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Vegetation on the riverbed, banks and flooding areas of watercourses significantly affects energy losses. Energy
dissipation takes on different values depending on whether the vegetation is emergent or submerged, rigid or flexible.
Many models have been proposed in the scientific literature for its evaluation.
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| 1. Introduction

Vegetation is an important issue on the viewpoint of catchment hydrology 28 since rain drops interception,
evapotranspiration, infiltration are elements to consider in surface and sub-surface water balance. Moreover, riparian
vegetation plays a key role both on the ecologic and habitat viewpoints, as well as a source of biodiversity. Indeed,
vegetation prevents fertilizers and pollutants from getting to the watercourses® and, because of the effect on landscape,
has a significant recreational function.

On a more strictly technical viewpoint, riparian vegetation interacts with water flow, with effects both on the bank stability
and on the river hydraulics. Vegetation acts on bank stability since it mechanically strengthens the soil because of the
presence of rootsEIEIEl: moreover, it reduces the soil water content because of evapotranspiration with the
consequence of reducing interstitial pressures &I,

As to river hydraulics, vegetation clutters up part of the river cross-section2Ll jncreases the roughness and reduces
the velocity; all this results in increased water levels and reduced water conveyance. Moreover, while the smaller average
velocity on one hand reduces the erosion of riverbed and banks, on the other one increases the sediment deposition,
what makes the water cross-sections smaller and raises flooding risk. On the scale of the hydrographic network, the
general velocity reduction influences the travel time of water particles, making easier the peak flow control[12[13],

Therefore, one cannot know in advance the general effect of vegetation, but every case should be considered singularly,
using proper procedures. Indeed, this effect depends on both the hydraulic and mechanical properties of the water cross-
section, as to of the present vegetation, that may be different according to species, phenological stage, age and, possibly,
maintenance.

Usually, in the literature the vegetation is considered as rigid or flexible, and according to the water level, as emergent or
submerged. Flexible vegetation refers to grass, reeds and shrubs, or, when speaking about trees, to the branch and leaf
system. Combinations of the above categories, really found in natural streams and channels, are still difficult to treat.

In the following we will present the methods found in the literature, allowing estimation of flow resistance coefficients to
input into models for flood simulation, based on different types of vegetation in the river banks and floodplains.

| 2. Flow resistance equations

According to Chow24| the resistance to flow in artificial channels and watercourses is influenced by several factors, i.e.
size and shape of the grains of the material forming the wetted perimeter, vegetation, silting and scouring, , etc.

As it is well known the resistance to flow can be expressed by the Darcy-Weisbach f friction factor, the Chézy’s C or the
Gauckler-Strickler k velocity coefficients and the Manning n roughness coefficient; the relation among these coefficients is
the following
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where V is the mean flow velocity, R the hydraulic radius, J the energy line slope and g the gravity acceleration.

The contribution of vegetation to the roughness coefficient can be evaluated by means of descriptive approaches,
photographic comparison approaches or by analytical methods.

| 3. Descriptive and photographic comparison approaches

In these methods, one roughness coefficient is chosen on the basis of the class to which the river reach belongs. Among
the descriptive methods, the best known is the Chow's onell4. The author gives, for every class of channels, the
minimum, average and maximum values of Manning n coefficient, warning that when the channel is artificial, the average
values should be used in case of good maintenance only. The photographic comparison approach consists in evaluating
the Manning coefficient of a given river reach on the basis of similarity with the pictures of other similar cases, for which
the coefficient was estimated in ordinary or flood conditions.

| 4. Analytical methods
4.1 Rigid vegetation

When the vegetation is made up by trees, in an analogy of the resistance to flow due to immersed bodies, the roughness
coefficient is expressed as a function of the drag force exerted by the flow on the body, depending then on the number of
trees, their arrangement, the diameters of their trunks and, where appropriate, the branch system. Usually, in the
laboratory tests, the rigid vegetation is simulated by cylinders.

4.1.1. Emergent rigid vegetation

In case of one isolated vertical cylinder whose axis is orthogonal to the flow direction the resistance to flow is expressed
by the drag force Fp, computed as
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where p is the water density, h is the depth of the immersed part of the cylinder, V is the approach velocity and Cp, is a

drag coefficient. Cp is a function of stem Reynolds number computed by means of the approach velocity V and the
VD
cylinder diameter D, fep = ", being v the water kinematic viscosity.

When the cylinder is a part of a group of elements (see Fig. 1), one cannot ignore that the longitudinal and transversal
interference make considerably more difficult the study of the resistance to flowl2l28I7 |n Fig. 1 x is the streamwise
coordinate, z is the vertical coordinate above the river bed, u, is the local time-averaged velocity, u is the mean velocity
along the vertical, h is the water depth and h, the vegetation height.
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Figure 1. Side view of emergent vegetation and velocity profile.

To find the values of Cp in case of sparse emergent arrays, both experimental tests and numerical simulations have been
carried out, with the vegetation arrangements defined before as linear, or staggered, or random. Among the first studies,
we will cite only Petryk 8, L and Shenl1 and Petryk and Bosmajianli2,



Petryk and Bosmajiani®¥, to determine the Manning coefficient in a vegetated channel, implement the momentum
equation for a reach, imposing that be equal to zero the vector sum of the weight of the control volume, projected on the
bed direction, plus the contour resistance, plus that opposed by the tree trunk; they conclude with defining the overall
Manning coefficient n as a function of the value relative to the soil, np, and the one relative to vegetation drag coefficient
Cp, by writing
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where L is the reach length, A the area of the water cross-section, ZA; the area opposed by the vegetation to the flow. The

authors consider equal to 1 the drag coefficient Cp. For the estimation of Cp several expression have been proposed(2d
[21][22][23][24][25]

4.1.2. Submerged rigid vegetation

In the case of submerged vegetation, very often the profile is schematized as only two interacting zones (two-layer
approach): the vegetation layer, containing the cylindrical elements representing the vegetation, and the surface layer,
above them, up to the flow surface (Fig. 2). In Fig. 2 ug is the mean velocity along the vertical in the surface layer, and u,
is the mean velocity along the vertical in the vegetated layer.
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Figure 2. Side view of submerged vegetation and velocity profile

Rigid submerged vegetation has been the subject of a large number of investigations281271128][29][30](31][32] Znq
comparisons23IB4IESIS6I37I38]  Some researchers provided the average velocity values in the two layers while others
derived the velocity distribution and the average values!Z28l2981] |y the vegetation layer the streamwise velocity is
usually considered constant with the flow depth24B1, while in the surface layer various expressions were adopted for the
velocity distribution28: the logarithmic theoryl2828131  the Kolmogorov theory of turbulencel®¥, the genetic
programming&d, the representative roughness height2239,

Starting from the velocity distribution it is possible to evaluate the Manning coefficientlZABABLEA and some authorsLH4Y
have proposed expressions for both submerged and emergent rigid vegetation.

4.2 Flexible vegetation
4.2.1. Potentially changing vegetation condition

Sometimes during a flood event, as the discharge increases, the vegetation can lay over or be removed@1142143144] \yhich
leads to a reduction in roughness and to an increase in the flow capacity through the section; therefore the peak flow,
which could occur later, takes lower water-surface elevations than it would have had in the case of upright vegetation. To
determine under what conditions the vegetation flattens, Phillips et al.l4ll referred to the stream power, defined as
SP=gRJV, and to the resistance of the vegetation characterized by an index defined as the susceptibility index of the
vegetation. This index is given by the product of the vegetation flexibility factor, the vegetation blocking coefficient, the
vegetation distribution coefficient and, finally, the flow depth coefficient. For each type of vegetation it is possible to
determine the minimum value of the stream power beyond which the vegetation is layover.



For rigid vegetation, the action of the flow varies with the squared velocity. In case of flexible vegetation, this is not true,
since the vegetation reconfigures by reducing the area projected on a plane orthogonal to the flow direction and aligning
the leaves with it. The relationship between flow velocity and drag force was expressed as Fp, ox V2t where the Vogel
exponent b2 is a measure of the plant reconfiguration. When is b = 1, the drag force varies linearly with the velocity. A
linear increase of drag force with the flow velocity was observed for flexible plants by direct measurement in prototype
scale by Armanini et al.43,

The friction factor due to the vegetation, f,, in a reach of length L is
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We will first analyze the studies in the case of submerged flexible vegetation and then those related to the non-submerged
vegetation.

4.2.2. Submerged flexible vegetation

The first studies on submerged flexible vegetation (Fig. 3) are related to the design of irrigation canals8l. In Fig. 3 hys is
the bent vegetation height. Since the resistance depends on the curvature of the vegetation, the link between the Manning
coefficient, n, and the product of velocity, V, and hydraulic radius, R, was identified on an experimental basis. This
relationship depends on the type of vegetation and is practically independent on the slope of the canal and its shape. Five
experimental curves have been obtained relating the Manning coefficients, also called delay coefficients, with the product
VR classified as very high, high, moderate, low or very low and identified with the letters A, B, C, D and E.
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Figure 3. Side view of submerged flexible vegetation.

According to Kouwen et al.l4d the friction factor in the case of submerged flexible vegetation can be represented through
a semi-logarithmic function of the relative roughness, defined as the ratio of the deflected plant height, h,s to the flow
depth

v h
T_ = Cu + C—*l.-fog— (5)

where the coefficients Cy and C; depend on u+/ux. with

e = min (0.23MEIT*' 0.028 + 6.33MEI*) ®)

where M is the stem count per unit area, E is the modulus of elasticity and / the second moment of the cross-sectional
area of the stems. The product MEI is defined as flexural rigidity. The deflected height depends on the drag exerted by the
flow and the flexural rigidity of the vegetation.

4.2.3. Non submerged flexible vegetation



Studies on non-submerged flexible vegetation have been carried out, among others, by Kouwen and Fathi Moghadam[48],
and Vastila et al.49,

Kouwen and Fathi Moghadam 8!, performed laboratory experiments on four different types of conifers both in water and in
air; the authors, on the basis of dimensional analysis and a series of symplifyng hypotheses proposed to calculate the
friction factor as the following equation
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where £ takes into account the deformation of the plant, and E is the modulus of elasticity. The term &E is called vegetation
index, it is unique for each species and is obtained from the resonant frequency, mass and length of a treel28159,

Recently, Vastila et al.22 proposed to calculate the friction factor, f,, as
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where A; represents a characteristic area of plants, Ay is the bed area related to a plant, Cpy is a species-specific drag
coefficient, x depends on the area , and Vj is the lowest velocity used in determining x. As to the area A, Vastila et al.[49]
compared three areas: the first one, A, is obtained by means of the leaf area index (LAI), (defined as the ratio between
the one-sided leaf area and the ground area), the second one as the area projected onto a plan orthogonal to the flow
direction when the plant is under the flow action (Ap), and the third one as the area projected onto a plan orthogonal to the
flow direction when the plant is on free air (Ag).

| 5. Numerical Methods

For a detailed analysis of the flow fields and turbulence characteristics one can refer to measurements with particle
image velocimetry system (PIV) or acoustic Doppler velocimeter (ADV) probe or, furthermore, on numerical simulations,
more or less detailed depending on the flow cases at hand22[BLI52I58154] (22 51.54]. An excellent review about the
numerical models utilized for the analysis of the interaction between flow and vegetation is due to Stoesser et al.[33.

RANS models are operated on coarse grids and the drag due to vegetation is accounted for through additional source
terms in the governing equations8IE7S8IBAIEA [56-60]. The coherent structures that form downstream to the cylinders or
over the vegetated layer in the case of submerged vegetation can be obtained by means of LES approach[8162I[63] | the
latter simulations, one can explicitly represent the plants by inserting in the mesh some blocked cells representing the
vegetation. Stoesser et al.l8ll [61] executed a LES with reference to a companion experiment of Liu et al.84 related to
rigid emergent vegetation, obtaining interesting results. It should be noted that numerical simulations have been used not
only for comparisons with companion experiments, but also in real situations. As an example22[€3] 3 RANS simulation
was carried out to mirror a flood event of the Rhine river with a return period of 100 years.

| 6. Hydraulic roughness assessment

Riparian vegetation, in particular that located on flood areas, has very heterogeneous characteristics both from a spatial
and temporal point of view. These characteristics must be adequately included in the hydraulic-hydrological models.
Conventional ground-based monitoring is often unfeasible as these techniques are time-demanding and expensivel8],
especially for large areas and when they are inaccessible. New opportunities are offered by remote sensing, which has
developed considerably in recent decades and has been increasingly used in the environmental field. Some reviews have
addressed the use of remote sensing in fluvial studies®AB8I6A and, in particular, for mapping riparian vegetation and
estimating biomechanical parameters!Z%,

Remote sensing is based on satellite images (digital or radar) or aerial platforms (LiDAR (Light Detection and Ranging)
and orto-photography). Digital satellite images, in the last decade, have reached a definition similar to those of
orthophotos (the pixel sizes in the sensors Quickbird and Ikonos are equal, respectively, to 0.6 m and 1 m) making it



possible their application to riparian areas that, very often, are of limited size. Image classification is the process of
assigning individual pixel or groups of pixels to thematic classes

The vegetation hydrodynamic maps are also able to well describe the equivalent Manning’s roughness coefficient 2,

One of the biggest limitations of optical sensors is the inability to penetrate the cloud system. Radar systems are
microwave-based and do not depend on the cloud system and are particularly useful during flooding events, that usually
occur in the presence of a cloud cover, allowing monitoring of the timing and spatial extent of flooding. Backscatter
increases with biomass and this makes it difficult to apply radar sensors in floodplain areas which are usually
characterized by very dense vegetation.

Satellite images provide information on the spatial variability of vegetation but do not provide information about its vertical
structure. LIDAR technology provides information on the three-dimensional structure of vegetation. Laser scanning (LS) is
employed in terrestrial (TLS), airborne (ALS) and mobile (MLS) platforms. The airborne laser scanner (ALS) provide
accurate information of forest canopy and ground elevations producing a digital terrain model and a digital surface model.
The difference between the digital surface model and the digital terrain model gives the tree heights.

| 7. Future directions

Currently research on the interaction between vegetation and flow is focusing on a more correct assessment of the action
exerted by the shear stressiZ4lZ8] on velocity distributionlZ4lZ3], on sediment transportZEIALEIIEABLIEZ o finjte-sized
vegetation patches/83[B41B31[86I[87][88][89(0] o the interaction between jets and vegetation2122 on processes of transport

and dispersionl23l24l85]  on evolution of patches of vegetation®d and on one-line emergent vegetation®d. New
opportunities seem to be offered by the use of remote sensing in fluvial studies8I69 and, in particular, for mapping
riparian vegetation and estimating biomechanical parametersZ9.
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