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Exchange Processes Induced by Large Horizontal
Coherent Structures in Floodplain
Vegetated Channels

Truong S. H.1,2 , W. S. J. Uijttewaal1 , and M. J. F. Stive1

1Hydraulic Department, Faculty of Civil Engineering and Geosciences, Delft University of Technology, The
Netherlands, 2Hydraulic Department, Faculty of Civil Engineering, Thuy Loi University, Vietnam

Abstract Mangrove forests along the Mekong delta estuaries are usually observed to degrade together
with the increasing extension of fish farms. In this limited-width condition, the formation of coherent
structures, their interactions with mangroves, the role of the width of the mangrove forest, and their
effects on the exchange processes between the open channel and the adjacent floodplain are still not well
examined. In order to obtain more insight, a unique laboratory experiment of a vegetated compound
channel mimicking estuarine mangroves has been conducted. The results show that in a compound
vegetated channel with a very gentle transverse slope, the vegetated shear layer dynamics resembled that
associated with vegetation rather than that associated with a depth differential. Furthermore, the flow
field under the effect of large horizontal coherent structures (LHCSs) shows a spatially and temporally
cycloid motion with associated flow events, namely, sweep, ejection, stagnant, and reverse flows. It is also
suggested that the coherent structures can have an influence on a broader area than the vegetation area
into which the eddy structures can penetrate. In terms of the exchange processes, the momentum transfer
and the intensity of transverse fluctuations induced by the LHCSs can be related to this phenomenon.
Consequently, decreasing the mangrove width can significantly affect the pattern of the LHCSs, disturb the
transverse exchange processes induced by these structures, and thereby changing the shear layer, creating
unfavorable conditions for sedimentation inside forests and for river bank stability.

1. Introduction
Along the Mekong estuaries, mangroves have rapidly been destroyed, largely due to conversion into fish-
ponds. The mangrove areas remaining have been squeezed into narrow strips often as small as 50 m
(Figure 1). Riverbanks at those locations are usually suffering from erosion with an average rate of 3 m/year.

Phan et al. (2015) and Truong et al. (2017) recently strengthened the hypothesized correlation between
coastal and estuarine mangrove squeeze and shore or bank erosion, respectively, for the Mekong Delta with
the explicit condition that they considered regions where sediment availability is not a restriction. The estu-
arine mangrove squeeze is the phenomenon in which the width of the mangroves is restricted causing the
degradation of mangrove forests as well as the erosion of the river banks (Truong et al., 2017). It is hypoth-
esized that a critical minimum width of the mangrove areas is required for the survival of the ecosystem,
whether the impacts come from natural causes, such as increasing relative sea-level rise or from human
activities, such as spatial squeeze, these causes are highly similar in terms of impact. In a physical sense,
active energetic processes require physical space to be able to absorb erosive forces and subsequently restore
the impact. The mangroves need these conditions as well to be able to follow a bio-cyclic evolution.

In the estuarine mangrove squeeze areas, the forest width is usually observed to be between about 50 and
600 m, which is small compared to the width of the main channel (about 1,000 to 2,000 m). Under these
conditions, the presence of lateral tidal creeks in those areas is hardly observed and can be ignored. The
main interaction is the lateral exchange through the mixing layer between the main river channel and the
vegetated floodplain region. In this sense, the hydrodynamics of a mangrove forest is similar to that of a
vegetated floodplain channel (Mazda et al., 1997; Truong et al., 2017; see Figure 1).

Many researchers have studied the flow field and exchange mechanisms in straight and meandering,
vegetated and nonvegetated channels, with or without the consideration of a floodplain. In recent decades,
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flow in floodplains, even outside
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• Large horizontal coherent structures
can have an influence over a larger
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• Reducing the mangrove width results
in more frequent LHCSs, increasing
the momentum exchange and erosive
forces at the vegetation interface
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Figure 1. Typical mangroves distribution along a straight part of Tieu
estuary, Vietnam, and the associated schematized bathymetry. Fish farms
constructed close to the water boundary push the mangrove into a narrow
fringe zone. This area is suffering from erosion with a rate of about
2.5 m/year (Truong et al., 2017). LHCS = large horizontal coherent
structure.

the large horizontal coherent flow structures (LHCSs) which are very
large compared to the length scale of water depth and caused by the
Kelvin-Helmholtz instability formed at the interface of the low flow and
fast flow region have been identified to play a significant role in the lateral
momentum exchange (Nadaoka & Yagi, 1998; Nezu & Onitsuka, 2001;
Tamai et al., 1986; van Prooijen et al., 2005; White & Nepf, 2007, 2008;
Xiaohui & Li, 2002; Zong & Nepf, 2010).

In a nonvegetated compound channel, the presence of the LHCSs is
mainly associated with the water depth differences between the flood-
plain and the open channel region. Based on experiments with a trans-
versely steep change in depth and by varying the ratio of the floodplain
depth to the main channel depth (Dr) as well as the channel geometry,
Knight et al. (2007) suggested that LHCSs on unvegetated floodplains
along compound channels are induced by a shear instability and mostly
appear where Dr is less than 0.344. As the depth ratio increases (Dr >

0.344), the large coherent structures appear less pronounced, and inter-
mittent boils become stronger (Nezu et al., 1999).

However, in a vegetated compound channel, vegetation not only adds to friction, turbulence, and drag forces
but also restricts the flow space. As a result, interactions between flow and vegetation in different areas, that
is, within the canopy or at the interface are more complex. On the one hand, drag forces induced by vege-
tation make the velocity difference between slow and fast flowing regions significantly larger. This makes it
possible for the LHCSs to become more pronounced and stronger. Hence, even in the case of Dr > 0.344,
large coherent structures in the presence of floodplain vegetation can still be observed (Knight et al., 2007).
On the other hand, the presence of vegetation contributes to the blocking of the LHCSs inside the forest,
inhibiting their evolution. By dividing the mixing layer into two different zones, each of which has its own
length scale, a new approach has been proposed by White and Nepf (2008). Their model makes it possible
to estimate the penetration level of the LHCSs into the vegetated region and should be considered the most
up-to-date model for a vegetated channel. However, this model is based on only one set of flume experiments
with rigid circular cylinders (Nepf, 2012), and the presence of shallow floodplains was not considered.

It is known that sediments tend to accumulate more inside the vegetated regions than outside of vegetation
(Vargas-Luna et al., 2015). This means that the vegetated regions are usually more elevated than the adjacent
areas. Furthermore, in previous studies (Table A3 in appendix), when taking into account the presence of a
floodplain, the transition slope of the floodplain is usually as large as 1:1 (FCF experiment data—Knight &
Shiono, 1990, 1996; Shiono & Knight, 1988, 1989, 1990) or 1:0.9 (Ikeda et al., 2000). However, in the Mekong
Delta Estuary, the situation is slightly different. The transition areas between the floodplain and the open
main river have a very gentle slope of around 1:10 (Truong et al., 2017). As the transition space from the
main channel to the floodplain increases, the flow field has more space to adjust the fast flow in the open
channel to the slow flow inside the vegetation. The mixing layer and its penetration into the floodplain are
likely to be affected. In this context, a vegetated floodplain channel with a gentle transverse slope appears
to represent a more natural profile for a vegetated channel than a vegetated channel with constant depth or
a vegetated floodplain channel with a steep or vertical slope (Figure 1).

Moreover, it is important to note that all studies mentioned above only focused on wide vegetation regions,
where the forest width is not a limiting factor and is always much larger than the lateral penetration of
the mixing layer. However, in reality, for example, along the Mekong Delta estuaries, shrimp farms have
increasingly been constructed, pushing mangrove forests into narrow strips. In this context, it is unknown
how the flow field, as well as the LHCSs, respond to changes of the forest width and how this so-called
squeeze effect (Truong et al., 2017) affects the exchange processes. Furthermore, the exchange processes
were studied only in the context of the sweep and ejection events, created as the LHCSs move along the
interface (White & Nepf, 2007). The transition period between these two successive events, that is, when a
sweep is followed by an ejection has received little attentions and thereby, the role of this transformation
period on the exchange processes in a vegetated compound channel is largely unknown.

In summary, although a number of studies have focused on the hydrodynamics of a floodplain vegetated
channel, the flow field and related exchange processes are still unclear. This is especially true in the natural
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Figure 2. Schematic view of the experiment setup (units in mm), the presence of large coherent structures in the flow
field. Not to scale. ADV = Acoustic Doppler Velocity; PIV = Particle Image Velocimetry.

cases of a gentle floodplain slope and squeeze conditions, that is, the conditions in which the width of the
vegetation is restricted (Truong et al., 2017). Therefore, the main goals of this paper are to (1) evaluate the
role and the effects of emergent vegetation on the hydrodynamics of a vegetated floodplain channel with a
gentle transition slope, (2) to understand the effects of the LHCSs on the flow field and their related exchange
processes; and (3) to relate these investigations to the squeeze effect.

2. Methodology
Physical modeling was chosen as a major approach. The experimental setup and measurements are
described in this section. After that, the effects of vegetation are studied by comparing results in similar
scenarios, with and without vegetation. Then, the significant role of the LHCSs is described, in relation to
the peculiarities of the complex flow field. Finally, the squeeze effect in relation to the width of the forest is
shown to play a role as it can directly affect the flows induced by the LHCSs.

The experiment was conducted in a shallow, free surface flow flume of the Fluid Mechanics Laboratory at
the Delft University of Technology. The flume is 20 m long, 3 m wide, and the maximum water depth is 0.2
m. For the experiments, the width of the flume was reduced to 2 m. The average water depth-width ratio is
about 1:20 and the depth-length ratio is about 1:130, creating a shallow flow condition (Jirka & Uijttewaal,
2004).

Figure 2 gives a top view and a cross-section of the experimental setup and sketches some flow features
observed during the experiment. The cross-sectional profile includes a gentle floodplain slope 1:10 that mim-
ics a typical riverbank slope as found at the Tieu estuary in the Mekong Delta. We will represent the squeeze
phenomenon by varying the floodplain width to a small value such that the ratio of floodplain width and
channel width Bf∕B < 1∕10.

Water depth and total discharge could be changed by means of a valve with a constant head tank and a
downstream sharp-crested weir. Upstream from the inflow section, behind the flow straightener, a thin foam
board was placed floating on the water surface to suppress small free surface oscillations. Some represen-
tative values of the flow quantities are water depth in test section H = 11.9 cm; discharge Q = 45 L/s; the
uniform velocity in the main channel Uc = 32.2 cm/s; the uniform velocity in the floodplain Uf = 20.9 cm/s
(no vegetation), and bottom friction coefficient cf = 0.0027. The bottom friction parameters were deter-
mined separately for the main channel (cf ,c) and for the floodplain (cf ,f ) according to the formula used by
Uijttewaal and Booij (2000) and Chu and Babarutsi (1988): 1√

c𝑓
= 1

k

(
ln

(
Re

√
c𝑓

)
+ 1.0

)
. In which k is

von Karman constant (0.4) and Re is the local Reynolds number. The bottom friction coefficient was then
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Figure 3. Staggered distribution of the cylinder arrays (units in mm)
representative for the dense and sparse scenarios.

determined according to c𝑓 = c𝑓,𝑓+c𝑓,c
2

to represent for the current sce-
nario. With this flume configuration, a large Reynolds number (62,000)
can be reached at moderate Froude numbers (0.58). In cases with vegeta-
tion, the representative values are water depth H = 12.2 cm; discharge Q
= 45 L/s; Uc = 35.6 cm/s; Uf = 2.1 cm/s.

In order to obtain a proper similarity between the experimental setup
and the practical situation of estuarine mangroves, the Reynolds number
is also considered. In practical situations, a representative mean velocity
measured inside the mangrove swamp is the order of magnitude of 0.02
m/s (Horstman, 2014) and the representative water depth is the order
of magnitude of 0.1 to 0.5 m (Truong et al., 2017). This means that the
Reynolds number in the floodplain is the order of magnitude of 1,000 to
10,000. In the experiment, the Reynolds number in the cylinder arrays
was kept as large as possible, in the range of 1,000 to 7,500, which can be
considered to be similar to the real situation. The Froude number is also
kept as small as possible (in the range from 0.3 to 0.6) in order to make
sure that the free surface effects are small.

Two main densities were considered in the experiment comprising sparse scenarios and dense scenarios. The
densest scenarios in the experiment are similar to the sparse cases of mangroves in reality. The presence of
“mangroves” in the experiment was mimicked based on the “solid volume fraction” of the mangrove which
is the relation between the total volume of the plants (Vp) and the control volume (V): Φ = Vp∕V = 1 − n.
For emergent cylinders, the solid volume fraction per unit volume can be then estimated: Φ = N · 𝜋 · d2∕4,
where n is the porosity of the plants, d is the diameter of a stem, and N is the density of mangroves.

In reality, the solid volume fraction of S.Alba in the sparse case can be estimated to be 0.04, including both
stems (d = 0.3 m, N = 0.5 m−2) and roots (d = 0.02 m, N = 25 m−2; Ranasinghe et al., 2010; Truong et al.,
2017). The density of the cylinder arrays then was determined based on the solid volume fraction of S.Alba.
Following the configuration in Figure 3, the number of cylinders (d = 0.01 m) per square meter is 556 and
139, yielding a solid volume fraction value of 0.04 and 0.01, respectively. The cylinder diameter was kept
relatively large in order to keep the Reynolds number based on this diameter large.

Because of the water depth difference between the floodplain and the main channel, the flow over the shal-
lower floodplain is slower than in the deeper main channel. As a consequence of this velocity difference, a
mixing layer develops between the floodplain and the channel. The transverse depth difference sustains the
velocity difference and the bed friction limits the growth of the mixing layer. As the mixing layer develops, it
achieves a constant width after 7 to 8 m in comparable laboratory cases with depths <0.1 m such as that of a
confluence with different inflow velocities (Uijttewaal & Booij, 2000), 7.5 m in cases of a compound channel
profile (Fernandes et al., 2014), and about 4 m in cases of a partly vegetated channel profile (White & Nepf,
2007). In the present experiments, velocity measurements were taken at the location where the mixing layer
is expected to be fully developed, at 5 m from the first row of cylinders. This was checked and confirmed
despite the slight nonuniformity due to the horizontal bed and the sloping free surface (see Figure A1 in
the appendix). The middepth mean streamwise velocity was measured using an Acoustic Doppler Velocity
meter (NORTEK,Vectrino) at a sampling rate of 25 Hz and the Particle Image Velocimetry (PIV) at a sam-
pling rate of 10 Hz was applied to measure the instantaneous movement of flow at the free surface (see

Table 1
Experiment Scenarios

Density 1 Density 2 Density 3
(no vegetation) (sparse vegetation) (dense vegetation) Uncertainty

𝜙 0 0.01 0.04 -
Cylinder/m2 0 139 556 -
Qinput [L/s] 46, 60, 80 46, 60, 80 46, 60, 80 5%

Hcontrol [cm] 12, 13, 14 12, 13, 14 12, 13, 14 2%
Floodplain Width [m] 0.5, 0.25, 0.1 0.5, 0.25, 0.1 0.5, 0.25, 0.1 2%
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Figure 4. Mean streamwise velocity profile (a, b) and Reynolds shear stress (−u′v′) (c, d) in scenarios for a 50-cm-wide
floodplain with no cylinders (a, c) and densely placed cylinders (b, d) configuration for different discharges and water
levels. Legend qxxhyy refers to a discharge of xx L/s and a water depth of yy cm. Crosses = q45h12; stars = q60h13;
plusses = q80h14; circles = q80h12.

appendix A1). Furthermore, direct measurement of the force on a single cylinder in streamwise direction
was conducted to examine the drag coefficient Cd. Four sensitive force sensors were mounted under the
cylinders located at different locations inside the vegetation region (y = −0.18, −0.06,−0.12, and 0 m).

Following the setup described above, experiments were performed for scenarios with different discharges,
water depths, and floodplain widths (Table 1). The detailed settings and description of the measurement
can be found in the Appendix A1. The role of vegetation, LHCSs, floodplain width, and their corresponding
effects on the flow fields in a compound channel with a gentle slope are the major interests and are analyzed
in terms of the mean streamwise velocities, the Reynolds' shear stresses (RSs), the power density spectra,
and the auto correlation functions (Rvv) for configurations of different mangrove densities and widths. These
values were determined from the data measurement according to their definitions (Pope, 2000; Uijttewaal
& Booij, 2000).

3. Results
This section of the paper presents the experimental results. The effects of vegetation in a compound channel
with a gentle slope on the shear layer dynamics at the vegetation edge were evaluated by comparing scenarios
with and without vegetation. The presence of LHCSs and their influences on the flow field were clarified
in terms of their flow events. Furthermore, the transverse exchange of momentum was examined and area
affected by the LHCSs are deduced. Finally, the squeeze effect, that is, the changes in the hydrodynamics of
a compound vegetated channel as a result of a decreased floodplain width was analyzed.

3.1. Role of Vegetation
The influence of vegetation on decreasing the flow inside the floodplain can be clearly recognized. In the
cases of a nonvegetated floodplain channel (Figure 4a), the velocity profiles can be divided into three main
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Figure 5. Power density spectra of lateral velocity fluctuations (a, b) and autocorrelation function Rvv (c, d) and at
different locations from the wall; y = −0.25 m located inside the vegetation, y = 0 m located at the vegetated floodplain
edge, y = 1.1 m located outside in the main channel; (a, c) no vegetation, (b, d) dense vegetation; 50 cm width,
discharge = 45 L/s, water level = 12 cm.

regions closely corresponding to their water depths, which are the floodplain area (from y = −0.5 to 0 m),
the main channel (from y = 0.8 to 1.5 m), and the transition area (from y = 0 to 0.8 m ).

In all cases with a 0.5 m floodplain width, from the main channel toward the floodplain, the mean stream-
wise velocity gradually reduces over the transition slope region. Laterally uniform values of the mean
streamwise velocity are presented right at the floodplain edge (location y = 0 m in Figure 4a). This implies
that the penetration of the main stream momentum into the floodplain region is zero. As the discharge and
water depth increase, the mean streamwise velocity increases substantially. However, the penetration of
the mixing layer into the floodplain region does not increase and the velocity gradient remains almost the
same. With vegetated floodplain channels (Figure 4b), it is observed that the presence of cylinders boosts
the magnitude of the velocity gradient about four times, from around 0.2 s−1 in scenarios without vegeta-
tion to 0.8 s−1 in scenarios with vegetation. Furthermore, the mean streamwise velocity suddenly decreases
significantly in the middle of the transition slope (y = 0.4 m) instead of gradually decreasing, in accordance
with the transition slope (from y = 0.8 to 0 m) as in the cases without vegetation. Also, a penetration of
the shear layer into the cylinder arrays of about 0.1 m can be observed through the lateral distribution of
the mean streamwise velocity. Furthermore, although the velocity gradient across the vegetated floodplain
edge increases with the increase of the discharge, the mean streamwise velocity and the penetration of the
shear layer into the canopy remain unchanged. Solely in the regions where there are no cylinders, including
transition slope and main channel, the mean streamwise velocity was significantly affected.

Figures 4c and 4d show the transverse profiles of the RSs (−u′v′) in different scenarios with and without the
cylinders. The positive values of the RSs indicate that the momentum is transferred toward the floodplain
area. Increasing the input discharge Q and water level H does increase the RSs. In cases without vegetation,

TRUONG ET AL. 6
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Figure 6. Representative ejections, sweeps, stagnation areas, and reverse flows captured in instantaneous velocity field
at free surface measured by Particle Image Velocimetry (black arrows), case of dense density, 50 cm width, discharge Q:
45 L/s, water level H: 12 cm (y < 0 indicates regions inside vegetated floodplain). The red arrows and the indicated
stagnation areas illustrate experimental observations inferred from the instantaneous streamlines (blue dashed-dotted
lines) of the instantaneous flow field.

the maximum values of RSs are located around the middle (y = 0.4 m) of the transition region (from y = 0 to
0.8 m). This means that the momentum exchange happens mostly at this location. However, in cases with
vegetation, the maximum value of RSs significantly shifts toward the vegetation edge (location y = 0 m).
The results also show that the magnitude of the RSs in the cases without vegetation is quite small relative to
that in cases with vegetation, by an order of magnitude. This demonstrates the role of vegetation in drawing
greater momentum flux toward the floodplain vegetation region.

The presence of the LHCSs at the channel-vegetation interface and the influences of vegetation on their
characteristics can be clearly identified in the power density spectra of the lateral velocity fluctuations v′ at
different locations along the cross-section (Figure 5). The results suggest that in cases without and with veg-
etation, there is a definite peak region in the power density spectrum, typically in the range of 0.05 to 0.1 Hz,
corresponding to a fluctuation time scale of 10 to 20 s, but with much higher amplitude in the vegetated cases.
The high-frequency side of the peak has a slope of approximately −3 indicating the large turbulence struc-
tures possess two-dimensional characteristics (Uijttewaal & Booij, 2000). The energy density then seems to
follow a −1 slope character (Nikora, 1999; Perry & Li, 1990), which indicates that the large structures no
longer possess the two-dimensional characteristic but sense the effect of the bottom friction.

Figures 5c and 5d show the representative profiles of the autocorrelation functions of the transverse veloc-
ity signals at different locations in cases without and with vegetation, respectively. In cases with vegetation
(Figure 5d), it can be seen that at first the autocorrelation function decreases sharply down to 0.7, represent-
ing the smaller, three-dimensional scales in the turbulence spectrum. Then, the correlation falls off slower
and its amplitude extrapolated to t = 0 indicates that the large coherent structures contribute about 60–70%
to the total normalized turbulent kinetic energy. Nevertheless, in cases without the vegetation (Figure 5c),
it is seen that quasi-two-dimensional structures contribute only to about 10% of the total energy as the

TRUONG ET AL. 7
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Figure 7. Representative Mean streamwise velocity in cases with
vegetation (a). Representative comparison between the normal and shear
stresses in the vegetated compound channel induced by the LHCSs (b). The
representative LHCSs captured through the streamlines of the
instantaneous fluctuating velocity field and its corresponding effect on the
mean streamwise velocity (c). Dense scenario, 50 cm floodplain width,
discharge = 45 L/s, water depth = 12 cm. LHCS = large horizontal
coherent structure.

autocorrelation function at the floodplain edge decreases faster to around
0.1 after 0.1 s. Furthermore, the auto correlation modulation, which is
related to the appearance of the LHCSs (Uijttewaal & Booij, 2000) is
much weaker in cases without vegetation compared to cases with veg-
etation. This confirms that the LHCSs in cases with dense vegetation
are stronger, more pronounced, and contain more energy than in cases
without vegetation. Moreover, the difference in the appearance of the
LHCSs in scenarios with and without vegetation implies that in the cur-
rent experiment, for conditions tested, the presence of vegetation appears
to be the dominant factor controlling the dynamics of the mixing layer,
rather than the depth differential associated with the floodplain.

3.2. Role of LHCS
In order to get an insight into how the LHCSs affect the flow field, it
is necessary to understand the movement of the structures themselves.
Although it is not always straightforward to visualize the LHCSs by sim-
ply looking at the velocity vector field in the PIV data set, the motion of the
LHCSs along the vegetation interface leaves an important trace, which is
the presence of stagnation areas moving along together with the LHCSs.
Capturing these stagnation areas and their movement within the vege-
tated floodplain area in the instantaneous velocity field (Figure 6) reveals
a cycloid motion.

As the large coherent structures move along the interface between cylin-
der arrays and the open channel, they create inflows, which we term
sweeps (u′ > 0, v′ < 0). In the beginning, the sweeps accelerate out-
side the vegetation as the depth decreases in the transverse direction.
However, when the sweeps enter the vegetation regions, due to the
surrounding slow flow and the drag forces of the vegetation, they are
strongly disturbed and decelerated significantly, even become stagnant
and reverse direction before flowing out from the cylinder arrays through
the ejection events at the end of the cycle. It is also observed that the
regions where the flows are almost stagnant (u, v ∼ 0), which are termed
stagnation areas, are found along the streamwise direction next to the
LHCSs.

The transverse velocity is hindered by the vegetation and the vertical wall which according to the Bernoulli's
principle lead to the elevated free surface at the stagnation points. This drives the reverse flows as this

Figure 8. The representative motion (red arrows) of the quadrant analysis of the horizontal fluctuations associated
with low-frequency signal (blue circles) in a period of 15 s, location A at the edge of vegetated floodplain (y = 0 m)
(a) and location B at y = −0.125 m inside the vegetation (b). Black arrows indicate the instantaneous fluctuation
velocity; the pink arrows indicate the mean flow velocity at those locations. The dashed lines in the figure represent
hyperbolas corresponding to ||u′v′|| = 2

(
−u′v′

)
.
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Figure 9. Cycloid Flow field under the effect of the large horizontal
coherent structures visualized by the color dye for sparse density scenarios
and, respectively, 25 cm floodplain width. The large horizontal coherent
structures as it moves along the cylinder arrays shows a “cycloid motion”
property.

induced pressure gradient apparently larger than the mean gradient from
water slope. Further away from the stagnation areas, as this pressure
becomes weaker, the reverse flow becomes weaker and its interaction
with the streamwise flow creates other stagnation areas. In this way, the
surrounding areas where the flow induced by the increased local pressure
can reach are also affected by the LHCSs. Hence, the transverse distance
affected by the LHCSs is larger than the distance in which the mean pro-
file of the mixing layer can penetrate. Figure 6 confirms these analyses. It
can be seen that the vegetation area affected by the LHCSs is of the size of
around 0.35–0.4 m which is about four times larger than the distance over
which the mean streamwise velocity profile achieves its constant value
(about 0.1 m; Figure 4b).

Furthermore, it is noted that as the LHCSs move, they cause velocity fluctuations resulting in the fluctuation
of the forces on the stems (see Figure A2 in the appendix). The fluctuations are strongest at the floodplain
edge and become weaker further inside the vegetation. Negative values of the streamwise forces can also
be clearly observed. These negative values caused by the stagnant and reverse flow events are not observed
at the edge of floodplain. In this context, it is suggested that the sweep and ejection events appear to dom-
inate the edge region of vegetation, while the stagnation areas and reverse flows are likely to occur further
into the vegetated region.

The influences of LHCSs on the flow inside the vegetation can remain significant even when there is an
insignificant amount of momentum exchange induced by the LHCSs. While the former is related to the lat-
eral fluctuation velocity v′ and thereby is proportional to the normal stresses −v′v′, the latter is proportional
to the RSs (RSs = −u′v′). A comparison between these two stresses (Figure 7b), along with the results of
Figure 6 demonstrate that the region inside the vegetation affected by the LHCSs can be much larger than
the area where the transverse momentum exchange induced by LHCSs can occur.

Studying the quadrant analysis of the RSs at two different locations A and B (see Figure 6) makes it possible
to understand how the stagnation areas and reverse flow events can occur and why they are barely observed
in the literature. Figure 8 shows a quadrant analysis in a period of 15 s of the horizontal fluctuations asso-
ciated with low-frequency signal (blue circles), which correspond to the LHCSs at the edge of the vegetated
floodplain (location A: y = 0 m) and inside the vegetation (location B: y = −0.125 m). Although the stagna-
tion areas and reverse flow events observed in the flow field do not directly appear in quadrant analysis of
the RSs (u′, v′), these flow events can be recognized by adding in the quadrant analysis the mean flow veloc-
ity (pink arrows) together with instantaneous fluctuation velocities (in the form of vectors) corresponding
to the distribution of (u′, v′) in time (black arrows). It is noted that the phase relation between u′ and v′ is
different for both locations. In this way, there are two main components in the quadrant analysis of the RSs,
the fluctuation motion caused by the LHCSs and the mean flow motion caused by the mean free surface

Figure 10. Mean streamwise velocity profile in nonvegetated floodplain scenarios and dense vegetation scenarios,
discharge Q = 80 L/s, water level H = 14 cm, different floodplain widths—circles = 50 cm; crosses = 25 cm; squares =
10 cm.
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Figure 11. Lateral profiles of Reynold stress in case of 50 cm floodplain width (a) and 25 cm floodplain width (b); no
cylinder (squares), sparse cylinder (crosses), and dense cylinders (circles); discharge Q = 80 L/s, water level H = 12 cm.

water slope. The essential conditions so that the stagnation areas or reverse flow events can occur can be
stated as follows:

“the LHCSs need to be strong enough, and the mean flow velocity needs to be small enough so that the
fluctuation motions induced by the LHCSs become equal or larger than the mean flow velocity.”

The observation suggests that the tracer path of the dye follows a prolate cycloid curve (Figure 9). The obser-
vations confirm the presence of the LHCSs and the flow events caused by the motion of the LHCSs along
the vegetated floodplain.

The LHCSs then can be identified by subtracting the advection velocity at the center of the stagnation areas
from the instantaneous velocity field (Figure 7c). It is shown that when moving along the interface, the
LHCSs clearly split the mean streamwise velocity into three different regions (Figure 7a) the uniform region
inside the floodplain (region I) controlled by the drag from vegetation, outside in the main channel (region
II) controlled by the bottom friction and water depth, and the mixing layer region (regions III and IV). These
results suggest that in a compound vegetated channel with a very gentle slope, for the conditions tested
( Cda

C𝑓 ∕D
≥ 60), the vegetated shear layer dynamics resembled to that associated with vegetation alone, as

described in White and Nepf (2007, 2008), rather than that associated only with a depth differential.

3.3. Role of Vegetation Width or Squeeze Effect
Finally, the squeeze effect (Truong et al., 2017) has been experimentally studied by varying the width of the
floodplain region. Figure 10 shows the mean streamwise velocity for different floodplain widths. It is shown

Figure 12. Autocorrelation function Rvv in cases of sparse density,
floodplain width = 50 and 25 cm; discharge Q = 45 L/s, water level H = 12
cm.

that the width of the floodplain does affect the penetration of the mixing
layer into the floodplain area. In cases without vegetation, 50 cm flood-
plain width (Figure 10a), the mean streamwise velocity achieved uniform
values of 34.9 cm/s right at the floodplain edge (y = 0 m). When reduc-
ing the width of the floodplain from 50 to 25 cm and 10 cm, the mean
streamwise velocity does not achieve a transverse uniform value at the
floodplain edge and keeps decreasing further inside the floodplain region.
This means that the penetration of the mixing layer increases together
with the decrease of the width of the floodplain.

In the case of dense vegetation (Figure 10b), the response of mean stream-
wise velocity within the floodplain region is less sensitive. As the width
of the floodplain reduces from 50 to 25 cm, the mean streamwise veloc-
ity shows different trends only in the outer region (from location y = 0
to around y = 0.5 m) where the velocity gradient significantly increases.
This means that the velocity gradient around the vegetation interface can
be increased by decreasing the floodplain width. These changes in the
velocity can be explained in terms of the increased velocity gradient at the
vegetated edge which was induced by the changes in the pattern of the
LHCSs.

TRUONG ET AL. 10
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Figure 13. The Large Horizontal coherent structure (red-solid lines) in cases of 50 cm width (a) and 25 cm width
(b) and the corresponding shear and normal stresses in cases of 50 cm width (c) and 25 cm width (d). Dense scenarios,
discharge = 45 L/s, water level = 12 cm.

It can be seen that the increased velocity gradient together with the presence of vegetation does not lead to
a larger penetration of the shear layer into the vegetated floodplain. In both cases (50 and 25 cm floodplain
width), the mean streamwise velocity decreases inside the floodplain region and achieves a transversely uni-
form value beyond about 10 cm penetration. This indicates that the mean streamwise velocity does require
a certain distance such that a transversely uniform velocity within the forest can be achieved. In these sce-
narios, the distance required is about 10 cm. Differences can be noted when further reducing the width of
the floodplain from 25 to 10 cm, the mean streamwise velocity within the vegetated floodplain starts “feel-
ing” the side wall and is being affected. The mean streamwise velocity cannot achieved a transverse uniform
value as it keeps decreasing until the end of the floodplain region. This means that the mixing layer appears
to penetrate the whole floodplain region.

Figure 11a shows the transverse profiles of the RSs in cases of different density and different width. Although
strong peaks of RSs can be clearly observed in cases with the presence of cylinders (sparse and dense sce-
narios), in cases without vegetation, it is less obvious as the maximum values tend to spread more along the
transition slope region. It is also observed that the more vegetation, the less spreading of the RSs. When the
width of the floodplain is reduced to 25 cm (Figure 11b), the RSs around the floodplain edge (location y = 0
m) increase. As the order of magnitude of the RSs is related to the momentum exchange in the mixing layer,
this implies an increase in the momentum exchange between these two regions when the floodplain width
is restricted.

The autocorrelation functions of lateral velocity in different floodplain width scenarios are shown in
Figure 12. Reducing the width of the floodplain also reduces the period of the quasi-2-D structure, from
11.5 to 8.5 s. Besides, the normalized energy contribution also reduces from 80% to 65%. These results
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Figure 14. Schematic view of cycloid motion under the effect of the LHCSs
as they are moving along the vegetated interface. The maximum affected
area is larger than the penetration of the LHCSs. LHCS = large horizontal
coherent structure.

show that squeezing the floodplain does increase the frequency of the
LHCSs. This is probably due to the smaller LHCSs and faster advection
velocity. In terms of Kelvin-Helmholtz instability, the results suggest that
decreasing the floodplain width results in a smaller wavelength and wave
period. The results of Figures 13a and 13b confirm this.

Finally, the response of the structures themselves to the “squeeze effect”
is addressed. Figure 13a shows the representative LHCSs (solid red lines)
in cases of 50 cm floodplain width. The corresponding LHCSs in cases
where the width of vegetated floodplain has been reduced to 25 cm is
shown in Figure 13b. It can be seen that the LHCSs are smaller in the
streamwise and lateral direction in the narrower floodplain scenarios of
a so-called squeezed condition.

The combined impact of the LHCSs and the narrower space of the flood-
plain area may cause a stronger increase in the local pressure, associated
with the stagnation areas and reverse flows. As a result, the reverse flow
and the RSs in the vegetation region in cases of the narrower 25 cm flood-

plain width are larger than that in the scenario of 50 cm floodplain width (Figures 13c and 13d). Additionally,
the more frequent LHCSs means that the flow events occur more rapidly and region of stagnation areas
move faster. In this sense, sedimentation processes may be significantly affected in such a way that there is
less time and space for the sediment to be deposited, while the momentum fluxes are larger.

4. Discussion
The results of our work were based on a laboratory experiment of a vegetated compound channel mimicking
estuarine mangroves. The dense vegetation scenarios in the experiment are representative for sparse cases
of mangroves in reality. It is noted that the roots and stems of mangroves are rigid, which are different from
flexible plants such as saltmarshes. The experimental results indicate that vegetation, in general, and man-
groves, in particular, have a strong role in determining the strength and direction of flow in river channels
with vegetated floodplains. Large differences in the mean streamwise velocity and RSs between the scenar-
ios with and without vegetation can be observed. It is important to note that these differences are not only
caused directly by the presence of vegetation in the floodplain region (i.e., vegetation disturbs, diverts, and
reduces the flow velocities), but also due to the presence of the LHCSs, generated by the vegetation-induced
shear layer. Therefore, differences were observed to occur not only at the vegetation interface, but also deeper
inside the vegetation area, and in the adjacent transition slope. The phenomenon in which areas deeper
inside the vegetation, or outside in the transition slope, are affected by the flow events generated by LHCSs
as they move along the vegetation interface can be conceptually explained through the cycloid characteristic
of the flow field (Figure 14).

Based on the observation of the particle movement in the PIV data set and the previous analyses, it is seen
that the LHCSs (L) in this case have the ellipsoidal form with two radii corresponding to the length r1 =

Figure 15. Streamwise bed shear stress comparison (a) and transverse bed shear stress comparison (b) in scenarios of
50 and 10 cm floodplain width, discharge Q = 80 L/s, water level H = 14 cm. The positive values of the transverse bed
shear stress indicate that it is directed away from the floodplain.
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0.6 m, and to the width r2 = 0.25 m. At the moment t1, the LHCSs is at location a1, and an observed point
A1 located at its edge tends to follow the orbit of a prolate cycloid curve c1. At the moment t2, the LHCSs
is at location a2, and an observed point A1 follows the orbit of a prolate cycloid curve c1 to the location A2.
In the vegetation region outside the mixing layer, areas surrounding the prolate cycloid curve c1 appear to
be affected by the motion of the LHCSs and tend to follow the motions of the observed point (A1-A2-A3).
This results in a stagnant area. As the LHCSs are moving along the interface between vegetation and open
region, these stagnation areas also move with the same velocity us. In this sense, the region of the stagnation
area captured by PIV measurement is likely to link to the cycloid loop (O1) at the time t2. The correspond-
ing LHCSs at this moment at location a2 can be deduced by subtracting the instantaneous velocity field to
the advection velocity us at the center of stagnation areas (O1). According to this explanation, it is suggested
that the maximum affected area is likely to connect to the width of the outer layer of the LHCSs. In practi-
cal engineering, this means that a structure which directly interferes with the vegetated river bank should
be carefully considered, especially in terms of the changes of the hydrodynamics and exchange processes
induced by the modification of the LHCSs. It could be interesting to analyze the combination of structured
large-scale motion and irregular small-scale motion in terms of Kolmogorov complexity to see the analogy
with other self-organizing flows (Mihailovic et al., 2017), but this lies outside of the scope of this research.

It is noted that a similar phenomenon of the interaction of the LHCSs and cylinder arrays was described
by White and Nepf (2007), but in terms of the phase difference between u′ and v′. The interaction of the
LHCSs and stagnation points inside the vegetation region discussed in this study is related to the Lagrangian
coordinate system. Hence, the latter provides a different view on the phenomenon. For example, it is worth
noting that while the effects of the sweeps and ejections have been well recognized (Wallace, 2016; White &
Nepf, 2007), the reverse flow and stagnation areas inside vegetation region have not been observed in cases
with a flat bed. The presence of a transverse slope appears to play an important role in this behavior, see,
for example, van Prooijen et al. (2005). It is seen from the experiment that the reverse flow and stagnation
areas inside the vegetation region are relevant factors potentially affecting the sedimentation and nutrient
deposition within the cylinder arrays.

The stability of the river bank in squeezed condition, that is, the mangrove width is restricted, is discussed
here in terms of the changes in the bed shear stress. The total bed shear stress 𝜏b is composed of transverse
bed shear stress 𝜏bt = 𝜌Cf UV and streamwise bed shear stress 𝜏bs = 𝜌Cf U2:

||𝜏b
|| =

√(
𝜌C𝑓U2

)2 +
(
𝜌C𝑓UV

)2
. (1)

The secondary circulations is assumed small and can be neglected, 𝜌 is the density of water, Cf is bottom
friction coefficient, U and V are the depth averaged velocity in streamwise and lateral direction.

Based on the results of the experiment, the bed shear stresses, which are representative for the applied forces
induced by the flow, including the LHCSs can be determined (Figure 15). It can clearly be seen that, when
the mangrove width is reduced, although the bed shear stress in the inner layer remains almost the same,
the bed shear stress in the outer layer (both streamwise and transverse) increases significantly.

The outer layer appears to be the most sensitive area in terms of bed shear stresses. Significant variation in
the bed shear stresses induced by changes in the LHCSs can be expected when decreasing the forest width.
Consequently, changes in applied bed shear stresses to the river bank may cause variations in the bed erosion
rate modeled by the excess stress equation of Partheniades (1965). Therefore, the width of the vegetation
area does play a role in the stabilization of a vegetation compound channel, especially for the transition
slope. Reducing the width of the vegetation may increase the applied bed shear stresses on the transition
slope, causing the instability of the vegetated floodplain. As far as practical engineering is concerned, these
results imply that there should be a minimum width required for the sustainable development of a vegetated
floodplain.

5. Conclusions
The effect of vegetation on the hydrodynamics of a compound channel, the presence of the LHCSs, and
their effects on the flow field as well as “squeeze” effects were investigated through experiments. It is shown
that in a compound vegetated channel with a gentle transverse slope, the shear layer properties are domi-
nated by the presence of vegetation, rather than by the water depth difference. The vegetation significantly
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increases the gradient of the mean streamwise velocity, drawing more exchange toward the vegetation edge
and pushing more flow into the floodplain region. It is also very effective in damping and shielding the flow
within the forest from external boundary conditions. Furthermore, the presence of vegetation does enhance
the occurrence of LHCSs, which is a dominant factor in forcing the exchange mechanism at the vegetation
interface. The presence of LHCSs, which is much more pronounced in cases with vegetation, is the major
factor contributing to the momentum exchange between the vegetated floodplain regions and the adjacent
open channel. The experimental results also reveal that the region affected by the LHCSs where large trans-
verse fluctuations can occur is much larger than the region of transverse momentum exchange which is
connected to the penetration of the LHCSs into the vegetated floodplain region. The moving of the LHCSs
along the vegetation interface is associated with the sweeps, the ejections, as well as the stagnant and the
reverse flows forming a so-called cycloid motion. While the sweeps and ejections dominate the momentum
exchange region and appear to link to the import and export mechanism of nutrients and sediments, the
stagnant and reverse flows appear to dominate the region further inside the vegetation and are important
for the deposition processes. The streamwise force is maximum during the sweeps and smallest during the
ejections. Moreover, due to the presence of stagnant and reverse flows, negative streamwise forces can be
recorded.

It is important to note that although the vegetation is very effective in damping and prohibiting the hydro-
dynamic impacts within the forest, the squeeze effect makes this protection much less successful. Reducing
the forest width does influence the hydrodynamics in and around the cylinder arrays, especially the shear
layer at the vegetation interface. Furthermore, the mean flow velocity needs a certain space to reach its uni-
form value inside the floodplain area and the vegetated region affected by the LHCSs can be even larger
than the region which the mixing layer can penetrate into. Hence, a too narrow floodplain may diminish
the affected area directly and makes it impossible for the flow field inside the vegetation to be able to reach
its equilibrium state. As a result, the LHCSs in squeeze condition occur more frequently, but less regularly
and the transverse exchange processes induced by these LHCSs can be strongly disturbed. The momentum
fluxes are larger, and the time and space for the sediment to be deposited is restricted. These are hypothe-
sized to not create favorable conditions for the nutrient or sediment deposition within the forest. It is also
seen that the denser the vegetation, the less sensitive the mangrove forest is to the squeeze effects. This again
shows the vegetation function in the protection of the river banks.

Appendix A
A1. Experiment Setup and Results
The velocity was measured using an Acoustic Doppler Velocity (ADV) at a sampling rate of 25 Hz. Velocity
measurements were taken over a time interval of 10 min in order to achieve representative statistical data.
Besides, in order to obtain a good particle seeding in the flowing water, an electrolyzer with 0.1 mm thick

Figure A1. A representative comparison of mean streamwise velocity measured from Particle Image Velocimetry
between locations x = 4.5 m and x = 6.4 m.
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Table A1
A Comparison of the Vegetation Drag

White and Nepf (2007) Current study
Φ 0.02 0.045 0.01 0.04
N(number∕m2) 603 1356 137 550
d(m) 0.0065 0.0065 0.01 0.01
Cdatheory 0.039 0.088 0.014 0.056

Cdameasured 0.092 0.285 0.029 0.094
Cda|U|Ux - - 0.023 0.049

Table A2
Experimental Configuration and Major Results

Cases An1 An2 An3 An4 Bn1 Bn2 Bn3 Bn4 As1 As2 As3 As4 Bs1 Bs2 Bs3 Bs4
N(number∕m2) 0 0 0 0 0 0 0 0 139 139 139 139 139 139 139 139

𝚽 0 0 0 0 0 0 0 0 0 0 0 0 0.01 0.01 0.01 0.01
CD· a (cm/s) 0 0 0 0 0 0 0 0 0.029 0.025 0.028 0.027 0.019 0.019 0.017 0.019
Width (cm) 50 50 50 50 25 25 25 25 50 50 50 50 25 25 25 25

Q (L/s) 45 60 80 80 45 60 80 80 45 60 80 80 45 60 80 80
Df (cm) 3.90 4.84 6.26 4.40 4.13 5.12 6.47 4.11 4.76 5.17 6.47 4.59 4.82 5.59 6.28 4.66

Dc (cm) 11.90 12.84 14.26 12.40 12.13 13.12 14.47 12.11 12.76 13.17 14.47 12.59 12.82 13.59 14.28 12.66
Dr = Df ∕Dc 0.33 0.38 0.44 0.35 0.34 0.39 0.45 0.34 0.37 0.39 0.45 0.36 0.38 0.41 0.44 0.37

Fr 0.33 0.41 0.44 0.58 0.32 0.38 0.41 0.59 0.29 0.36 0.4 0.5 0.27 0.32 0.39 0.47
Rec (×103) 39.83 49.55 61.57 62.05 39.93 51.23 65.30 64.87 41.03 53.53 69.09 69.49 38.87 49.79 66.0 65.95
Ref (×103) 8.02 13.64 21.81 16.70 8.32 13.62 21.38 15.29 2.27 3.57 4.86 4.63 2.30 3.35 4.60 4.28

Uf (cm/s) 20.9 28.2 34.9 38 20.2 26.6 33.2 37.3 4.8 6.9 7.9 9.8 4 5.3 6.3 8.4

Uc (cm/s) 33.5 39.8 44.4 51.5 34.9 41.3 47.4 56.3 33.3 42.1 49.6 56.9 33.2 40.3 50.3 56.5
Us (cm/s) 0 0 0 0 2.4 3 2.6 4.1 3.9 4.4 5.1 5.7 5.4 7 9.3 9.7
Pene (cm)a 0 0 0 0 6.6 6.6 3 5.4 9.8 8.8 8.9 8.1 9.2 9.2 9.3 8.9

Cases Cs1 Cs2 Cs3 Cs4 Ad1 Ad2 Ad3 Ad4 Bd1 Bd2 Bd3 Bd4 Cd1 Cd2 Cd3 Cd4

N(number∕m2) 139 139 139 139 556 556 556 556 556 556 556 556 556 556 556 556
𝚽 0.01 0.01 0.01 0.01 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04

CD· a (cm/s) 0.019 0.013 0.012 0.012 0.094 0.153 0.132 0.106 0.124 0.115 0.127 0.089 0.117 0.084 0.054 0.059
Width (cm) 10 10 10 10 50 50 50 50 25 25 25 25 10 10 10 10

Q (L/s) 45 60 80 80 45 60 80 80 45 60 80 80 45 60 80 80
Df (cm) 4.40 5.11 6.49 4.44 4.22 5.21 6.42 4.64 4.33 5.43 6.74 4.53 4.47 5.75 6.49 4.47

Dc (cm) 12.40 13.11 14.49 12.44 12.22 13.21 14.42 12.64 12.33 13.43 14.74 12.53 12.47 13.75 14.49 12.47
Dr = Df ∕Dc 0.35 0.39 0.45 0.36 0.35 0.39 0.44 0.37 0.35 0.40 0.46 0.36 0.36 0.42 0.45 0.36

Fr 0.26 0.32 0.35 0.45 0.31 0.36 0.42 0.52 0.29 0.33 0.36 0.47 0.31 0.34 0.41 0.51
Rec( × 103) 34.92 47.36 61.23 62.30 41.40 53.70 71.48 72.83 39.42 51.30 64.41 64.98 42.37 53.75 70.10 71.03
Ref ( × 103) 2.83 4.38 6.69 5.59 0.90 1.03 1.39 1.70 0.95 1.42 1.79 2.01 1.83 3.02 4.62 3.44

Uf (cm/s) 3.5 2.6 7.2 8.9 2.1 2.1 2.2 3.7 2.2 2.6 2.7 4.5 1 1 1.6 2.5

Uc (cm/s) 34.2 42.5 49.6 58.4 35.6 41.9 51.5 58.7 34.9 41.2 48.3 58.5 35 40.2 50 59.3
Us (cm/s) 8.2 10.6 9.4 10.8 4.5 5.8 6.4 7.5 6.7 9 11.7 11.9 7.94 11 14.2 14.6
Pene (cm) 10 10 10 10 7.6 8.4 8.7 7 8.3 8.1 8.4 6.8 10 10 10 10

aPenetration (Pene) in this table is defined to be the distance from the position where the mean streamwise velocity is 5% different from the value of the uniform
velocity inside the vegetated floodplain (U5% = Uf + 5%.Uf ) to the edge of the floodplain (y = 0 m).
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Figure A2. Representative distribution of measured stem forces on cylinder 1, 2, 3, 4 (location y = −0.18, −0.06,−0.12,
and 0 m), together with forces estimated from the theory, that is, the forces estimated from measured streamwise
velocity Ux combined with drag coefficient Cd equal 1 (a). Directly measured streamwise force, Fx on the fourth
cylinder (floodplain edge), compared with the forces estimated from the theory. Corresponding lateral velocity
fluctuation also included (b). Sparse scenario, 25 cm floodplain width, discharge = 80 L/s, water depth = 14 cm.

wires was placed about 15 cm ahead from the ADV. Very small oxygen bubbles produced by the electrolyzer
significantly improved the quality of the ADV signal. In the experiments, the correlations are larger than
85–95%, and the dimensionless signal-to-noise ratios exceed 18 dB in all measurement scenarios. In order to
eliminate the formation of calcium carbonate, the electrolyzer was cleaned every 2 hr. The final data were
collected applying Nortek software for the Vectrino. With the purpose of capturing a velocity profile over
the cross-section, in the slope region with changed water depth, at least 10 points were taken at middepth,
while in the region with constant water depth, at least 3 points were measured. Mid-depth measurements
means that the distance from the measurement point to the bed changes with flow depth across the lateral
profile. Assuming a velocity profile that is either uniform or logarithmic over the vertical, the uncertainty
of the depth average velocity measurement is of about 5%.

Particle Image Velocimetry was used to measure the movement of flow. In order to achieve sufficient contrast
between the particles and the flume bottom, floating black polypropylene tracer particles with a diameter of
around 2 mm were used. Besides, the flume bottom at the capture area was also painted with high contrast
white paint. In the present experiments, a sampling frequency of 10 Hz was used. A RedLake 1 MegaPixel
digital camera with a resolution of 1,008 × 1,018 pixels has been used to capture frames and was installed on
the very top of a frame build on a movable platform constructed over the flume. In order to minimize dis-
tortion effects, the digital camera was carefully directed vertically downward. For each measurement with
a different water level, a careful check of image distortion was employed. In order to capture most of the
features of the water surface flow, a large number of tracer particles was used (Muste et al., 2008). They are
expected to follow the surface flow sufficiently well. Their distribution over the water surface was relatively
homogeneous. A preprocessing step was applied to enhance the quality of the images. All images were sub-
tracted from a representative background image in order to eliminate undesirable effects of the background
information. Then all pairs of sequential camera frames were loaded in Particle Image Velocimetry Lab 1.4
software package and subsequently spatially correlated (Thielicke & Stamhuis, 2014). All sets of two consec-
utive particle-frames have been analyzed. A two-stage square interrogation windows size of 128 pixels and
32 pixels, respectively, have been used with a spatial overlap of 50% in both x and y direction. The measure-
ment duration was 300 s. This means that with a 10 Hz frequency, 3,000 frames were recorded for each case.
The average particle displacement has been computed to acquire the instantaneous surface velocity fields.

Figure A2a shows the distribution of measured streamwise stem forces Fx by box plots at these different
locations. The mean value is given by the red line with the box indicating the 25th and 75th percentiles.
The mean values of the streamwise forces based on the measured velocity U are also included in the figure
(solid red circles). Fxtheor𝑦 =

1
2
𝜌CddH |U|Ux where 𝜌 is water density, Cd is drag coefficient and equal 1, d is

the diameter of the cylinder, H is water depth, |U| = √
U2

x + U2
𝑦

and Ux, Uy are the mean streamwise and
lateral velocity inside the vegetation.
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Figure A2b shows the time series of the streamwise force (Fx) measured on the fourth cylinder together with
the predicted one (Fx,theory) and the lateral fluctuation velocity (v′). It is suggested that the force achieves
its maximum value together with the minimum lateral fluctuation velocity (v′ < 0). This indicates that the
force on the cylinder is largest during the sweeps and smallest during the ejections. Furthermore, it is also
suggested that a good estimation for the force on the cylinder can be achieved with the value of the drag
coefficient Cd equal 1 combined with the local velocity.

It is noted from the table that there is a large difference between the values of the vegetation drag
(Cdameasured) derived from a balance between total array drag and the pressure gradient due to the free
surface slope (see White & Nepf, 2008, Cdameasured ≈ −2gS∕U2

1 ; U1 is the cross-sectionally averaged veloc-
ity within the vegetation array; and S = dh∕dx is the water slope) and that derived based on the theory
(Cdatheory = Cdtheory · N · d; Cd = 1 proved by directly measured forces; see Table A1). This difference
can be explained in terms of (1) the presence of reverse flows and stagnant flows which may reduced the
averaged streamwise velocity inside the vegetation; (2) mean force is not propotional to the mean velocity
squared; and (3) the uncertainty in the measurement of the water slope which in our case is about 20%. This
difference can be improved using Cda|U|Ux = −2gS√

U2
x +U2

𝑦
·Ux

.

A2. Similar Laboratory Studies

Table A3
Some Previous Experiments With Similar Configuration

Feature
No Experiment overall Author Year Vegetation Floodplain HCS
1 Compound channels Knight and Demetriou 1983 N Y (vertical) N
2 Overbank flow with vegetated floodplain Pasche and Rouve 1985 Y Y (1:1.5) N
3 Large Eddies in compound channels Tamai et al. 1986 N Y (vertical) Y
4 Flow in main channel and floodplain Keller and Rodi 1988 N Y (vertical) N
5 Turbulent measurements in shear layer-compound channels Shiono and Knight 1988, 1989, 1990 Y Y (1:1) Y
6 Drag, turbulence and diffusion through emergent vegetation Nepf 1999 Y N N
7 2-D solution for straight and meandering flow Ervine et al. 2000 N Y (1:1) N
8 Turbulence structure in vegetated open channels Nezu and Onitsuka 2001 Y N Y
9 Confluence experiment; Compound channels van Prooijen, Uijttewaal and Booij 2000, 2004, 2005 N Y (1:1) Y
10 Mangrove affect flow in a flume Struve et al. 2003 Y N N
11 Large Coherent Structures in compound channels Bousmar and Zech 2004 N Y (vertical) Y
12 Riprap vegetation on near bank turbulence McBride et al. 2007 Y Y (1:1) N
13 Floodplain Vegetated Channels Mazurczyk 2007 Y Y (1:1) N
14 Vegetated channels White and Nepf 2007, 2008 Y N Y
15 Vegetated channels—Mean drag Tanino and Nepf 2008 Y N Y
16 Vegetated channels—sediment Zong and Nepf 2010 Y N Y
17 Emerged vegetation in compound channels Jahra et al. 2011 Y Y (vertical) N
18 Discharge prediction compound channels Lambert and Sellin 1996 N Y (vertical) N
19 Turbulent kinetic energy in compound channels Kozioł 2011 Y Y (1:1) N
20 Vegetated channels -flexible plant Siniscalchi et al. 2012 Y N Y
21 Vegetated channels Buckman 2013 Y N Y
22 Vegetated floodplain channels Hamidifar and Omid 2013 Y Y (vertical) Y
23 Vegetated floodplain channels Fernandes et al. 2014 Y Y (vertical) N
24 Flow structure in vegetated channels Yan et al. 2016 Y N Y
25 Mixing layer development in compound channel flows Dupuis et al. 2017 Y Y (vertical) Y
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