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Abstract: Aquatic vegetation plays a critical role in aquatic environments and provides various
valuable services. To characterize vegetation, vegetation density and flexibility are usually used as
parameters, but aquatic vegetation found in nature may have a non-uniform distribution of density
in the vertical direction. Studies have shown that this non-uniformity could impact the flow structure
and flow resistance. With the aim of studying the effect of vertical variation of submerged vegetation
density on the flow resistance and bulk flow characteristics, the hydrodynamics of three types of
wooden model vegetation elements were compared in the laboratory. Vegetation models had the
same density but different vertical distributions of density. All other influential parameters were kept
constant so that any differences in the flow structure and the flow resistance would be attributable to
the distribution of density in the vertical direction. The results show that the vertical distribution of
submerged vegetation density impacts the flow field, bed shear stress, and flow resistance. There was
a 41% difference in the value of the drag coefficient produced by the models. The distance between
the bed and the geometrical center of vegetation elements was introduced as a parameter to quantify
the effect of the vertical distribution of vegetation. There is a direct relation between this parameter
with both the drag and Manning’s coefficients. The findings of this can study help researchers and
practitioners use relevant vegetation parameters.

Keywords: vertical distribution of density; vegetation; flow resistance; drag coefficient; Manning’s
coefficient

1. Introduction

Aquatic vegetation plays a crucial role in rivers, wetlands, and coastal systems, al-
tering morphological and biogeochemical processes as well as the hydraulic functioning
of these systems. Through this alteration, aquatic vegetation provides various valuable
services, such as water quality improvement, coastal protection, erosion control, and habitat
provision [1–4].

To incorporate aquatic vegetation within hydrodynamic models, two main approaches
were employed. One approach was to model the vegetation directly in the geometry
and meshing of numerical models, and the other was to either add a source term in
the momentum equation in 2D/3D models or treat vegetation as roughness, which is
appropriate for 1D models [5,6]. Modeling vegetation directly is computationally expensive.
Therefore, the second approach is usually preferred. Source term treatment requires a model
that predicts the drag force, and roughness treatment employs a model that predicts a
friction coefficient, where the Manning’s coefficient is usually used. These models are
generally referred to as vegetation resistance models.

Various analytical and empirical models have been developed predicting the vege-
tative resistance based on geometrical and biomechanical properties of vegetation and
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flow conditions. Specifically, vegetative resistance has been found to be a function of
vegetation characteristics such as density, flexibility, distribution of the vegetation patches,
flow conditions, incident flow velocity, relative submergence (flow depth to the vegeta-
tion height), etc. [7–9]. Most models, however, use only vegetation density, flexibility,
and relative submergence as input parameters in the determination of vegetative resis-
tance [8,10]. Moreover, most laboratory studies use rigid or flexible dowels as surrogates
for real vegetation [6]. These surrogates fail to capture the morphological complexities of
real vegetation and it has been shown that natural vegetation leads to more complex flow
structures and turbulent characteristics [11–13]. Therefore, there has been debate on how
detailed the morphological characterization of vegetation should be for a specific purpose
of study [1,7,10].

Natural aquatic plants may have various morphological and biomechanical charac-
teristics and vegetation density may not be uniformly distributed in the vertical direction
and this non-uniformity has been shown to affect the flow characteristics. Most research
studies exploring this effect have been conducted to study wave-vegetation interaction. Wu
and Cox (2016) compared two patches of emergent vegetation with the different vertical
distributions of density in the laboratory and found that non-uniform density distribution
in the vertical direction significantly impacts the drag coefficient and wave attenuation
capability of vegetation [14]. Using model vegetation in the laboratory, He et al., (2019)
showed that the vertical posture of plants affects the wave dissipation coefficient [15].
Several other studies also show that vertical non-uniformity of vegetation affects wave
attenuation and the flow structure [16,17]. As for open channel flow, comparing model
vegetation at the laboratory, Jalonen et al., (2013) showed that the non-uniform distribution
of vegetation density affects the flow resistance [18]. Huai et al., (2019) revealed that for a
vertically non-uniform plant, the drag coefficient varies vertically and the maximum drag
coincides with vegetation foliage [13]. By comparing emergent models of vegetation in the
lab, Xu and Nepf (2020) concluded that plant vertical posture impacts turbulence and flow
structures [19]. In another study, Zhao and Fan (2019) compared three types of emergent
vegetation with different vertical distributions of density. they showed that the velocity
profiles are significantly influenced by vegetation vertical structure [20]. It should be noted
that with the advancements made in Lidar (Light Detection and Ranging) techniques and
remote sensing in general, it is now easier to capture detailed vegetation morphology in
the field [21–23].

In this study, the hydrodynamics of three types of wooden vegetation with different
vertical density distributions are compared while keeping other determining parameters
constant, to investigate the effect of vertical variation of submerged vegetation density on
the flow resistance and bulk flow characteristics in the laboratory.

2. Theory

Consider a control volume surrounded by sections 1 and 3 in the x direction (Figure 3),
the bed and the water surface in the y direction, and the channel walls in the z direction;
Equation (1) is a force balance between the total driving and resistive forces acting on the
control volume, where FT is the total driving force, FD is the drag force exerted by the
vegetation elements, and Fwalls is the force produced by the boundaries:

FT = FD + Fwalls (1)

The total driving force acting on the control volume equals ρghs f lw∅v, where h is
the water depth, l is the distance between sections 1 and 3, w is the width of the channel,
which is equal to 45 cm, Sf is the friction slope, ρ is the water density, g is the gravitational
acceleration equal to 9.81 m/s2 and ∅v is the volumetric porosity equal to the ratio of the
volume of the void (total volume minus the vegetation volume) to total volume. The drag
force exerted by the vegetation elements is 1

2 ρCd AV2 where Cd is the bulk drag coefficient,
A is the total frontal area of the vegetation elements and V is the average flow velocity. The
forces produced by the walls are equal to τbedlw∅a where τbed is the bed shear stress and
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∅a is the areal porosity, which is the effective area (total bed area minus the area covered by
vegetation) divided by the total bed area. The walls of the flume were made of plexiglass
and produced little friction. Therefore, the forces produced by them are neglected. By
substituting the definitions above into Equation (1) we have:

ρghs f lw∅v =
1
2

ρCd AV2 + τbedlw∅a (2)

Since the thickness of the vegetation elements is only 2 mm, ∅v and ∅a are nearly
equal to 1 and therefore are assumed to be equal to 1. The bulk drag coefficient Cd can be
obtained using Equation (3):

Cd =
2lw

ρAV2

(
ρghs f − τbed

)
(3)

The force balance equation has been employed to calculate the vegetation drag coeffi-
cient in numerous studies [24–27]. The bed shear stress is equal to ρu2

∗ where u* is the shear
velocity, which was obtained using the boundary layer characteristics method [25]:

u∗ =
(δ∗ − θ)umax

Cδ∗
(4)

where umax is the maximum velocity in a velocity profile; C is an empirical constant; δ∗ and
θ are the displacement, and momentum thickness, respectively, and are defined as:

δ∗ =
∫ h

0

(
1 − u

umax

)
dz (5)

θ =
∫ h

0

u
umax

(
1 − u

umax

)
dz (6)

Manning’s coefficient was calculated from Manning’s equation, Rh is the hydraulic
radius, and the u and d subscripts represent the upstream and the downstream:

s f =

((
V2

u −V2
d

2g

)
+ hu − hd

)
l

(7)

n =
1
V

s0.5
f Rh

2
3 (8)

3. Experimental Setup

In order to study the effect of vertical variation of submerged vegetation density, three
vegetation types with the same areas, but different vertical distributions of density, were
used (Figure 1). The model vegetation types were wooden plates shaped similarly to
trapezoids and rectangles.

As can be seen in Figure 1, the width of the vegetation models varies linearly in the
vertical direction for types A and B and it is constant for type C. The general form of linear
functions is w(y) = ay + b, where w is the width of the elements, and, a and b are constants
that can be easily determined. The linear function of width variation in the vertical direction
for type A is (−0.4y + 7) and for type B is (0.4y + 3). The cumulative frontal area of model
vegetations can be obtained by integrating the width functions over vegetation height hv,
which is 10 cm:

AA =
∫ hv

0
(−0.4y + 7)dy = −0.2y2 + 7y + c0 = 50 cm2 (9)

AB =
∫ hv

0
(0.4y + 3)dy = 0.2y2 + 3y + c0 = 50 cm2 (10)
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AC =
∫ hv

0
(5)dy = 5y + c0 = 50 cm2 (11)
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Figure 1. Sketches and real pictures of vegetation model type (A–C).

Vegetation models used in this study are not meant to represent real plant morphology,
but the vertical density variation of these models (Figure 2) is similar to natural aquatic
plants found in nature (type A is similar to Typha and type C is similar to Rotata) [19].
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Figure 2. The cumulative area of vegetation models vs. vegetation height.

Flume experiments were conducted in the hydraulics laboratory of the Water Research
Institute of Iran. The flume was 13 m long and 0.45 m wide, and the vegetation patch was
located at approximately 8 m. Gravel with d50 of 1.5 cm was used to cover the bed. The
velocity of the flow was measured using a propeller velocimeter, which measures the flow
velocity only in one direction. Five velocity profiles were measured in each section with
eight points measured in the vertical direction in each profile. The measurements were
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carried out three times for 20 s each, and the mean value was considered as the velocity
value. The x, y, and z are the longitudinal, vertical, and lateral directions, respectively. The
vegetation patch configuration and location of the velocity profiles are shown in Figure 3.
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4. Results

The Froude number was approximately 0.4 for all three tests, indicating subcritical
flow conditions. The maximum velocity was 1.05 m/s, which occurred for vegetation type
B at y = 20 cm; hydraulic parameters of the three tests are reported in Table 1. The velocity,
depth, and bed shear stress used in Equations (3) and (8), were averaged cross-sectionally
and then between upstream and downstream sections. Having measured depth and the
velocity at the upstream and downstream sections, Sf was calculated using Equation (7)
and then Cd and n were calculated.

Table 1. Hydraulic parameters of the three tests.

Test hu (cm) hd (cm) vu (m/s) vd (m/s) sf τbed (N/m2) Cd n Fr

A 24 21.5 0.569 0.641 0.0457 10.18 1.27 0.0826 0.40

B 24 20.5 0.57 0.654 0.0661 11.92 1.79 0.0975 0.41

C 24 21 0.572 0.659 0.0545 13.21 1.43 0.0883 0.41

It should be noted that vegetation density, distribution of patches, submergence ratio,
vegetation spacing, bed roughness, and flexibility of the elements are the same for all cases.
Therefore, any difference in flow parameters must be caused by the difference in the vertical
distribution of density. Vegetation model B produced 25% more drag than model C, which
has a uniform distribution of density. Model A led to 12.5% less drag than model C, and
model B’s drag coefficient was 41% more than that of model A’s. The results indicate that
vertical non-uniformity of vegetation impacts the drag coefficient produced by them.

As mentioned before, eight points were measured in each velocity profile. The mea-
sured points were located at y = 3, 4, 5, 7, 10, 15, and 20 cm, and the water surface was
different for each case. The velocity could not be measured in the vegetated region (from
y = 0 to y = 10 cm of section 2) as it was impractical to do so with a propeller velocimeter.
Figure 4a shows the velocity profiles of vegetation model type C (uniform distribution) in
the middle of the channel (z = 22.5 cm). At the upstream (section 1), the velocity profile is
similar to typical gravel bed velocity profiles but at 15 cm downstream of the vegetation
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patch (section 3), the velocity profile is altered drastically. The flow is retarded in the
vegetated region (from y = 0 to y = 10 cm) and accelerated in the upper region (from
y = 10 cm to the water surface), which is the typical velocity profile within submerged
vegetation [1,4]. The flow is non-uniform and the depth of the water has decreased from
24 cm to 21 cm. The flow is recovering from vegetation effects in section 4 and it is showing
signs of reverting to the profile from section 1.
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Figure 4b shows the section 3 velocity profiles of model vegetation A, B, and C in
the middle of the channel. The velocity profiles are discernably impacted by the vertical
distribution of density. Among the velocity profiles of the three vegetation models, model
type A has a higher resemblance to the velocity profile upstream of the vegetation patch,
meaning that it has suffered less of an impact in comparison to types B and C. Even though
the density of model A is higher near the bed, the water has been able to flow easily within
the vegetated region since the blockage in the upper part of model A is lower than in
models B and C. As for models B and C, the difference in velocity between the vegetated
region and the upper region is higher for them because they experience a higher blockage in
the vegetated region and the flow, therefore, has been diverted to the upper region, causing
a steeper water level gradient and a rapid rise of velocity at the upper region. This effect
can also be seen from the velocity contours of the tests on the y-z plane (Figure 5). The
velocity has risen rapidly in a short span in the upper region for vegetation type B, but it
has risen more gradually for vegetation type A as model B causes more blockage at the top
of the vegetation, whereas water has more freedom at the top of vegetation type A. For test
A section 1, the velocity has been decreased at the water surface near the walls, indicating
the occurrence of the dip phenomena near the walls. The first section of the three tests was
nearly identical therefore only the first section of test A is plotted. The velocity contours
cover from z = 7.5 cm to z = 37.5 cm in the z direction as the lateral velocity profiles were
measured at 7.5 cm from the walls (Figure 3).

In order to characterize the distribution of density in the vertical direction, the distance
from the bed to the geometric center of model vegetation (yc) has been used as a parameter.
The value of this parameter for vegetation model type A, B, and C is 4.33 cm, 5.66 cm, and
5 cm, respectively. As it is apparent from Figure 6, there is a direct relation between yc and
both drag and Manning’s coefficient.
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5. Discussion

As mentioned earlier, the vertical distributions of the vegetation density of model
types A, B, and C are similar to some of the aquatic plants found in nature. However, the
general shapes of the elements used in this study are different from natural vegetation.
Therefore, the absolute values of the drag and Manning’s coefficient are not to be used
for modeling vegetated flows with natural plants. In this study, determining parameters
of the flow and vegetation, such as density, distribution, spacing, incident velocity, and
submergence ratio, were kept constant. Therefore, any distinction in flow structure and flow
resistance is attributable to the non-uniform distribution of density in the vertical direction.

Vegetation models with a higher geometric center (yc) have produced higher flow
resistance (Figure 6). This finding is in line with other studies. Wu and Cox (2016) reported
that vegetation with a lower geometric center led to decreased wave attenuation capability
as opposed to vegetation with the same density but with a uniform vertical distribution of
density [14]. Jalonen et al. (2013) reported that vegetation with a lower geometric center
caused less drag force [18]. It should be noted that these studies do not explicitly address
the distance from the bed to the geometric center, and these observations are based on
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interpretations. Performing a regression analysis for the data in Figure 6, a second-order
polynomial function led to the highest coefficient of determination (R2), meaning that the
flow resistance is proportional to the second power of the geometric center height (n ∝ y2

c
and Cd ∝ y2

c ). However, this proportionality may not hold across a broader range of yc or
for various flow conditions. Therefore, more data are needed to assess the relation between
yc and the flow resistance.

Numerous studies show that plant morphology affects the flow structure and turbu-
lence characteristics [12,19,28,29]. However, these studies mostly focus on the effect of
vegetation posture on flow characteristics relevant to plant scale or patch scale such as
turbulence, mixing layers, plant chemical uptake, etc. At the reach scale, the flow resistance
is the primary subject of study. Nikora et al., (2008) reported that the flow resistance due
to vegetation at the reach scale is a function of the blockage factor (the portion of the
cross-section occupied by vegetation) and other parameters are not as influential [7]. The
results of this study are therefore specifically important because they show that vertical
distribution of vegetation density is a relevant parameter of vegetation even for reach
scale studies. Moreover, this study addresses the question posed by researchers as to how
detailed the morphological characterization of vegetation should be for a specific purpose
of study [1,10].

Aquatic plants found in nature are usually flexible to different degrees and the plants
bend when subject to high velocities. This effect, which is called reconfiguration of vegeta-
tion, leads to a reduction in the frontal area of the plants and consequently a reduction in
drag force. The drag force is further reduced because the plants become streamlined [30,31].
The findings of this study show that a lower geometrical center leads to a reduction in the
drag force. When aquatic plants bend subject to high velocities, it is inevitable that the
plant’s geometrical center will move closer to the bed. This could be a potential cause of
drag reduction along with streamlining and reduction of frontal area. To the authors’ knowl-
edge, this effect has not been explicitly outlined in previous research; more exploration is
required to investigate this hypothesis.

As can be seen in Figures 4 and 5, different vertical distributions of density led to
distinct flow fields. A higher geometrical center (type B) led to higher retardation of the
flow at the top of the vegetation but in the case of a lower geometrical center (type A), the
flow suffered less impact as less blockage was present at the top of the vegetation. The
velocity is naturally lower near the bed and it rises in the vertical direction. Vegetation
type A, which has a lower geometrical center is subject to a flow with relatively low
velocity and therefore does not produce as much momentum loss as the type B model,
which has a higher geometrical center and is subject to a relatively high-velocity flow.
Moreover, it has been suggested that when an inflection point in the velocity profiles within
vegetation is present, the shear layer at the interface between the vegetated region and the
upper region is unstable and Kelvin–Helmholtz vortices are likely to occur [1,32]. These
vortices cause vertical momentum exchange and, therefore, lead to a momentum loss in the
channel direction [33]. An inflection point has occurred in the velocity profiles for all cases,
indicating the presence of these vortices. The velocity contour of model type B shows more
blockage in the vegetated region and at the top of the vegetation, and an abrupt rise of
velocity in the upper region, which could be attributable to more intense shear instabilities
at the top of the vegetation in comparison to model types A and C. Alteration of the velocity
profiles and the flow field caused by vertical distribution of density has implications for
bed shear stress and consequently morphological processes. The value of cross-sectionally
averaged bed shear stress for the first section of the tests is 6.8 N/m2 and for the third
section of the tests, the values for A, B, and C types are 13.5, 17, and 19.8 N/m2, respectively.
A steeper water surface gradient and increased velocities for model types B and C have
caused the bed shear stress to increase.
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6. Conclusions

In order to study the effect of vertical variation of submerged vegetation density on
the flow resistance and bulk flow characteristics, three patches of wooden model vegetation
elements were compared. The vegetation models had the same density but different
vertical distributions of density. All other effective parameters were kept constant so that
any difference in the flow structure and the flow resistance would be attributable to the
distribution of density in the vertical direction.

A force balance approach was employed to calculate the drag coefficient. The three
vegetation models led to different values of drag and Manning’s coefficient. There was
as much as a 41% difference in the value of the drag coefficient produced by the models.
The distance from the bed to the geometrical center of vegetation was used as a parameter
to characterize the vertical variation of density. There was a direct relation between this
parameter with both the drag coefficient and Manning’s coefficient, showing a second
power relation to the height of the geometrical center. More data are needed to assess the
obtained proportionality as it may not hold across a wider range the flow conditions and
vegetation characteristics. The vertical distribution of vegetation density is a key influential
vegetation parameter even in reach scale studies as it affects the flow resistance substantially.

The flow fields of the three vegetation models present distinct characteristics, showing
different behaviors in the vegetated region, the upper region, and the interface between
these regions. The vegetation model with a higher geometrical center leads to intensified
loss of momentum in the vegetated region and at the top of the vegetation. Vegetation with
a lower geometrical center causes the least impact on the flow as the majority of its area
is close to the bed and it is subject to a relatively low velocity. The vertical variation of
vegetation density affects the bed shear stress as well.

With the advancements made in Lidar techniques and remote sensing in general, it is
now easier to capture detailed vegetation morphology. The findings of this study can help
researchers and practitioners use relevant vegetation parameters in resistance prediction.
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