@t

¼ r � ðpa;1q1 þ pa;2q2Þ; ð2Þ

where n denotes the porosity of the sediment mixture, and pa,i
represents the volume fraction of the grain size class i in the
active layer. The variable qi denotes the sediment transport
rate per unit width of class i. The local depth is given by h and

La is the active layer thickness (La is taken equal to the height
of sea ripples).
[8] The sediment transport rate is calculated taking into

account bed, bedslope and suspended load transport. The
approach of van Rijn [1991] is used to evaluate the bedload
transport, considering the adjustments proposed by Kleinhans
and van Rijn [2002]. The slope‐induced transport of sediment
is evaluated following Seminara [1998], and the suspended
load transport is calculated by integrating the product of the
flow velocity and the sediment volume concentration of each
grain size class ci, over the depth. We determine ci by solving
an advection‐diffusion equation in which the sediment dif-
fusivity is taken equal to the eddy viscosity [Fredsøe and
Deigaard, 1992]. At the free surface, a zero sediment flux
in the normal direction is imposed, whilst entrainment of
sediment is prescribed at a distance of 1% of the local depth
above the sea bed. Entrainment is calculated following
[van Rijn, 1991].

2.3. Solution Procedure

[9] To analyze whether variations of the bed composition
and elevation can trigger the generation of sorted bedforms,
we consider the dynamics of small perturbations evolving
on a flat bed with a uniform composition and write

ðpa;1; pa;2Þ ¼ ðpa0;1; pa0;2Þ
þ � ð~p;�~pÞ e�r teið�xxþ�i tÞ þ c:c:

h i
; ð3Þ

h ¼ h0 þ � ~he�r teið�xxþ�i tÞ þ c:c:
h i

: ð4Þ

Here, c.c. represents the complex conjugate of a complex
quantity and � is a small parameter (�� 1) that measures the
ratio between the height of the perturbation in the local depth
and the still water level h0. Terms of higher order in �
are neglected. As illustrated by equations (3) and (4), the
perturbation consists of a traveling wave with a wavelength
l (= 2p/ax), a migration speed cmig (= −gi /ax) and an
amplification rate gr. The variations in the bed level and
composition lead to a perturbed flow field which, due to the
linear character of the analysis, can be considered as a sum of
the flow over a wavy bed and that over a spatially periodic
bottom composition (bottom roughness). In turn, the per-
turbed flow field alters the sediment transport, leading to

qi ¼ q0;i þ � q1;h;i~hþ q1;p;i~p
� �

e�r teið�xxþ�i tÞ þ c:c:
h i

; ð5Þ

where q1,h,i and q1,p,i denote the changes in the sediment
transport induced by the perturbations of the bed level and
bottom roughness, respectively. Then, the changes in the bed
follow from substitution of (3)–(5) into (1)–(2), leading to
an eigenvalue problem:

Lp1 Lh1

Lp2 Lh2

� �
~p
~h

� �
¼ �

~p
~h

� �
; ð� ¼ �r þ i�iÞ: ð6Þ

Two eigenvalues g1 and g2 result from the characteristic
equation, and both provide information on the growth/decay

Figure 1. The amplification rate related to the first (g1,r,
lines without symbols) and second eigenvalue (g2,r, lines with
symbols) plotted versus the ax, considering the conditions at
Wrightsville beach, North Carolina and changing the value of
the wave height Hw.
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of the perturbations and the migration speed of the emerging
patterns. Each eigenvalue corresponds to an eigenvector v =
(~p, ~h) from which information can be derived of the phase
shift Y between the center of the coarse region and the

depression, and the amplitude ∣R∣ of the ratioR between the
variation of the bed elevation and that of the bottom com-
position; i.e.,R = ~h/(h0~p). Lastly, we remark that the analysis
can be extended to N arbitrary grain sizes; however, consid-
ering N > 2 does not result in qualitatively new insights.

3. Results and Discussion

[10] To illustrate the qualitative output of the model, we
present results of experiments conducted for values of the
parameters that are representative for Wrightsville beach,
North Carolina; considering waves with different wave
heights Hw. At Wrightsville beach, the mean grain size in the
coarse band is approximately 1.15 mm, while the bottom
composition outside the coarse regions is around 0.2 mm
[Thieler et al., 2001; Gutierrez et al., 2005]. The local depth
is taken 10 m and, based on measurements reported by
Gutierrez et al. [2005], we consider a depth‐averaged current
velocity U0 of 0.225 ms−1, and sea waves with a wavelength
equal to 60 m.
[11] Figure 1 illustrates the resulting amplification rates

for different wavenumbers ax. For small values of Hw, bed
features, related to the first eigenvalue g1, with small wave-
numbers (wavelengths about 100m) are amplified. For higher
waves, the real part of g2 becomes positive for large
wavenumbers, revealing the generation of patterns with
wavelengths in the order of 10 m. In particular, for Hw =
2.3 m, the fastest growing wavelength (lmax) is 145 m, while

Figure 2. (top) Phase difference between the center of the
coarse region and bathymetric low. Values between 0° and
180° (180° and 360°) indicate an upcurrent (downcurrent)
shift of the coarse region with the trough. When Y is equal
to 180°, the coarse region occurs exactly in the trough.
(middle) Migration speed of the bed features downstream
[m/month]. (bottom) Amplitude of the ratio R. The values
of the input parameters are representative for the conditions
at Wrightsville beach, North Carolina, with different values
for Hw.

Figure 3. The resulting morphological patterns when the (left) first and (right) second eigenvalue is dominant. In both cases,
the response of the sediment transport of the (green vectors) coarse grain size fraction and (red vectors) fine grain size fraction
is illustrated; considering perturbations in the (top) bottom roughness (blue line), (center) bed elevation (black line) and (down)
when both the bed composition and the bed elevation is perturbed. Positive values in the blue line represent regions of
increased bottom roughness. The red lines show the negative divergence of the summation of the perturbed transport of the
coarse and the fine fraction: where the red lines are positive (negative) there is a deposition (erosion) of sediment. The green
lines illustrate the divergence of the perturbed sediment transport of the fine fraction minus that of the coarse fraction, such that
positive (negative) values represent regions where the bottom composition becomes coarser (finer). Phase shifts between the
maxima of the green and blue lines (red and black lines) illustrate the migration of the bottom composition (topography).
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lmax equals 20 m, for Hw = 2.8 m. The wavelength of the
amplified patterns, provided by the analysis, resembles fairly
the observed spacings at Wrightsville beach, where the
wavelength of the sorted bedforms ranges between 40 and
200 m. Figure 2 shows, as function of the wave height, the
other characteristics of the generated features. Figure 2 (top)
illustrates the value of the phase angle Y, for the fastest
growing wavelength. Values of Y between 0° and 180° (180°
and 360°) denote that the band of coarse grains is located on
the upcurrent (downcurrent) side of the topographic low.
When Y = 180°, the coarse region occurs exactly in the
trough. Hence, when the first eigenvalue (first mode) is
dominant, the coarse grains are found in the depressions;
while the center of the coarse‐grained region occurs down-
current of the topographic low when the second mode
becomes dominant. In Figure 3, a sketch of the resulting
morphological patterns for Hw = 2.3 m and Hw = 2.8 m is
presented, together with the response of the sediment trans-
port due to the bottomwaviness and the roughness variations.
Figure 2 also shows that the amplitude of the variation in the
topography is smaller than that of the bottom composition,
∣R∣ ∼O(10−2). Furthermore, migration rates range between 1
and 20 m/month when g1 is dominant and decrease signifi-
cantly considering larger wave heights. Hence, the model
appears to capture fairly the characteristics of the sorted
bedforms at Wrightsville beach where the center of the
bands of coarse grains is shifted slightly downstream of the
topographic low and the bed level variations are small (about
1 m).
[12] Further experiments indicate the secondmode can also

become dominant by increasing the steady current U0. For
instance, considering values of the parameters representa-
tive for the conditions at Wrightsville beach with Hw equal
to 2.3 m and U0 = 0.7 ms−1, the most amplified mode is
related to g2 with lmax = 22 m. Remarkably, an upcurrent
shift of the center of the coarse grains with respect to the
bathymetric low occurs for these conditions, while the
amplitude of R decreases by a factor 10. Table 1 presents a
summary of the characteristics displayed by the two modes.
In particular, we find that, when the first mode is dominant,
sorted bedforms with a wavelength about 100 m are formed
that exhibit the center of the coarse region in the bathymetric
low. Considering high waves and/or strong currents, mor-
phological patterns related to the second eigenvalue are
generated, with smaller wavelengths. Depending on the input
values, both an upcurrent and a downcurrent shift can occur
when the second mode is dominant. Furthermore, ∣R∣ ranges
between 10−4 and 10−2 when g2 provides the fastest growing
mode and turns out about 10−2 when g1 prevails. The latter
result suggests that, when the dominance shifts from the first
to the secondmode, the amplitude of the bed level can change
over more than one order of magnitude; a typical feature of
the sorted bedforms at Martha’s Vineyard coastal observa-
tory, Massachusetts [Goff et al., 2005]. In summary, we find
that the characteristics of the triggered bed features change
significantly when g2 provides the fastest growing wave-

length instead of g1. This suggests that the diversity displayed
by the sorted bedforms in the field could be related to a shift
in dominance between the two amplified modes.

4. Conclusions

[13] We find that morphological patterns with features
similar to sorted bedforms observed in the field can emerge
due to the inherent feedback between a bottom composed of a
heterogeneous sediment, waves, and a steady current; taking
into account both variations in the bed level and in the bottom
roughness. Apparently, the generation of sorted bedforms
is significantly affected by flow‐topography interactions, in
addition to the roughness feedback as proposed by Murray
and Thieler [2004]. Note that the present analysis describes
the initial formation of sorted bedforms, whereas previous
models consider sorting processes on longer timescales,
resulting from interactions between finite‐amplitude modes.
The results show that considering both roughness and
topography variations as triggering mechanisms leads to the
appearance of two selective modes, with different char-
acteristics. The dominance of which is found to depend on the
local depth, current and wave conditions, yielding a plausible
explanation for the broad range of characteristics displayed
by the bed features in the field.

[14] Acknowledgments. The first author wishes to acknowledge the
E.U. for a grant in the framework of the FLUBIO project.
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