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Abstract
Coastal ecosystems are increasingly threatened by global change. Insight in their resilience against increased

storminess is needed for their application in nature-based coastal defense schemes. This is often gained from
flume experiments. Laboratory flumes provide excellent hydrodynamic control, but are restrictive in that it is
extremely difficult to experiment on ecosystems with a naturally developed stability. Field flumes resolve the lat-
ter, but are limited to unidirectional currents. This study introduces an easily deployable field flume that mimics
the near-bed water motion of waves: the Tidal Dynamics WAVE flume (the TiDyWAVE). The hydrodynamics of
the TiDyWAVE are assessed and compared to natural waves. We also compare it with a more traditional unidi-
rectional flow channel by measuring the erodibility (ucr) of (1) bare sediments of which ucr can be calculated
and (2) a seagrass meadow. The TiDyWAVE can generate peak oscillatory currents up to 0.32 m s−1 with a maxi-
mum wave period of 3.5 s, corresponding to 0.42 m high waves for a water depth of 3 m. ucr measurements
showed that bed shear stress in the TiDyWAVE mimics field waves well. In accordance with theory, the observed
ucr on bare sediment is consistently lower for oscillatory flow compared to unidirectional currents. On Thalassia
testudinum, ucr under unidirectional currents increases 3.5 times faster with increasing blade area than under
oscillatory flow. The difference in hydrodynamic sheltering of the seabed by flexible vegetation under currents
vs. waves emphasizes the need for imposing representative hydrodynamics to study hydrodynamic thresholds
of coastal ecosystems.

Global change is increasingly threatening coastal
populations living around the world. Yet coastal areas often
house densely populated and rapidly growing urban areas,
especially in the least developed countries (McGranahan
et al. 2007). Engineered coastal protection is often expensive,
and not climate change resilient. Hence, there is a growing
desire and need to use coastal ecosystems for both nature-
based flood defense schemes (e.g., see Temmerman et al. 2013)
and shoreline stabilization (James et al. 2019). This makes it of
pivotal importance to quantify the resilience of coastal ecosys-
tems against disturbances like storm attacks (Bouma
et al. 2014). Many coastal ecosystems are known to exhibit
sudden shifts between stable states, triggered by regular
exceedance of a critical environmental threshold, with hydro-
dynamic forces potentially playing a key role in the exceed-
ance event (van der Heide et al. 2007; Bouma et al. 2016).

Wave conditions are projected to change for 50% of the global
coastlines due to climate change (Morim et al. 2019), which
given the sensitivity of coastal ecosystems to hydrodynamic
threshold exceedance could potentially lead to state shifts.
Nevertheless, only very few studies test ecosystem perfor-
mance under hydrodynamic threshold conditions, often rely-
ing on laborious and potentially expensive ecosystems
transplantation methods (see e.g., Rupprecht et al. 2017;
Marin-Diaz et al. 2019). To be able to quantify to which extent
various coastal ecosystems can persist under potential future
wave conditions, there is a need for an easily applicable
method to quantify the hydrodynamic thresholds of ecosys-
tem collapse.

Flume experiments are a commonly used method to gain
insight in hydrodynamic thresholds of aquatic ecosystems.
While laboratory flumes provide excellent control over the
hydrodynamics, the studied ecosystem typically needs to be
simplified in some aspects. For example, mimics have often
been used to represent vegetation in studying vegetation-
hydrodynamics interactions (see e.g., Ghisalberti and
Nepf 2002). Changes in sediment properties such as
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consolidation due to desiccation and vibration during trans-
port (Tolhurst et al. 2000) and mixing when placing sediment
in the flume (Widdows et al. 1998) have been shown to poten-
tially influence sediment erodibility. Thus, unless expensive
and laborious large-scale ecosystem transplantation methods
are used (Möller et al. 2014; Rupprecht et al. 2017), such eco-
system simplifications and alterations strongly restrict our
ability to gain quantitative insight in the hydrodynamic
thresholds of coastal ecosystems when using laboratory
flumes.

In contrast to laboratory flumes, field studies provide
access to naturally developed intact ecosystems. However,
field studies lack the hydrodynamic control that laboratory
flumes provide. This gives rise to some major logistic chal-
lenges when studying hydrodynamic thresholds. One must
wait for a storm to occur that is strong enough to pass the
hydrodynamic threshold, which might be very rare, and
hence may likely not occur during the measurement period
given that the ecosystem has not collapsed before. Yet when

the perfect storm finally is predicted to occur, it will be chal-
lenging to timely install all equipment robustly enough to
conduct process measurements under these potentially haz-
ardous conditions.

Field flumes may offer a way forward in gaining quantita-
tive insight in hydrodynamic collapse thresholds of natu-
rally developed and fully undisturbed coastal ecosystems, in
that they can generate controlled hydrodynamics in situ.
While field flumes typically do not provide the same degree
of hydrodynamic accuracy as laboratory flumes, they do pro-
vide sufficient physical control to study ecosystem resilience
to specific (future) hydrodynamic conditions. To our knowl-
edge, field flumes are currently limited to unidirectional flow
channels only (see e.g., Scoffin 1968; Amos et al. 1992;
Widdows et al. 2007). In coastal environments however,
waves are generally the more dominant influence on
morphodynamics compared to currents (Callaghan
et al. 2010; Nyberg and Howell 2016), and affect sediment
motion in ecological structures differently than currents. For
example, flexible vegetation bends under currents, creating
a skimming flow over the blades while slowing down the
current inside the canopy (Järvelä 2005; Peralta et al. 2008)
and reducing the exchange between the canopy and the
water column (Koch and Gust 1999). Under waves however,
flexible vegetation makes a periodic swooping motion
(Bouma et al. 2010; Luhar et al. 2017), decreasing their pro-
tective effect on the sediment, thereby increasing the
exchange between the canopy and water column (Koch and
Gust 1999) and making it more likely for the system to start
eroding.

Given the importance of waves in coastal ecosystems, there
is a need for field flumes capable of generating the characteris-
tic near-bed hydrodynamics of waves to gain quantitative
insight in the hydrodynamic thresholds of coastal ecosystem
stability. In this paper, we introduce a novel field flume, called
the Tidal Dynamics WAVE flume (hereafter referred as the
TiDyWAVE), that generates oscillatory flow designed to
impose the near-bed hydrodynamics of waves in shallow
water. To assess the performance of the TiDyWAVE, we first
analyze the hydrodynamic properties of the flume and com-
pare this with natural wave dynamics. Secondly, we also test
the TiDyWAVE by comparing in-situ critical erosion thresh-
olds on a range of bare and vegetated sediments to those
obtained by a more traditional unidirectional flow channel,
the TiDyFLOW (James et al. 2019).

Materials and methods
TiDyWAVE field-flume: Design, aims, and considerations

The TiDyWAVE (Fig. 1) generates an oscillatory flow by
periodic motion of a paddle in a semi-enclosed flow tunnel
that is only open at the bed. This oscillatory flow design is
based on the proven design of larger laboratory-based oscilla-
tory flow channels, also known as oscillatory trays or U-tubes,

Fig 1. Top: Exploded view of the TiDyWAVE. The pneumatic piston (A)
drives two connected paddles (B) that oscillate 0.3 m along a rail (C),
generating an oscillatory flow over the 0.6 m test section. The flume walls
are pressed 0.05 m into the bottom (D), and two 0.6 m bottom plates
which extend 0.15 m beyond the paddle limits prevent scouring. Bottom:
In situ deployment of the TiDyWAVE on a seagrass bed (photo credit:
Eduardo Infantes).
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which have previously been used to study the near-bed hydro-
dynamics of full-scale ocean waves (see e.g., Bagnold 1946;
O’Donoghue and Clubb 2001; Ribberink et al. 2008). Oscilla-
tory channels generate a fully oscillatory flow, while in the
nearshore zone outside the boundary layer the horizontal and
vertical velocity are of similar magnitude. In the near-bed
zone however the flow is almost fully oscillatory, even in the
transitional wave regime (Jonsson and Carlsen 1976). This
makes oscillatory channels suitable devices to study pro-
cesses, which are governed by the hydrodynamic conditions
in the bottom boundary layer, such as the entrainment of
sediment particles. For the TiDyWAVE to be a successful tool
to study hydrodynamic thresholds in situ, it needs to (1) be
capable of generating a range of wave conditions typical for
normal and extreme conditions in the area of interest and
(2) remain small and light enough to be portable and easily
deployable from small vessels. The configuration of the
TiDyWAVE as presented in this paper is aimed to be primar-
ily used in shallow subtidal coastal areas, specifically estuar-
ies and bays where wave generation is either fetch or depth
limited, with water depths ranging from 0.5 to 3 m. The min-
imum depth depends on the outside wave conditions, as the
flume roof must remain submerged during deployment. The
current dimensions of the TiDyWAVE were chosen as a
trade-off between portability, so that the flume can be carried
by two persons, and the minimum wave strength that needs
to be generated.

Physical design conditions: Assessing near-bed oscillatory
flow in the field and in TiDyWAVE

To assess the ideal wave generation capabilities of the
TiDyWAVE, significant wave height and period measurements
were analyzed for four sites: two in the Wadden Sea and two in
the Western Scheldt, downloaded from EMODnet (Table 1). The
range in observational length varied between nearly three and
nearly 8 yr, with the interval between measurement bursts being
10 min. These sites were selected to include contrasting wave
conditions, so that a more general comparison between the max-
imum waves generated by the TiDyWAVE and the range of natu-
ral wave conditions can be made. The wave buoys in the
Wadden Sea are located on shoals, and the wave buoys in

the Western Scheldt are located near the edge of tidal flats. As
the near-bed velocity corresponding to the wave height and
period depends on the water depth, which will vary between
sites, tidal cycle, and storm surge height, a direct comparison
cannot be made. However, the combination of these contrasting
locations provides a general overview of possible wave condi-
tions in estuarine and shallow coastal environments. Waves in
the Western Scheldt are generally fetch-limited with fetches in
the order of 5–20 km. In the Wadden Sea, the waves are gener-
ally depth-limited, as during high tide the water depth on the
tidal flats is in the order of 0.5–2 m.

We used linear wave theory to calculate both typical and
extreme wavelengths and near-bed oscillatory velocities that can
occur in the field. While linear wave theory is strictly only valid
for small-amplitude sinusoidal waves, it is generally applied even
in the surf zone with shoaling waves, for which the error is in the
order of 20% (Guza and Thornton 1980). Given that shoaling
dynamics are sensitive to the bottom profile, which makes it sensi-
tive to an arbitrary location, and that the purpose of this calcula-
tion does not require optimal accuracy, we consider linear wave
theory to be a sufficiently accurate first approximation for compar-
ing the maximum orbital velocity of the TiDyWAVE with natural
conditions.

The peak near-bed orbital velocity umax can be calculated
for the range of wave heights H (i.e., twice the amplitude) and
wave periods T as:

umax =
ωH

2sinh kd½ � ð1Þ

where ω= 2π
T is the radial frequency (rad s−1) and k= 2π

L is the
wave number (m−1) where L is wavelength (m), and d is water
depth to be mimicked in the TiDyWAVE (m). The wavelength
is calculated from the dispersion relation:

L=
gT2

2π
tanh

2πd
L

� �
ð2Þ

where g is gravitational acceleration (9.81 m s−2). This equa-
tion is solved iteratively. Since the TiDyWAVE does not
induce breaking waves, the upper wave height limit is defined
as the wave breaking limit. The wave breaking limit for wave
steepness can be calculated with the Miche-criterion
(Miche 1944):

H
L

� �
br
=0:142tanh kd½ � ð3Þ

which applies for both deep water (d/L > ½), where it
approaches H

L

� �
br = 0:142 and shallow water (d/L<½), where it

approaches H
d

� �
br = 0:78.

To calculate the wave height corresponding to the wave
motion induced in the TiDyWAVE, Eq. 1 can be rewritten as:

Table 1. Overview of the locations of wave buoys in the West-
ern Scheldt and Wadden Sea, the Netherlands, and period for
which 10-min significant wave height data was taken for compar-
ison with the TiDyWAVE. Source: MyOcean, http://www.
emodnet-physics.eu/Map/.

Buoy name Location (lat, long) Measurement range

Amelander 61 53.320, 5.576 Nov 2011–Mar 2018

Wierumerwad 2 53.410, 6.064 Jun 2015–Mar 2018

Hansweert 51.448, 3.999 Sep 2014–Mar 2018

Terneuzen 51.359, 3.745 June 2015–Mar 2018
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H =
2umaxsinh kd½ �

ω
ð4Þ

where in this case umax is the peak oscillatory velocity (i.e., the
maximum velocity during a wave cycle) that the flume can
generate, which was measured at 0.15 m above the bed.

Construction details of the TiDyWAVE field-flume
The TiDyWAVE consists of two main parts: the outer shell

(l × h × w = 1.8 × 0.5 × 0.4 m) to which the piston and sensors
are attached (Fig. 1A), and the two paddles which are inter-
nally coupled by a roof (l × h × w = 1.2 × 0.35 × 0.4 m; Fig. 1B)
and moved along a rail attached to the outer shell (Fig. 1C).
The paddles and roof have rubber edges to make a seal with
the outer shell, preventing leakage and ensuring that the
water motion is as uniform over the cross-section and as equal
to the paddle motion as possible. The flume walls are pressed
0.05 m into the sediment to prevent scouring (Fig. 1D). To
prevent sediment scouring below the wave paddles, an alumi-
num bottom plate is mounted below both paddles, extending
0.15 m beyond the paddle stroke on each side (Fig. 1E). In this
configuration, see Table 2 for key parameters, the total weight
of the flume is approximately 60 kg. This allows for transpor-
tation with a small vessel and deployment and repositioning
on the seabed by two persons, making the present configura-
tion of the flume suitable for conducting many repeated
experiments along ecological gradients.

A pneumatic piston drives the two paddles over a maxi-
mum stroke length of 0.3 m, generating an up to
0.32 m s−1 oscillatory flow over the 0.6 m test section. An
oversized pneumatic piston providing enough force to gen-
erate the desired oscillatory velocities on bed slopes
upwards of 45�, i.e., beyond the angle of repose for most
sediments, was used to remove any influence from field
waves or bed slope on the paddle motion. The maximum
bed slope at which the flume can operate is thus limited by
(1) slope gradient, as there cannot be any gaps in the sea-
ling with the seabed inducing scouring, and (2) flume
anchoring, as the flume itself should not slide. As the
TiDyWAVE is an enclosed system, it is prone to internal
wave reflections. Therefore, the pneumatic piston was

programmed to induce only the minimum necessary accel-
eration required to reach the desired peak oscillatory
velocity—wave period combinations. Air can be provided
either from a compressor or from a diving bottle, as the
pneumatic piston can operate at pressures ranging from
6 to 16 bar. At the maximum velocity, the air consumption
is approximately 150 L min−1, so a single standard 2500-L
diving bottle with be used up in approximately 15 to
20 min at this velocity setting. In our tests, one 2500-L div-
ing bottle allowed for at least 5 erodibility measurements
(see Sections 1.5 and 1.7), for which the flow is increased
stepwise for approximately 10 min and kept at the critical
velocity for erosion for at least 1 min. Two diving bottles
provided enough air for a full day of fieldwork.

Characterizing the hydrodynamics of the TiDyWAVE
To assess the hydrodynamic characteristics of the

TiDyWAVE, we have measured velocity profiles and turbu-
lence spectra of a range of velocity settings with a wave period
of approximately 4 s. The wave period is influenced by the pis-
ton force and the inertia of the moving water, and increases
from 3.5 to 4 s with corresponding decreasing peak velocity
from 0.32 to 0.09 m s−1. The initial peak oscillatory velocity
was set at 0.09 m s−1 and was increased stepwise until the
travel of the cylinder became length limited at 0.32 m s−1.
Lower peak oscillatory velocities are possible, but the effect of
internal paddle friction on the water motion becomes rela-
tively larger. This potentially makes measurements at very low
velocity settings less accurate.

The vertical flow profile was measured in the middle of the
measurement section with an Acoustic Doppler Velocimeter
Profiler (ADV-Profiler, Nortek®). The ADV-profiler was
inserted from the side at elevations above the bed of 2, 8, and
15 cm. To ensure that measured peak oscillatory velocities and
turbulence spectra are accurate, the flow velocity was mea-
sured at 50 Hz for a duration of 3 min over a 12 × 7 mm hori-
zontally positioned cylindrical volume that is divided in three
4 × 7-mm cells around the focal area of the ADV-profiler’s
receptors. For the velocity time series and wave height calcula-
tions from linear wave theory, the measured flow at 0.15 m
elevation, i.e., in the free stream regime, was used. The hori-
zontal flow profile of the ADV-profiler was averaged over space
and triangulated:

ux =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ux,adv2 +uz,adv2

q
ð5Þ

where ux is total instantaneous flow velocity in the x-direction
and ux,adv and uz,adv are profile-averaged flow velocities in the
ADV’s x and z axis directions (i.e., parallel and perpendicular
to the main flow direction respectively, as the ADV is inserted
sideways). This was done because there can be some minor
flexing of the flume walls during deployment due to their
lightweight design. Therefore, slight changes in the ADV

Table 2. Key parameters of the TiDyWAVE in the configuration
as presented in this study.

External dimensions (l × w × h) 1.8 × 0.4 × 0.5 m

Internal dimensions (l × w × h) 1.2 × 0.35 × 0.4 m

Weight 60 kg

Measurement section dimensions (l × w) 0.6 × 0.35 m

Piston force 1000 N at 6 bar

Piston stroke length 0.3 m

Piston air consumption Max. 150 L min−1

Oscillatory velocity range < 0.09 to 0.32 m s−1

Wave period range 2.5 to 8 s
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probe orientation may have occurred during and between
measurements. To assess whether there are any unwanted dif-
ferences in oscillatory flow over the height of the flume chan-
nel due to unrealistic boundary layer height, the vertical
velocity profile was calculated using the root mean square
velocity:

urms =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn

i= 1
ux,i2
� �r

ð6Þ

where n is the total number of velocity samples of a complete
time series. This was compared with the theoretical thickness
of the boundary layer multiplied by 2, as this indicates the
height at which bottom shear stress influences the vertical
velocity profile (Van Rijn 1993, chapter 2). The boundary layer
thickness was calculated as (Jonsson and Carlsen, 1976):

δw =Amax 0:072
Amax

ks

� �−0:25
" #

ð7Þ

where Amax is the peak orbital excursion (m), equal to ux,maxT
2π ,

where ux,max is the peak oscillatory velocity in x-direction and
ks is the equivalent bed roughness for waves, which was calcu-
lated using Eq. 13–17.

To validate the oscillatory velocity time series in the
TiDyWAVE, ADV measurements were also conducted in the
field during wave conditions where the significant orbital
velocity of the natural wave was similar to the mean oscilla-
tory velocity of the waves in the TiDyWAVE at 0.32 m s−1.
The ADV was placed in 2-m deep water, and measured orbital
velocity at 8 Hz at the same height as the ADV-profiler in the
TiDyWAVE, i.e., 0.15 m above the bed.

Erosion threshold measurements on bare sediments, using
TiDyWAVE and TiDyFLOW

To assess whether the production of shear stress by the
TiDyWAVE is representative of that of natural waves with sim-
ilar oscillatory velocities, the critical free stream velocity (ucr)
for the onset of incipient motion, here defined as the move-
ment of enough particles to cause a significant change in bed
configuration such as ripple formation, was measured on three
types of artificial sediment of which ucr can be calculated. For
comparison, similar measurements were conducted using a
more traditional unidirectional flow channel, the TiDyFLOW
(James et al. 2019). For the TiDyFLOW, ucr was defined as the
mean flow velocity during which incipient motion was
observed. For the TiDyWAVE ucr is a peak oscillatory velocity,
here defined as the mean of all oscillatory velocity peaks dur-
ing which incipient motion was observed. These have been
extracted from the ADV data by locating all velocity peaks
with a maximum peak prominence of 0.4 m s−1, to remove
any ADV noise peaks that made it through initial filtering,
and a minimum time between individual peaks of a quarter

wave period to remove turbulence-induced velocity peaks. ucr
was measured by gradually increasing flow velocity and peak
oscillatory velocity in the TiDyFLOW and the TiDyWAVE
respectively until incipient motion was observed visually.
Visual observation is inherently subjective, but as bed-load
transport is proportional to flow velocity to the power of
3, the difference in flow velocity between the stochastic move-
ment of a small number of particles and the continuous
movement of many particles remains small. Therefore,
visual observations are sufficiently accurate for determining
incipient motion at the detail required for ecological
studies.

The artificial sediments consisted of three types. A mod-
erately sorted sediment (median grain size D50 = 3.5 mm,
sediment density ρs = 1200 kg m−3) was used to quantify the
effect of hiding-exposure processes. A unimodal well-sorted
sediment of 3-mm-diameter cylindrically shaped grains
(ρs = 1200 kg m−3) was used to quantify the effect of an
irregular shape. Lastly, a unimodal well-sorted sediment
with 2.5-mm spherical grains (ρs = 1065 kg m−3) was used to
serve as a reference, as sediment transport theory is strictly
only valid for spherical grains. These low-density sediments
were chosen because they are particularly sensitive to verti-
cal flow fluctuations generated by pressure gradients in the
flow field, which may be stronger than those under natural
waves due to the enclosed design of the TiDyWAVE. Pres-
sure forces are inherently accounted for in empirical sedi-
ment transport predictors, which also have been calibrated
to flume measurements on similar low-density particles (see
Camenen et al. 2009 and references therein for sediment
entrainment under oscillatory flow). Therefore, any differ-
ences between natural waves and oscillatory flow generated
by the TiDyWAVE will be exacerbated on low-density
sediments.

Validating measured erosion thresholds by calculating ucr

from shields theory
To assess the validity of measured ucr, it was compared with

ucr calculated from Shields theory. For oscillatory flow from
the TiDyWAVE it can be calculated as (Van Rijn 1993, chap-
ter 2):

ucr =
ffiffiffiffiffiffiffiffiffiffiffi
τcr

1
2ρf w

r
ð8Þ

where ucr is the peak oscillatory velocity, τcr is the critical bed
shear stress (N m−2), ρ is fluid density (1000 kg m−3 for water),
and fw is a dimensionless friction factor. Critical bed shear
stress can be calculated for both unidirectional and oscillatory
flow as:

τcr = θcr ρs−ρð ÞgD50 ð9Þ
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where θcr is the critical Shields number, which can be calcu-
lated as (Soulsby 1997, chapter 6):

θcr =
0:3

1+1:2D* +0:055 1−exp −0:02D*� �	 
 ð10Þ

where D* is the dimensionless grain size, which can be calcu-
lated as:

D* =D50
Rg
v2

� �1
3

ð11Þ

where R is the relative submerged density of the sediment
(R= ρs−ρ

ρ ) and υ is kinematic viscosity (10−6 m2 s−1 for 20�C

water). The friction factor fw for rough turbulent flow has been
calculated as (Swart 1976):

f w = exp −5:977+5:213*
Amax

ks

� �−0:194
" #

ð12Þ

The equivalent roughness height ks is calculated for both
unidirectional and oscillatory flow as (Camenen et al. 2009):

ks=D50 0:6+2:4
θ

θcr,ur

� �1:7
" #

ð13Þ

where θcr,ur is the upper-regime limit, i.e., the limit where ks
is no longer a function of grain size only, which is calcu-
lated as:

θcr,ur = 0:115
Frw

1:2

Ws*
0:4R0:3 ð14Þ

where Frw is the equivalent Froude number for waves:

Frw =
ucrffiffiffiffiffiffiffiffiffiffiffiffiffi
g

ffiffiffiffiffiffi
νT

pq ð15Þ

and Ws* is the dimensionless settling velocity (Camenen
et al. 2009):

Ws* =
R2

gν

" #1=3

Ws ð16Þ

where Ws is the settling velocity (m s−1) (Soulsby 1997, chapter 8):

Ws =
v

D50

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
10:362 +1:049D*

3
q

−10:36
� �

ð17Þ

For unidirectional currents from the TiDyFLOW, ucr can be
calculated as (Van Rijn 1993, chapter 2):

ucr =

ffiffiffiffiffiffiffiffiffiffiffi
τcrC2

ρg

s
ð18Þ

where ucr mean flow velocity, τcr is critical shear stress calcu-
lated using Eq. 9–11, and C is the Chézy roughness coefficient
(m0.5 s−1), which is can be empirically approximated for
hydraulic rough flow as (Van Rijn 1993, chapter 2):

C =18log10
12d
ks

ð19Þ

where d is water depth (m), which in the case of the
TiDyFLOW is defined as the height at which flow is generated
(0.1 m), and ks is the equivalent roughness height which for
unidirectional flow is calculated using Eq. 13 with θcr,ur calcu-
lated for unidirectional flow as (Camenen et al. 2006):

θcr,ur = 1:18
F1:4

Ws*
0:7 ð20Þ

where F is the Froude number for unidirectional flow:

F =
ucrffiffiffiffiffi
gd

p ð21Þ

In situ erosion threshold measurements within seagrass
vegetation

Erosion threshold measurements were also conducted in
situ on a Thalassia testudinum bed in Lac Bay, Bonaire (12�060

N; 68�130 W), to assess the difference in sediment sheltering
by flexible vegetation between unidirectional currents and
oscillatory flow. Both flumes were placed on various locations
inside the meadow, covering a range of shoot densities
between 480 and 800 shoots per square meter and two shoot
lengths; undisturbed (0.181 ± 0.038 m) and grazed
(0.043 ± 0.016 m). Additional control measurements were con-
ducted on bare sediments. Like the erosion threshold measure-
ments on bare artificial sediments, flow velocity and peak
oscillatory velocity were gradually increased until incipient
sediment motion was observed. ucr was measured three times
on each location and averaged.

Assessment
Flume hydrodynamics

The TiDyWAVE is able to generate peak oscillatory veloci-
ties between 0.09 and 0.32 m s−1, corresponding to wave
periods ranging from 4.0 to 3.5 s, respectively (Fig. 2A). The
velocity time series show a sinusoidal-like pattern with slightly
higher velocities in the positive direction, like shoaling waves
in the nearshore zone. This velocity difference is caused by
the pneumatic cylinder which moves slightly faster during the

590

de Smit et al. Introducing a wave-generating field flume



“pull” compared to the “push.” This is an inherent character-
istic of using this type of cylinder for moving water, as the
presence of the rod makes the volume smaller on the “pull”
side, causing the cylinder to move slightly faster with the
same airflow. The vertical Urms profiles (Fig. 2C) show no sig-
nificant variations over depth. This is in agreement with the-
ory, according to which the bottom boundary layer should be
smaller than 0.02 m, the lowest point at which the ADV was
placed. Moreover, the rigid paddles force the oscillatory flow
to be equal across the vertical.

In all spectral density plots, which show the distribution of
wave and turbulent energy over the frequency range (Fig. 2B),
there is a clear peak at F ≈ 0.25 Hz, which corresponds to the
wave period of T = 3.5–4 s. The rest of the spectrum follows a
slope of −5/3 corresponding to the Kolmogorov inertial sub-
range, i.e., the dissipation of turbulent energy toward higher
frequencies. There are some higher harmonics and reflections
visible in the spectrum, but their spectral density is at least

1.12–1.85 (95% confidence interval) orders of magnitude
lower than the spectral density of the user-imposed wave. The
frequency spectrum did not show any significant changes over
time during the measurement period (Fig. 3), indicating an
equilibrium between wave and reflection generation and dissi-
pation. This means that the forces on the bed are generated by
the user-imposed wave, and that the influence of internal
wave reflections and hydrodynamic conditions outside of the
flume on turbulence generation is minimal and will stay con-
stant even during longer duration measurements.

Comparing the TiDyWAVE hydrodynamics to natural
wave dynamics

Comparing the oscillatory flow in the TiDyWAVE with flow
conditions under natural waves (Fig. 4(A,B)) shows that
(1) waves in the TiDyWAVE are monochromatic, i.e., very lit-
tle difference between individual waves in terms of period and
velocity, whereas in the field the velocities and periods of indi-
vidual waves vary, (2) vertical velocity in the TiDyWAVE is
small compared to the horizontal velocity and only directed
upwards, whereas in the field both vertical and horizontal
velocity have nearly the same magnitude, and (3) the peak-
oscillatory velocity under the “troughs” of the TiDyWAVE is

Fig 2. (A) Oscillatory velocity time series measured at 0.15 m above the
bed for four velocity settings. For clarity only the first 15 s of the time
series are plotted, and lines were smoothed by averaging over a 0.1 s
moving window. The full, unsmoothed 180-s time series was used for the
turbulence spectra and other analyses. (B) Corresponding spectral density
plots of the flume test runs. (C) Root mean square flow velocity profiles.
The dashed black line indicates the range where the velocity profile is
influence by bottom shear stress according to Eq. 7.

Fig 3. Comparison of the frequency spectrum of the 3-min flow velocity
timeseries with ux,max = 0.32 m s−1 with the frequency spectra of 1-min
windows from the same timeseries: (A) minute 1, (B) minute 2, and (C)
minute 3.

591

de Smit et al. Introducing a wave-generating field flume



maintained for a short period, whereas under natural waves
the peak velocity is more instantaneous. (1) translates to a
wider energy peak in the frequency spectrum for field waves
compared to the oscillatory flow in the TiDyWAVE (Fig. 4C).
While (1) is desirable for obtaining accurate measurements,
(2) limits the measurement capabilities of the TiDyWAVE to
boundary layer process related measurements (e.g., erodibility)
only, and (iii) increases Amax in the TiDyWAVE compared to
natural waves similar in peak orbital velocity and wave period.
However, the effect of Amax on shear stress generation remains
minor and decreases toward higher oscillatory velocities as it
only indirectly influences shear stress through the friction fac-
tor (see Eq. 8 and 12).

While wave reflection is small in the TiDyWAVE in terms
of energy, they are completely absent for field waves (Fig. 4C).
The enclosed design for the TiDyWAVE is necessary to prevent
leakage, but causes wave reflection and limits the water move-
ment to a fully oscillatory motion. However, both field waves
and oscillatory flow in the TiDyWAVE show a clear peak
around the peak wave frequency followed by turbulent energy
dissipation toward higher frequencies of similar magnitude,
indicating that the TiDyWAVE is able to induce the main
components of wave energy and is similar to natural waves in
terms of turbulent energy magnitude.

Comparing the TiDyWAVE hydrodynamics to the physical
design conditions

Figure 5 compares the wave height—period generation capa-
bilities of the TiDyWAVE in its current configuration
(umax = 0.32 m s−1) against observed offshore waves in the
Western Scheldt and Wadden Sea for three imposed depths
(1, 2, and 3 m). With an imposed water depth on 1 m, the
TiDyWAVE is able to generate the 19.4% and 15.9% highest
waves occurring in the Western Scheldt and Wadden Sea
respectively in terms of near-bed peak velocity. However, dur-
ing the storm surge conditions when the highest waves occur,
the water levels on the tidal flats and shoals are generally higher
as well, reducing the near-bed peak velocity. Therefore, wave
generation percentiles for 1 m water depth are an underestima-
tion. For imposed water depths of 2 and 3 m, the TiDyWAVE is
able to generate the near-bed velocities of more extreme waves,
the 4.6% and 1.1% highest waves occurring in the Western
Scheldt and the 3.8% and 0.7% highest waves occurring in the
Wadden Sea. The TiDyWAVE is thus able to generate both the
typical near-bed peak velocities during average conditions with
low water depth and the extreme near-bed peak velocities dur-
ing storm conditions corresponding to higher water depths.

Erosion thresholds on bare sediments
On bare sediments, ucr is consistently lower for oscillatory

flow compared to unidirectional currents (Fig. 6A). Measured
ucr was 47%, 44%, and 33.5% lower under oscillatory flow for
the spherical, cylindrical, and moderately sorted sediments,
respectively. There is a good correspondence between measured
ucr and predicted ucr for spherical sediment specifically, for
which the presented theory is strictly valid only, with both the
TiDyWAVE, where measured ucr is 1.68 cm s−1 higher, and the
TiDyFLOW, where measured ucr is 0.79 cm s−1 higher. As
expected, the cylindrical and moderately sorted sediments gen-
erally showed lower predicted ucr-values compared to the mea-
sured ucr due to the influences of respectively paving (a grain
shape effect) and hiding-exposure mechanisms (a grain sorting
effect). For the cylindrical sediment, the measured ucr is 3.04
and 3.50 cm s−1 higher than predicted ucr for the TiDyWAVE
and the TiDyFLOW, respectively, and for the moderately sorted
sediment the measured ucr is respectively 4.47 and 1.8 cm s−1

higher. The good correspondence between measured and calcu-
lated ucr, specifically for the spherical sediment, implies that the
TiDyWAVE can induce near-bed oscillatory motion which is
similar to natural near-bed wave motion in both near-bed
velocity and turbulence characteristics, which drive the stochas-
tic movement of sediment grains near the erosion threshold
and are therefore inherently accounted for in empirical predic-
tors, as they have been derived from flume measurements.

Erosion thresholds on vegetated sediments
Similar to bare sediments, ucr with oscillatory flow is also

consistently lower than with unidirectional currents on a
Thalassia testudinum bed (Fig. 6B). In both cases, ucr increases

Fig 4. (A) Velocity time series measured at 0.15 m above the bed in the
TiDyWAVE and (B) in the field. For the TiDyWAVE umax is 0.32 m s−1, and
for the field measurements the significant peak orbital velocity, defined as
the mean of the highest 1/3rd peak orbital velocities, is 0.32 m s−1. (C)
Corresponding spectral density curves.
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with increasing blade area (R2 = 0.86 and R2 = 0.81 for the
TiDyFLOW and the TiDyWAVE, respectively). However, under
oscillatory flow ucr increases at a 3.5 times slower rate com-
pared to unidirectional currents. Clearly, the protective effect
of seagrass on the sediment is much smaller under wave forc-
ing than when exposed to unidirectional currents. Moreover,
ucr under oscillatory flow is lower for the grazed Thalassia
testudinum compared to bare sediment (Welch’s T-test
p = 0.054), whereas ucr on bare vs. grazed is similar under uni-
directional flow (Welch’s T-test p = 0.364). This indicates that,
in short and sparse canopies, seagrasses may have a protective
effect under unidirectional flow while erosion is enhanced
under oscillatory flow.

Discussion
Opportunities and limitations of oscillatory channels

Current challenges with respect to climate change and
nature-based flood defense call for field-based approaches to

study ecosystem resilience to hydrodynamic and specifically
wave forcing in situ. To be able to determine coastal ecosys-
tem stability under future wave conditions, there is a need for
wave-generating field flumes, while so far field flumes have
been limited to unidirectional currents only. Here, we have
shown that the TiDyWAVE is able to successfully induce near-
bed wave motion to measure erosion thresholds of non-
breaking waves in situ. The similarity of the turbulence spectra
of natural waves and oscillatory flow in the TiDyWAVE and
the good correspondence between calculated and measured
erosion thresholds of low-density particles, which are particu-
larly sensitive to vertical flow fluctuations induced by pressure
gradients, shows that the TiDyWAVE can reproduce the near-
bed hydrodynamic processes well enough for measuring ero-
sion thresholds in an ecological setting. Comparing measure-
ments with the TiDyWAVE and a unidirectional field flume
(the TiDyFLOW) on Thalassia testudinum revealed a large dif-
ference in the sheltering capacity of flexible vegetation under
wave or current dominated conditions, indicating the

Fig 5. Wave period—Height relations and their relative probability of occurrence for (A) the Western Scheldt, and (C) the Wadden Sea (dots), and the
wave period-height relations of the TiDyWAVE for different imposed depths of 1, 2, and 3 m (lines). The black lines indicate wave height limitation due to
the maximum velocity generated by the TiDyWAVE, and the red lines indicate wave height limitation due to wave breaking. umax—Occurrence percentile
relations for (B) the Western Scheldt, and (D) The Wadden Sea at 1, 2 and 3 m depth. For clarity, A and C show the daily 90th percentile significant wave
heights, whereas the full 10-min resolution dataset was used to calculate the percentiles in B and D.
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importance of imposing representative hydrodynamic condi-
tions in ecosystem stability studies.

Comparing the TiDyWAVE hydrodynamics to natural
conditions

The TiDyWAVE has proven to be easily deployable at vari-
ous field settings, due to its compact dimensions. Despite giv-
ing valuable results, the compact design also imposes some
hydrodynamic limitations, which need to be considered. A
major difference between oscillatory flow in the TiDyWAVE
and orbital flow under natural waves is the absence of vertical
velocity in the TiDyWAVE, whereas outside the boundary
layer the horizontal and vertical velocity under natural near-
shore waves are similar in magnitude (see Fig. 4). This means
that oscillatory channels like the TiDyWAVE are not suitable
for studying processes affected by flow above the boundary
layer (Clubb 2001), such as flocculation and settling of fine
sediments or nutrient and gas exchange in the canopy–water
interface. Under nonbreaking waves however, the onset of
erosion is dominated mainly by turbulence within the bound-
ary layer (Kleinhans and van Rijn 2002; Tinoco and
Coco 2018), where vertical flows are near zero. Since the
height of the boundary layer remains very small compared to
the water depth under short-period waves, oscillatory flow
channels can represent near-bed hydrodynamics fairly well
(Jonsson and Carlsen 1976).

Estimating ucr within flexible vegetation, using
unidirectional vs. oscillatory flow

Comparison with a more traditional unidirectional field
flume revealed that a difference in the sheltering mechanisms
by flexible vegetation leads to a significant difference in mea-
sured ucr on bare sediments and Thalassia testudinum beds,
which increases with increasing blade area. The “flapping”
motion of flexible vegetation under waves allows flows to pen-
etrate through the canopy more easily, increasing shear stress
at the bed compared to unidirectional currents with similar
energy where the flexible vegetation is deflected downwards,
generating a skimming flow over the canopy, shielding the
seabed (Koch and Gust 1999; Järvelä 2005). In this study,
short canopy Thalassia testudinum beds were found to decrease
ucr compared to bare sediment under oscillatory flow, whereas
no effect was observed under unidirectional flow. Contrast-
ingly, Christianen et al. (2013) reported lower erosion rates,
implying higher erosion thresholds, in short canopy Halodule
uninervis beds compared to bare sediment. However, shoot
density was 4–7 times higher (�3350 vs. 480–800 shoots m−2)
than this study, indicating in accordance with laboratory
flume experiments that a shoot density threshold may deter-
mine to which extent short canopy seagrasses reduce or
increase erosion (Nepf 2012; Tinoco and Coco 2018), and that
this threshold differs between unidirectional and oscillatory
flow. Note that in the flume study of Tinoco and Coco (2018)

Fig 6. (A) Measured and calculated erosion thresholds of the TiDyWAVE and the TiDyFLOW for spherical, cylindrical, and mixed sediments. (B) Thalassia
testudinum blade area per m2, calculated as shoot density × shoot length × blade width, against ucr measured in the field with the TiDyFLOW and with
the TiDyWAVE.
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the near-bed velocity inside the canopy was measured,
whereas in this study the velocity above the canopy is mea-
sured because (1) it is impossible to reliably obtain detailed
boundary layer measurements in the field and (2) the
corresponding wave conditions can be calculated directly from
the free-stream velocity. Therefore, Tinoco and Coco (2018)
observe a decrease of near-bed ucr with increasing shoot den-
sity due to increased near-bed turbulence, while in this study
an increase of ucr is observed toward higher shoot densities.
However, as the measured ucr above the canopy is based on
incipient sediment motion inside the canopy, the effect of
shoot density on near-bed ucr and the effect of canopy density
on flow attenuation are inherently accounted for.

Promising research directions using a field-flume like
TiDyWAVE

As is shown in this study, it is possible to measure hydrody-
namic thresholds in subtidal marine ecosystems in situ using
the TiDyWAVE. The clear Plexiglas walls allow for observation
by divers and underwater cameras, and the modular flume
design allows for easy fitting of sensors such as ADV’s and tur-
bidity loggers. Because of the enclosed design of the flume
channel, it is possible to filter the water, allowing for observa-
tions of sediment resuspension even in turbid environments.
An important application of the TiDyWAVE is the in-situ mea-
surement of erosion thresholds of natural sediments with or
without biological structures in wave-dominated environ-
ments. Besides measuring erosion thresholds, it is also possible
to measure other hydrodynamic thresholds in situ, such as
uprooting of aquatic vegetation (Fonseca et al. 1982; Infantes
et al. 2011), dislodgement of bivalves (Kangeri et al. 2016), or
removal of protective biofilms (Droppo et al. 2007).

Careful consideration however is needed for choosing the
ideal flume type for each experiment. Small laboratory flumes
such as annular flumes (Widdows et al. 1998; Cozzoli
et al. 2018) and wave mesocosms (La Nafie et al. 2012) can be
used to conduct high numbers of long-term repeated experi-
ments on the effects of hydrodynamic conditions on specific
species. Larger flumes can be used to study hydrodynamic pro-
cesses in more detail than is possible with the TiDyWAVE, for
example detailed boundary layer processes (Butman et al. 1994;
Van Duren et al. 2006) and wave attenuation under storm
conditions (Möller et al. 2014). However, the ability of the
TiDyWAVE to impose specific wave conditions in situ on nat-
urally formed ecosystems makes it a valuable tool to explore
(1) the hydrodynamic effects of climate change on coastal eco-
systems and (2) to what degree coastal ecosystems remain sta-
ble enough for coastal protection purposes.

Technical considerations involved in increasing flume
dimensions to generate stronger waves

The configuration of the TiDyWAVE as presented in this
study mainly focuses on portability in order to conduct a high
number of short-running experiments along ecological

gradients in the shallow waters of fetch- or depth-limited
coastal systems. However, the TiDyWAVE has been designed
with a relatively simple and modular construction, so that it
can be scaled. For example, the channel width or height could
be increased to accommodate larger structures. Besides shallow
subtidal environments, a TiDyWAVE flume could also be
applied in deeper waters. The pneumatic components operate
best at an air pressure of 10 bar, and can withstand pressures
of up to 16 bar, which corresponds to a technical water depth
limit of up to 100–160 m. The delay in pressure build up how-
ever becomes significant with increasing pneumatic tube
length (Sinclair and Robins 1952), which may complicate the
control on the movement of the pneumatic cylinder.

For cases where high oscillatory velocities or longer wave
periods are needed to induce extreme conditions in more
exposed areas than estuaries and shallow basins, the flume
length may be increased. Increasing the paddle stroke length
will increase the maximum oscillatory velocities and wave
periods that the TiDyWAVE can generate. Considering that
the piston provides more than enough force, umax is limited
by paddle stroke length

umax =
1:2πls
T

ð22Þ

where ls is the paddle stroke length (m). The factor 1.2 is
derived from the difference between umax assuming a fully
sinusoidal movement and measured umax for the current con-
figuration of the TiDyWAVE. For example, with a stroke
length of 0.9 m umax would be 0.76 and 0.97 m s−1 for the
Western Scheldt and Wadden Sea, respectively, taking in
account that the highest waves have periods in the order of
4.5 and 3.5 s. Vice versa, the maximum wave period could for
example also be increased to 6.8 s for a umax of 0.5 m s−1. The
portability will however be greatly reduced, as both the length
of the bottom plate extension and the measurement area need
to be increased accordingly. We suggest a measurement area
of at least the length of the orbital magnitude (i.e., the paddle
stroke length). Secondly, the presence and scale of bed forms
and slope gradients make it increasingly difficult to deploy
longer field flumes without compromising the seal with the
seabed, which will cause scouring especially during longer-
running experiments. Therefore, there are no ideal dimensions
for the TiDyWAVE. Rather, it is a trade-off which depends on
the specific application and study location that the user has
in mind.

Conclusions
The TiDyWAVE is a small, portable field flume capable of

inducing near-bed wave motion that was designed based on
the proven principle of oscillatory flow channels. It can
impose controlled hydrodynamics in situ, which allows for
direct measurements of biogeomorphological thresholds in
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naturally formed ecosystems. Field flumes are less hydrody-
namically accurate than laboratory flumes. However, in situ
control of less accurate hydrodynamics is still desirable as
hydrodynamics can be quantified, whereas the effect of eco-
system transplantation or formation in laboratory flumes
cannot.

This study shows that the TiDyWAVE can generate near-
bed flow, shear stress, and turbulence patterns, which are suffi-
ciently similar to natural wave dynamics for ecological studies.
This is confirmed by the similarity between natural and flume-
generated turbulence spectra and good agreement between
measured and predicted ucr for low-density bare sediments,
which are particularly sensitive to pressure gradients.

Comparisons between the TiDyFLOW and the TiDyWAVE
show the importance of imposing representative water
motion, i.e., unidirectional currents or waves, on the ecosys-
tem. The difference in ucr can be explained by theory for bare
sediments. However, on marine ecosystems with aboveground
structures the theory does not hold. For example, on ecosys-
tems with flexible vegetation the ucr-difference increases with
increasing vegetation density, as flexible vegetation is much
more efficient in reducing shear stress under unidirectional
compared to oscillatory flow.

Data availability statement
The data used in this study is publicly available at 10.4121/

uuid:b106b898-2fe6-4a3a-8292-2222fc82dc65.
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