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ABSTRACT turbulence characteristics through and over large,
uniform stands of vegetation [2, 5, 10 and references

: 2 it therein]. However, macrophyte growth in rivers and
around live macroalgae within a tidal inlet Norway. Two | lonizati f i is tvpicall
Laminaria digitata specimens ~0.50 m apart were selected fofnacroalgaé colonizanon ol coastines 1s typically

detailed study and a profiling ADV was used to collect 45 patChY and, therefore, Naden et al. [11] appealed for
velocity profiles, each composed of up to seven 35 mm-highexperimental worko improve understanding of effect

profiles collected for 240 s at 100 Hz, at a streamwise spacingof vegetation patches or individual large plants and
of 0.25 m and cross-stream spacing of 0.20 m. To quantify theheijr arrangement on flow fields. Experimental studies
impact of the macroalgae, measurements were repeated over ggest that the extent to which a patch modifies the
sparser grid after the region had been completely cleared oﬁj field is d dent the frontal lanf
algae and major roughness elements. ow Tield Is dependent upon the fronial or planiorm
area.Zong and Nepf [12] reported that the effect of a
KEY WORDS: Dealiasing; Laminaria digitata; Turbulence; dense patch is equivalent to a solid body of the same

In this paper, we quanyifthe mean and turbulent flow fields

Vectrino Profiler; Velocity Profile. width; streamwise velocity begins to decrease
approximately one patch width upstream of the patch.
INTRODUCTION Conversely, turbulence levels increase at the leading

edge of a patch [12]. As the frontal or planform area
In recent years, a significant amount of research hagends to zero so the adjustment length also tends to
studied the interactions between immersed vegetatiozero. Velocity is strongly reduced within a patch
andflowing water [e.g. see review by 1]. Whilst early whereas the flow is highly accelerated above and
physical modeling and theoretical studies employedaround it [11]. However, at low flows, a zone of
rigid structures such as wooden dowels, recent studiegicreased velocity occurs near the bed that extends
have progressed to flexible surrogate plants [e.g., 2, 3along the length of the patch [7]. Velocities tend to be
4, 5, 6, 7]. However, even appropriately-scaled|aterally uniform over most of the patch width,
flexible surrogates fail to capture the variability in increasing toward the free stream within a few stem
thallus morphology, flexibility and strength, both diameters of the patch edge [12]. A horizontal shear
within and between individuals, and frontal area (for jayer with a width comparable to the patch width [13]
rigid organisms) or planform area (for flexible develops between the water-surface and a specific
organisms like macroalgae [8]) over space and timedepth within the canopy [3], while a near-vertical
that may force spatio-temporal variability in mean andshear layer may also form at the patch edge. [14]
turbulent flow fields [6]. For example, in their flume Coherent vortices in these shear layers may dominate
experiments, Siniscalchi and Nikora [9] found that the turbulent flux of momentum across the patch edge
different species of aquatic plants responded[14], but the three-dimensionality of the wake and
differently to similar hydrodynamic forcing. high background turbulence levels should disrupt

periodic vortex formation [15]. At the downstrea
Aquatic vegetation can form dense, uninterruptededge of a patch, velocity profiles slowly return to the
canopies as well as distributed patches. There havgndisturbed upstream condition. Folkard [4] studied
been a number of experimental and computationathe effects of the wake caused by one patch on an
studies on the mean fully-developed flow and adjacent downstream patch and found that patch



spacing relative to total wake length and the location N L
of the wake Reynolds stress maximum controlled the w{:)_s [g‘ ﬁf’
turbulence within the downstream patch. Wake length I {,—} ),_/.q :
was a function of discharge, leaf length, flow depth, g‘@ gd el
and patch separation [4]. Maltese et al. [6] focused on ez & 4 \ S o x’"{/’?
. . Ny e e

the spatial patterns of coherent turbulent structures ir| AL ] P 4 smgs@/f({
vegetation gap environments. e Zadl o S s 9?\_

2 , 7 f /\:’Lﬂ
Although a number of field studies have been carried| - /_,/’;//_J":_;—Jj

out [e.g. 11, 13, 15], measurements of hydraulic ¢ TEI 8
variables have generally been limited to time-averaged,\-_r 5 o /\ ey
ata-point measurements that aim to approximate the b o

depth-mean velocity. This is problematic because in \,\n—-f L g L "
spatially heterogeneous flows, point measurements ar D T o R “"¢"
dependent upon the sampling location [16, 17]. For / { Trondhelm. —
example, measurements over entire channel cross Ty P
sections [11 13] indicate that velocity profiles are /

highly variable and dependent on the locations of
plants and the type of plant assemblage. Fairbanks an
Diplas [reported by 3] examined turbulence statistics | . ot
in the vicinity of a rigid canopy and found that both N it iepchin
the longitudinal and vertical turbulence intensity | :
profiles were variable and dependent on the spatia
sampling location. Such sensitivity may be
ameliorated through application of the double |&
averaging methodology over an appropriate spatial|
averaging volume [16, 17].

Thus, there is a need to undertake experimental wor
using live plants, in order to quantify the mean and
turbulent flow fields within and around different plant ;
forms under different flow velocities and depths, < a S P
especially in natural environments [11]. Furthermore, ! A el
although marine macroalgae tend to hav'e1\',:V'V‘f’/\,v'2 r’;‘igigﬁgﬁtggraphs of the study area (from
morphologies that are significantly different to those ' :

of freshwater macrophytes, no studies have sample%
the flow patterns and turbulence characteristics aroun ridge that marks the seaward margin of the inlet (Fig.

macroalgae anq.their impact upon flow fields has thus2). This outlet channel is pinned to the northern edge
not be.e” quantified. In the present study, we therefor%f the delta and thus the depth of water over the delta
guantify: 1.) the mean and turbulent flow field around shallows from west to east and from north to south.

macroalgae at a vegetated field site; 2.) the Iocation%_Or much of the delta, the average water depthabov
and biomechanical properties of the algae [see 18], i

and 3.) the mean and turbulent flow field after algaethe flat sandy bed is ~0.5 m.
were completely removed.

Trondheimsfjord

e

obble bed that is 15 m wide and up to 4 m deep at the

An 11 m long x 6 m wide region in the southwestern
part of the delta was selected for intensive study. Due
to the dimensions of the inlet (370,006)mand the
small cross-sectional area of the outlet channel, the
tidal range is relatively small; during the sampling
period (May 2012), the water level in the study area
varied by ~0.5 m. Tides are semi-diurnal, strongly
isymmetric and flood-dominated; the flood tide lasts

METHODS

The study site is a small tidal inlet located at the
entrance of Trondheimsfjord, Sgr-Trgndelag, Norway
(Figs. 1 and 2). The inlet is approximately triangular
in planform, with its mouth to the northwest. The

deepest parts of the inlet are to the centre an or ~3.5 hours while the ebb lasts for ~8.5 hours. All

northeast, where the depth is between 25 and 30 m. : : .
delta, formed of coarse sand and broken shells, ha_l_elouty measurements were made during the ebb tide.

been deposited in the northwest corner of thet inle
(Fig. 2). This delta is fed by a channel with a gravel-

he catchment area of the bay is negligible (1.8)km
Therefore, the salinity in the inlet is close to the values
found in the fjord (31+4 ppm), and varies depending


http://www.norgeskart.no/

on the thermal and tidal conditions. Within the 11 x 6 Therefore, the phase angle from which the Doppler
m region, two Laminaria digitata specimens ~0.50 mfrequency is determined has to be in the rang®e =;
apart were selected for detailed study and a 2 m long ¥ it falls outside this range, phase wrapping or
8 m wide frame was oriented around them by aliasing will occur [22

enforcing zero net cross-stream and vertical discharge

at the upstream edge, which was ~0.46 m upstream d¥elocity data collected with the Vectrino Profiler and
the algae. Within this frame, a profiling ADV (Nortek stored in orthogonal Cartesian coordinates were first
Vectrino Profiler) was used to collect velocity profiles, transformed into their constituent beam velocities
each composed of seven 35 mm-high prsfile using the transformation matrix of the probe. The
collected for 240 s at 100 Hz, at a streamwise spacingliased phases were then recovered by multiplying
of 0.25 m and cross-stream spacing of 0.10-0.20 mthese velocities by the quotient of & and the ambiguity
These were collected at 45 planform locations. Atvelocity, given by 4/cPRF, where c is the speed of
eachlocation, the Vectrino Profiler was used to collect sound. For each beam, the resulting phase data were
velocities in  three orthogonal directions that passed to the two-step non-continuous quality-guided
correspond to the streamwise (u), cross-stream (V) andath (TSNCQUAL) algorithm of Parkhurst et al. [19],
vertical (w) velocity components as defined by the which was designed for real-time usage during Fourier
zero net cross-stream and vertical discharge along thprofilometry of human patients undergoing
long-axis of the instrument frame. The Vectrino radiotherapy treatment. In short, the algorithm is
Profiler has a claimed accuracy of 1 mm+0.5% of  similar to the NCQUAL algorithm, except that a
the measured velocity. Velocity profile measurementspreprocessing step has been introduced to reduce the
were repeated over a sparser grid after the region hadumber of sorting and merging operations, yielding a
been completely cleared of macroalgae and majosignificant performance increase [1@fter the beam

roughness elements (i.e., boulders). velocities were dealiased, the transformation matrix
was inverted to obtain the velocities in the original
Vectrino-11 velocity post-processing Cartesian coordinate system. Fig. 3 shows an example

of a severely aliased dataset, collected during
Velocity post-processing steps included 2-D phaseunrelated flume experiments, before and after
unwrapping or dealiasindl9], phase space threshold dealiasing.
filtering [20] and correlation threshold filtering [after u-velocity
21]. All steps were implemented within fully msh
vectorized MATLAB code. @)

2-D Phase unwrapping or dealiasing. The need to | , : I
phase unwrap or dealias acoustic Doppler velocitie:- b e S 1

obtained with the pulse-pair algorithm is described by - Kb ' ' o
Franca and Lemmin [22]. The signal emitted by the -
transmitter consists of a short pulse of ultrasonic (®)

waves (typically four or eight sinusoidal waves with | -T";; 1k 1 T ] o I
frequency 4) repeated at the pulse repetition - & o0 0 L i Il o R | |
frequency PRP) which is much lower tharn, 22]. At R o AR B R R
This signal is then reflected by targets moving througt 1 0 L L I

the sampling volume, which modifies the frequency of Fi . S , e

. . ig. 3 (a) Severely aliased Vectrino Profiler streamwige (u
the pulse by an amount Proport'oﬁa' t(_) the velocity Ofvelocity dataset from a laboratory flume experiment over a
the targets in the target-receiver direction (the Dopplefcoarse, immobile, gravel bed. (b) The same dataset after
frequency, §). The mean value of,fcorresponds to dealiasing. Velocities were sampled for 240 s at 100 Hz,
the phase angle of the autocorrelation function of theyielding 24000 samples in each bin. For the 35 bins, the
complex echo signal (z(t) = I(t) + iQ(t)), estimated for algorithm of [L9] detected that between 11631 and 14020 of the

. samples were aliased.of the aliased dataset ranged from 0.15
a sample oNPP consecutive values [23 t0 0.213 m & and RMS ranged from 0.157 to 0.195 rit-si of

NPP1 the dealiased dataset ranged from 0.283 to 0.337 and
7 = PRF i n~1 [Zm (Qi1i+1—Qi+1’i)] 1) RMS, ranged from 0.056 to 0.083 ril.Data were collected
b= 2n SNEP Uil 141~ QiQi41) with a horizontal velocity range of 0.399 i Dealiased
statistics compared favorably to those collected with a
. . . horizontal velocity range of 0.901 it éno aliased samples;
where NPP is the number of pulse pairs and the indeXanged from 0.266 to 0.328 rit and RMS ranged from 0.054
i corresponds to a time step in thenldQ signal series, to 0.076 m3). Unsurprisingly, the algorithm failed when the
whose total number of elements is equal to the produciorizontal velocity range was set to a value ~ 1.

of PRF and the total time of acquisition [22].




Velocity filtering i, = u, — (i,). Form-induced stresses were computed
as(ii).

The phase-space threshold filter of Wahl [20] is well-

documented elsewhere and so will not be repeate(RESULTSAND DISCUSSION

here. Assuming a Gaussian spectrum for the acoustic

backscatter, Zedel and Hay [21] defined an upper limitUpstream of the algae, the streamwisg {elocity

for the standard deviation of the phase asprofile was approximately logarithmic with maxima

t/norminv(1 — p)/((1 + G)% + G2) , where  of ~0.10 m &, while cross-streanvj and vertical )
norminv(l — p) is the inverse normal function for a flows were minimal (Fig. 4). Between the algae_\mas
significance level op, and G is the gain factor, which region of downwelling i-velocity —0.035 m s Fig.
is 1.0 if the Vectrino Profiler is operated in single PRF 4), while at the outer edges of the algae, counter-
mode orPRF,/ (PRR-PRR,) if the Vectrino Profiler ~ rotating velocity cells were generated]|(+0.04 m s;
is operated in dual PRF (extended velocity range)Fig. 4). Near-bedi-velocities were reduced to almost
mode. As the correlation coefficient,?, Rbetween zero near and immediately downstream of the algae,
successive samples obtained by the Vectrino Profilebut theu-velocities above the algae were unchanged
is normalized, the minimum permissible correlation (Fig. 4). The extent of the velocity reduction is
coefficient at a given significance level can then becontrolled by the momentum-absorbing area of the
estimated as [31 algal blades [3]. The effect of the blades of the algae
near mid-depth was therefore to cause the classical S-
)2 shaped velocity profile observed previously [e.g. 1, 4,

—NPP/ T

1006 2 \norminv(l—p)\/((1+G)2+GZ)

11] for submerged vegetation. Immediately
(2) downstream of the alggg) the flow above the blades

behaves somewhat like a jet [13], decelerating in the
Velocities with B values less than this were replaced downstream direction (Fig. 4) and being redistributed
with NaNs in the time series. Data suffering from by highly effective vertical momentum exchangé&][
aliasing also tended to suffer from lovf Walues and  This exchange was manifest in elevated magnitudes of
so this threshold was not applied to individual datau’w’ (~4 x 10* m’s?) just above the elevation of the
points that had previously been dealiased. Note thablades of the algae [3] near to and downstream of the
Zedel and Hay [21] specified a constant value foralgae (Fig. 4), reflecting turbulence production [2, 3
norminv(l — p) and thaNPP = 1. In the present work, 6]. However, near to the algae, the blades of the algae
p = 0.001 and all data were collected using the singleconfined slow-moving near-bed fluid and thus limited

PRF mode; therefore G =01 momentum exchange with the overlying upper flow
region (Fig. 4) [3, 16]. We infer that viscous diffusion
Time- and space-aver aged statistics caused Reynolds stress magnitudes to reduce with

downstream distance as coherent vortices advected
The mean velocities, Reynolds stresses, turbulentiownstream and upwards (Fig. 4). In typical mixing
kinetic energies and form-induced stresses presenteldyers and flows over aquatic canopies, it has been
in this paper were computed using only data that werebserved that sweeps (Q4 events) dominate at the top
retained after dealiasing and filtering (ignoring NaNs). of a canopywhilst ejections (Q2) dominate above the
On average 0.44% of data were dealiased and 7.89%anopy [6, 15], and we expect that this is also true
of data were removed by filtering. Raw velocity data here. The spatial patterns ©f 7, w, andu'w’ imply
were time-averaged (denoted by a straight overbar)ihat the flows around the algae at our field site are of
and then turbulent fluctuations (denoted by primes)intermediate relative submergencé6]] We may
were  computed using classical ~ Reynolds therefore identify four layers: (1) an upper flow region,
decomposition: u; =u; —u, , where uy is the in which the free surface restricts the development of
instantaneous velocity in th8 direction. The head of a logarithmic layer and causes the flow to be
the Vectrino Profiler comprises one transmitter anddominated by the length scales and relatively coherent
four receivers. It therefore provides two independentturbulence associated with layers 2 and 3 [5], which
vertical velocity measurements;, which is estimated  together form the roughness sub-layer; (2) the form-
using data from receivers 1 and 3 (that are aligned innduced (or dispersive) sub-layer, below the upper
the streamwise direction), ang,wvhich is estimated flow region and just above the canopy, where the
using data from receivers 2 and 4 (that are aligned inime-averaged flow may be influenced by individual
the cross-stream direction). Thus, i = 1-4. Time- canopy elements and thus the tefi&) may become
averaged data were then decomposed into spatiallynonzero; (3) the interfacial sub-layer, which occupies
averaged (denoted by angle brackets) and spatiallyhe region within the canopy where new contributors
fluctuating (denoted by a wavy overbar) components:ito the momentum balance appear: skin friction and
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Fig. 4. Stacked mean streamwise (U), cross-stream (V), and vertical (Wejwand Reynolds stress (U'W2") profiles at 45
downstream and cross-stream locations, measured while the studyaarkdlywegetated. Flow was from right to left. The sketches
show the approximate locations of the two L. digitata specinart®ordinates of (0.46,8Y) and (0.81, 1.16), respectively.

form drag; and (4) a sub-canopy layer. measurements relative to algal stipes and blades [see
also 11]. Near to the bed, TKE-values remained low
Upstream from the algae, there were two regions of(Fig. 5), suggesting the probable suppression of
elevated turbulent kinetic energy (TKE) aligned with sediment transport.
the algae [7], separated by a region of low TKE (Fig.
5). Near to the algae and within the algae, these twd\fter removal of the algae, cross-strearn)(and
regions of elevated TKE intensified and expandedvertical () velocities were small within the footprint
(Fig. 5), indicating increased turbulence, resulting of the frame and values afw’ were uniformly <1 x
from the shedding of vortices from the blades of the10* m’s? (Fig. 6). This indicates the dominance of
algae [56]. These patterns highlight the sensitivity of vegetation-induced over bedform- or bed roughness-
the spatial distribution of TKE to the position of generated shear [e.g., 13Fomparison of double-
averaged streamwise velocitigg)) indicates that in
the vegetated case, the average velocity profile was
significantly retarded below the elevation of the
canopy (Fig. 7), with the streamwise velocity
exhibiting a near-linear increase for much of the water
column (Fig. 7). A linear double-averaged velocity
profile is indcative of ‘k-type’ roughness (isolated
e roughness flow), in which negative average velocity
0.012 across a recirculation cell in the lee of roughness
§i§§ég elements combines with a standard boundary layer

00007 profile along the remaining part of the gap between
0.0005 roughness elements [17]. This indicates that the algae

0.0004

0.0003 are spaced sufficiently widely that there is no

0.0002

9.0001 interaction between their wakes. However, there is no
069, evidence of negativei -velocities in our dataset.
Fig. 5. Spatial variation of turbulent kinetic energy (TKE) Therefore, either a linear velocity profile is not

around two L. digitata specimens. Contours atx=0.5mand necessarily dependent upon the formation of a
(1)'35'“ were thegpo'ated fro{_“ dlata atx=0.25mand 0.75 m angecircylation cell or our sampling locations were too
-fomand 225 m, respectively. far downstream to capture the recirculation cell in the
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Fig. 6. Stacked mean streamwise (U), cross-stream (V), and vertical (Wejwand Reynolds stress (U'W2") profiles at five
downstream and cross-stream locations, measured after removal ofralhlgae and large roughness elements (i.e., boulders).

v— significantly increased roughness heights. Similarly,
maximum form-induced stresses({iiw)) occurred at
an elevation of 0.146 m and were approximately an
order of magnitude larger when macroalgae were
present (1.07 x IHmPs? than when macroalgae and
large roughness elements (i.e., boulders) had been
removed from the study area (Fig. 9). This pattern of
negative form-induced stresses (hence upwards form-
induced momentum transfer) is also consistent with
: . ‘k-type’ roughness (isolated roughness flow) [17
Fig. 7. Double-averaged streamwise velocity profiles measured
before (Vegetated) and after (Unvegetated) removal of all 0-16
macroalgae and large roughness elements from the study area.

0.14F

lee of the algae. In the unvegetated case, the velocity o1z}
profile was more closely approximated by the law of
the wall typical of a boundary layer (Fig. 7). Note that
the irregularities within these profiles are thought to
reflect uncertaintiein the calibration of the Vectrino

Profiler and are not indicative of any underlying
processes. 004y

0.02

0.10F

0.08 -

0.06 -

Roughness Height, tm)

Fitting the law of the wall to individuat-velocity
profiles (Figs. 4 and 6), revealed a reduction in  **t A ———

A B

roughness height from ~0.08-0.15 m near the I--Fig. 8. Box and whisker plot showing roughness heights, z
digitata specimens to ~0-0.006 m (Fig. 8). This computed by fitting the law of the wall to the stacked mean
reduction was reflected in the reworking of the bedstreamwise velocity profiles at all measurement locations when
sediments by the current and the formation of ripplesA. the study area was fullyopubted and B. after removal of
within the area. Note that the impact of macroalgae orfll macroalgae and large roughness elements from the study
roughness height was ratHecalized, with only those 263 The bounds of the boxes denote tHea2til 75

f . ) . L e percentiles, error bars denote th& add 9¢' percentiles and
profiles in the immediate vicinity of algae exhibiting gjid dots denote outliers.




Unegstated

\ phase of work involves repetition of the measurements
‘ within a 1:1 replica of the field prototype in the 11 m
- long x 6 m wide Total Environment Simulator of the

/ University of Hull. It is hoped that the datasets will
allow a greater understanding of the comparability of
observations gained in the field and the laboratory,
and the limitations and applicability of laboratory
experiments.

el drag force and projected area measurements. The next

Flevation sbove bed fm)

] 1 o8 [T Frl 01

Fig. 9. Vertical profiles of form-induced stress&six)) ‘ ACKNOWLEDGEMENTS
estimated from velocity data measured before (Vegetated) and
after removal of all macroalgae and large roughness elements The work described in this publication was supported
(Unvegetated) from the study area. ., th

by the European Community’s 7 Framework
Programme through a grant to the budget of the
Integrated Infrastructure Initiative HYDRALAB 1V,
Contract no. 261520. This document reflects only the
authors’ views and not those of the European
Community. This work may rely on data from sources
external to the HYDRALAB project Consortium.

CONCLUSIONS

In this paper, we used a profiling acoustic Doppler
velocimeter to quantify the mean and turbulent flow
fields around and between two Laminaria digitata

thalli in a tidal inlet in Sgr-Trgndelag, Norway. After

plants were removed, velocity measurements Wef%:?gfgsaﬂ;h: gL?f?eSr%rctjlubm gﬁ ngfi%CCZI?tt “Zg”gyrég[jlt
repeated over a sparser grid in order to differentiate 9 y any party

between the impact of the macroalgae and bedformgf errors or inaccuracies in such data. The information
on the local flow fields. The velocity and turbulence mr t\tlvlasr(rie(t)r:}tlmizm il\je%r(m;dte?heaisnﬁ)rr?qn;[igz ?Sugtr?g:e:n
data presented herein are the first spatialIy—distributeooalrticular y urg ose. The user thereof uses t)rlme
measurements around, within and above a sparsg - purpose. 1t .

bladed macroalgae canopy and the first to employ th hforman(_)n at its sole risk and neither the European
double-averaging methodology [16, 17]. Custom ommunity nor any member of the HYDRALAB
phase unwrapping, or dealiasing, scripts, as well as-onsortium is liable for any use that may be made of
spike and correlation filters were developed to proces%heeegnfog?;}g?en‘W'i:t'ﬁtljdutd?rtg Z\Os"sei;t;%rlgvz?ktjhgoérsac\:lgs
the data. This paper is the first to apply the state-of- P
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roughness flow) [17], velocity and turbulence profiles X i .
are highly variable and dependent on the locations O@oundatlon Trust, Manchester, UK, kindly provided

roughness elements (in this case macroalgae) relativwﬁiccr:] Z(IJIL;(/SS dC?hdeeIg;g]lzuptﬂgf?oungﬁﬁglg? 2&?\%*@’
to the sampling location [11, 13], emphasizing the ATLAB P 9

need to employ the double-averaging methodolog :
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