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Abstract

Extensive research on vegetation flow resistance at the laboratory scale has yielded numer-
ous formulations for determining vegetation friction coefficients. However, implementing
and validating these equations at the river scale is often complex due to the lack of data
on vegetation features and flow characteristics during floods, resulting in a limited number
of field application studies. In this research, we use the Telemac-2D hydrodynamic model
in a new case study to evaluate the performance of five vegetation friction formulations
applied to arboreal vegetation. Employing vegetation data acquired through field surveys
and LiDAR, along with flow data collected during one of the highest peak floods recorded
on the Piave River, we built a two-dimensional (2D) river model. This model considers
existing arboreal vegetation and terrain conditions to compare observed water surface ele-
vations (WSE) during the flood with those simulated using vegetation friction equations.
Our findings reveal that all tested equations perform similarly in all simulations. While
these equations overestimated WSE throughout most of the flood, they accurately predicted
levels at the highest peak and its proximity. Additionally, we explore several vegetation
scenarios, varying density and percentage of area covered by arboreal vegetation, to assess
their effect on water levels and flood risk.

Keywords Arboreal vegetation - Flood simulation - Hydrodynamic modeling - Piave
River - Vegetation friction

1 Introduction

Floods are one of the most common natural disasters worldwide, inflicting long-term envi-
ronmental effects such as erosion and sedimentation [1], significant damage to people and
infrastructure, and great economic losses. According to the technical report published by
the Joint Research Center (JRC), floods across Europe and the UK have resulted in annual
damages of 7.8 billion euros, with more than 170000 people at risk of river flooding [2].
Italy, a country historically susceptible to flooding, has reported 75 fatalities, 32 inju-
ries, and nearly 50500 evacuations in the last five years (from 2018 to June 2023) due to
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flooding [3]. Climate change has worsened the situation, rendering floods more frequent
and severe in recent years [4—6].

Several factors influence water levels during a flood event, including (i) precipitation,
(ii) river size, shape, and flow rate, (iii) topography of the flood-affected area, (iv) soil type,
(v) the presence of structures in and along the river, (vi) anthropogenic activities such as
land use changes and urbanization, and (vii) vegetation.

Vegetation in and around rivers can modify the shape and size of a stream channel,
altering the flow patterns and velocities, resulting in geomorphologic changes [7]. Addi-
tionally, it can stabilize river banks, mitigating erosion and limiting the runoff into riv-
ers, thereby decreasing flood impacts [8]. However, floodplain vegetation can increase flow
resistance, reducing flow velocities and river conveyance capacity [9]. This phenomenon
can induce higher water levels, posing an increased risk of flooding. Therefore, an accurate
estimation of vegetation-induced flow resistance, particularly friction coefficients, is cru-
cial in flood analysis.

During water-vegetation interaction, vegetation introduces hydrodynamic resistance
influenced by various factors such as flow characteristics, drag coefficients, and morpho-
logical and mechanical properties of vegetation. Existing literature suggests assessing this
resistance based on the flow conditions (emergent or submerged) and vegetation type (rigid
or flexible) [10]. Unlike rigid vegetation, which remains erect and maintains its shape
and position, flexible vegetation can adopt different configurations depending on flow
dynamics.

Under emergent flow conditions, friction coefficients increase with greater water depth
and vegetation density. Experimental research has revealed that within vegetation areas,
the vertical velocity profile deviates from the typical logarithmic distribution, and the aver-
age flow velocity is lower compared to areas without vegetation [11]. For rigid emergent
vegetation, resembling trees without foliage, the velocity profile tends to be uniform across
most of the intermediate depth, forming a "J" shaped distribution [12]. However, for flex-
ible emergent vegetation, such as plants with flexible foliage, the velocity profile varies in
foliage and stem parts, with velocity decreasing within the foliage and increasing within
the stem [13].

Submerged vegetation flow is often analyzed using a two-layer model, which divides the
flow into non-vegetated and vegetated layers. However, to better describe vegetation turbu-
lence features, some studies recommend a three-layer model [14, 15]. Laboratory studies
indicate that fluctuating velocities within and above vegetation cause an inflection point in
mean velocity profiles near the top of vegetation [16]. While the logarithmic velocity pro-
file remains applicable in the non-vegetated layer [17], the vegetated layer presents greater
complexity due to momentum exchange often dominated by the Kelvin-Helmholtz insta-
bilities between layers [18]. In the case of rigid vegetation, velocity distribution within the
vegetated layer remains relatively constant throughout the intermediate depth, similar to
the emergent case, with a velocity spike near the bed and an increase near the top bound-
ary [15, 19]. In contrast, flexible vegetation exhibits an "S" shaped velocity profile [20].
Generally, submerged vegetation friction coefficients tend to decrease with greater water
depth. At high water depths and velocities, flexible submerged vegetation bends, reducing
the effective area obstructing the flow and thus flow resistance [21].

Given the diverse range of vegetation types and flow conditions present in riverine eco-
systems, hydrodynamic modeling has become a valuable tool for analyzing flood events in
natural environments and assessing vegetation friction coefficients.

A general practice for determining vegetation friction coefficients using hydrodynamic
models is through a calibration process from observed field data. This process assigns
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friction values based on literature [22, 23] and then adjusts them to minimize the difference
between model predictions and observations, such as water levels or inundation areas [21].
However, this method is limited because flood data is often unavailable, and the predictions
are less reliable for flows over the maximum flow calibrated [24]. An alternative method
incorporates vegetation friction formulations into hydrodynamic models, enabling friction
coefficient calculations based on water depths and vegetation characteristics.

Mason et al. [25] conducted one of the first studies on integrating vegetation friction
formulas into hydrodynamic models. Using Telemac-2D and vegetation height acquired by
LiDAR, they calculated friction factors at each node of the model mesh by applying Kou-
wen and Unny equation [26] for grasses and Fathi-Maghadam and Kouwen formula [27]
for trees and bushes. For the flood event they tested, the simulated flood extent agreed with
the observed flood extent in almost the entire modeled domain.

Straatsma and Baptist [28] developed a method to parameterize floodplain friction by
combining multispectral and airborne laser scanning (ALS) data of the floodplains of the
Waal River in the Netherlands. ALS data facilitates the analysis of vegetation height and
density for forest and herbaceous areas. The method proposed by the authors was evaluated
from water levels calculated using the equation of Baptist et al. [29] in the Delft 3D hydro-
dynamic model. The model produced accurate predictions of water levels and discharge
measurements.

Abu-Aly et al. [30] used Katul et al. [31] equation to develop a two-dimensional
hydrodynamic model that analyzed the effects of spatially distributed vegetation friction.
Employing LiDAR data, they determined floodplain vegetation height along a river cor-
ridor and performed simulations with and without vegetation. The results indicated that
vegetation increased the mean water depth by up to 25% and decreased the flow velocities
by up to 30% at the maximum modeled discharge.

Folke et al. [32] examined Baptist et al. [29], Jarveld [33] and Lindner [34] vegetation
formulations in Telemac-2D using a hydraulic model of the Rhine river, finding that these
formulations accurately predicted measured water levels. Similarly, Chaulagain et al. [35]
evaluated Baptist et al. [29] and Jdrveld [33] equations in an SRH-2D model of the San
Joaquin River, comparing measured water levels predictions obtained through two methods
for acquiring vegetation parameters: field-based and LiDAR. While all models performed
well overall, the Baptist-field model was the most accurate.

In a recent study, Wang and Zhang [24] investigated the integration of vegetation fric-
tion formulas into one-dimensional models. They incorporated eleven equations into
a Hec-Ras model to examine the San Joaquin River reach. According to their findings,
Whittaker et al. [36] equation provided the best predictions for friction coefficients and
river stages. Furthermore, they concluded that methodologies based on the rigid cylinder
analogy - in which vegetation geometry is simplified as rigid cylinders - produce accurate
river stage predictions and are suitable for calculating friction coefficients in 1D models for
areas dominated by trees and shrubs under emergent conditions.

The last decade has brought significant progress in integrating vegetation equations into
hydrodynamic models. However, much of this research has been focused on laboratory-
scale investigations [37-39]. Large-scale studies are comparatively few due to difficulties
in gathering vegetation field data. Besides, crucial data such as flow depths and discharges
are often unavailable during major flood events. As a result, most river-scale applications
have been conducted under steady-state conditions, with very few considering flood events
[40]. This work intends to bridge this gap by evaluating the performance of five vegeta-
tion friction formulas under an unsteady-state flow regime, simulating a river flood event.
Furthermore, it seeks to broaden the current river-scale literature through a new case study.
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By employing the Telemac-2D hydrodynamic model and incorporating arboreal vegetation
data and flow data from the Piave River, this research outlines the workflow for simulating
vegetation friction in 2D river-scale models. Moreover, it explores different vegetation sce-
narios to provide insights into effective vegetation management strategies.

This work is structured as follows: Sect. 2.1 provides an overview of the hydrodynamic
model and the vegetation friction formulations employed in this study. The characteristics
of the study area, the vegetation, and the examined flood are detailed in Sects. 2.2 to 2.4.
Section 3.1 presents the parameters used for setting up the model, while Sect. 3.2 illus-
trates the results of the numerical simulations. Additional findings related to vegetation
friction coefficients and simulations involving various vegetation scenarios are discussed in
Sects. 3.3 and 3.4, respectively. The study concludes in Sect. 4.

2 Methodology
2.1 Hydrodynamic model

This study employed the two-dimensional hydrodynamic model Telemac-2D, developed
by the Research and Development Department of Electricité de France (EDF), to simu-
late free-surface flow under both steady and unsteady conditions. Telemac-2D solves the
Saint-Venant equations, a set of partial differential equations derived by integrating the
Navier—Stokes equations over the vertical axis [41]. These equations represent the conser-
vation of mass and momentum in two dimensions and are expressed as follows:

Continuity equation:

oh

™ +uV(h) + hdiv(u) = S, (1)
Momentum equations:
ou 0Z 1.
5 +uV(u) = —ga +S,.+ Edlv(hv,Vu), )
av 0Z 1.
5 +uVQy) = _gd_y +5, + Ele(hv,Vv), (3)

where & represents the water depth, u and v denote the horizontal velocity components
along x and y axes respectively, g is the gravity acceleration, v, represents the momentum
diffusion coefficient, Z stands for the free surface elevation, ¢ denotes time, x and y are the
horizontal space coordinates, S, is the source or sink of fluid, and S, and S, denote source
or sink terms in the dynamic equations. '

Telemac-2D applies either finite-element or finite-volume methods to solve equations 1
to 3. Previous research has shown that while the finite-element method yields similar
results to the finite-volume method, it requires less computational time [42]. Hence, we
opted for the finite-element approach in this investigation.

The software includes several friction laws, such as Chezy, Strickler, Manning, and
Nikuradse, primarily for bottom friction. However, to accurately model vegetation effects,
additional methodologies are necessary. Version V8pr2 provides eight equations for com-
puting vegetation friction coefficients. This study implemented the approaches proposed by
Lindner [34], Van Velzen et al. [43], Baptist et al. [29], Huthoff et al. [44], and Luhar and
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Nepf [45]. These approaches do not account for vegetation flexibility and can be applied to
both emergent and submerged vegetation, except for Lindner, which is specific to emergent
conditions.

2.1.1 Vegetation friction formulations

2.1.1.1 Lindner (1982) Lindner [34] defined the vegetation friction factor f as follows:

f=""Cb @)
xCy
where D is the diameter of the plant, 4 is flow depth, a,, are the longitudinal and lateral

distances between the plants, and Cy, is the drag coefficient.

2.1.1.2 Van Velzen et al. (2003) Van Velzen et al. [43] assessed vegetation flow resistance by
examining velocities in both vegetated and surface layers, using the vertical velocity profile
model introduced by Klopstra et al. [46].

V—hVV+
=V,

hohy (5)
h )

where V is the average flow velocity over the entire flow depth, A, is vegetation height, V,
and V, are depth-averaged velocities in the vegetated and surface layers, respectively.

v, =}2l—f<\/Kehv/’+u§ - \/K+ u?)
i (w/Kehr/l+u§—ux><1/K+u32_+us) ©)

+ —1In

h 9
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The variable u, corresponds to flow velocity through vegetation for emergent conditions,
whereas the variables K and / are defined below:

2gJ

u, = CymD’ 3)
gJ(h - hv)l
K=—"——“""
n\’ &)
a cosh (7 )
l _ (04
B Cp,mD (10)
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with J equal to the total energy slope, g is the gravity acceleration, m is the number of
plants per surface area and a = 0.0227h°7.

The roughness height of the surface layer, z,,, and the height of the virtual bed of the sur-
face layer, h, are calculated as:

29 =he™, (11)

1+ /1 +4L2x2(h—h,)/g]

h
s 202k2/g]

(12)

where L and M are:

kcosh(h, /1)
b (13)
I4/2K sinh(h, /1) + u?
\/2K sinh(h, /1 + u2)
e K sinh(h, /1 + u: (14)

u

*

and k = 0.411s the Von Karmén constant, while u, is the shear velocity of the surface layer:

u, = \/gJ(h—(h, = hy)) (15)

Once the velocity that characterizes the flow is known (V), it is possible to obtain the veg-
etation friction coefficient through the Manning or Cheézy equations.

2.1.1.3 Baptist etal. (2007) Baptist et al. [29] employed a genetic programming algorithm on
synthetic data generated with a 1D model solving a simplified version of the Navier—Stokes
equations to develop an expression for the vegetation friction coefficient applicable to sub-
merged and emergent conditions.

1 V8 ([ h
C = —In|—|,
\/I/C,%+<cDmIJlm/<2g>+ c n<h> (e

where C, is the Chézy coefficient for bare soil.

2.1.1.4 Huthoff et al. (2007) Based on the two-layer theory, Huthoff et al. [44] proposed that
the velocity in the vegetation layer is intricately linked to the velocities of the non-vegetated
layer. Thus, they defined an equation for the velocity of both layers that considers the bulk prop-
erties of the flow and the Kolmogorov theory’s definition of turbulent scales.

N -5
~ [2gs | b, h=h, (h—h, HCON
"=\ cmp TT(T) ’ an

heres =1/ ﬁ — D is average distance between plants.
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2.1.1.5 Luhar and Nepf (2012) The model developed by Luhar and Nepf [45] asserts
that the hydraulic resistance induced by vegetation at the reach scale mainly depends on
the blockage factor B,. This factor is defined as the fraction of the channel cross-section
obstructed by vegetation.

B = 18
e = (18)

where, w is vegetation width and B channel width. The relationship between B, and the
Manning coefficient is described by the following equations:

\/g Cpah 12
n Khl/é = 2 Bx = la (19)

g c.\'"? _
n(%)%?) (1-8)"" B.<1, (20)

where K = 1 m!/3%s~!is a constant that corrects the dimensions of the equation, « is the fron-
tal area per unit volume, and C, = 0.05 — 0.13.
In the case of submerged vegetation, the expression becomes:

\/E B 5\ 12 h, 3/2 5 1/2hv -1
n<Kh1/6 = <c_> (“Z) +<CDah> N @D

2.2 Study area description

The Piave River, located in the Veneto region of Italy, extends for 220 km and drains a
catchment area of 4130 km? before flowing into the Adriatic Sea. This study focuses on a
30 km reach in the lower basin, traversing the municipalities of Ponte di Piave, San Dona
di Piave, and Eraclea (Fig. 1). The study area covers approximately 13.65 km? with the
river width ranging from 60 and 100 m. The selection of this reach was motivated by its
diverse vegetation composition, including arboreal species, shrubs, vineyards, and crops,
as well as the availability of water depth data at three hydrometric stations installed by the
Regional Agency for Environmental Prevention and Protection of Veneto (ARPAV) on the
bridges of Ponte di Piave, San Dona di Piave, and Eraclea [47].

2.3 Vegetation data and friction zones

The Department of Land, Environment, Agriculture, and Forestry TESAF at the University
of Padova provided the vegetation data used in this study. The data was collected through
field surveys and LiDAR techniques, and it was used to generate two digital raster maps
containing information on densities and average tree diameters. Both maps had a resolution
of 20 m x 20 m.
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: f : v ¥ Legend:

O Hydrometric stations

= Study area

— Piave river

Veneto region

Study area

Fig. 1 Location of the study area along the Piave River. Hydrometric stations are denoted by yellow circles,
and the model boundary area is highlighted in red

Table 1 .Ve.getation parameters 1D Diameters [cm] Density [tree/Ha] s [m]

of the friction zones
vC 1-5 1000 -
T8 6-15 1200 2.9
Tl 1400 2.7
T7 1600 2.5
T6 2000 22
T5 3000 1.8
T10 16-25 1200 2.9
T2 1400 2.7
T9 1800 2.4
T3 26-35 1400 2.7
T4 36-60 1400 2.7

s: distance between plants, VC: vineyards and crops, T1 - T10: Tree
vegetation

To implement the two-dimensional model, the vegetation data was categorized
into 11 distinct friction zones within the study domain. Table 1 reports the diameters,
densities, and distances among plants (s) in each category. A constant friction coefficient
of n = 0.035 s/m!/? was assigned for vineyards and crop fields (VC) based on existing
literature [22]. Figure 2 depicts the distribution of friction zones across the study area.
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Fig.2 Distribution of friction zones in the study area. "MC" denotes the main channel, "VC" represents
vineyards and crops, while "T1" to "T10" categorizes tree vegetation according to their diameter and den-
sity

2.4 Flood event

The flood under investigation occurred between October 29th and 31st, 2018 (Fig. 3). It
was characterized by intense precipitations and strong winds, resulting in one of the high-
est peak flows ever recorded [48]. Water levels in the floodplains reached up to 6 m, caus-
ing loss of life and substantial damage to forests and infrastructure.

During the event, the hydrometric station at Ponte di Piave (see Fig. 1) registered
two peaks, measuring 9.3 and 13 m.a.s.1, corresponding to discharges of 1200 m3/s and
2064 m?/s, respectively, according to ARPAV flow rating curve [49]. Figure 4 shows the
water surface elevations (WSE) recorded by the Ponte di Piave hydrometric station.

Fig. 3 Photographs of the flood at Ponte di Piave municipality. The pictures show water levels reached in
the floodplain areas and main channel (Source: https://www.vigilfuoco.tv/veneto/venezia/venezia/sorvolo-
elicottero)
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Fig.4 Water surface elevations

at the Ponte di Piave hydrometric 14 13.06
station during the flood. The
figure shows two peaks: 9.30 12

m.a.s.l. at 14 h and 13.06 m.a.s.l.
at 42 h after the beginning of the
event (Source: https://www.arpa.
veneto.it/dati-ambientali/dati-in-
diretta/meteo-idro-nivo/variabili_
idro?codseqst=300001769 &
focus=LIVIDRO) 6

WSE [m.a.s.l.]
[oze]

—_
(=)
LI I S L S B I B B e

Time [hours]

3 Application of the hydrodynamic model
3.1 Model setup
3.1.1 Computational mesh

The model mesh for the study area was generated from a digital terrain model (DTM) with
a resolution of 2 m x 2 m using the software BlueKenue [50]. A grid independence study
was carried out to identify the mesh characteristics yielding similar simulation results in
less computational time. We tested four grid sizes and compared water depths at a con-
trol point. Table 2 illustrates the mesh characteristics, the water depth variations relative
to the initial test, and the corresponding simulation times. According to these findings,
the selected mesh was an unstructured triangular grid consisting of 106778 elements and
54490 nodes (test 3), with a resolution of 10 m in the river main channel and 25 m in the
floodplains (Fig 5). To guarantee model convergence and stability, we implemented a vari-
able time step ensuring a Courant number below 1.

3.1.2 Boundary conditions

Boundary conditions were established based on data collected from the hydrometric sta-
tions and the flow rating curve. Accordingly, the flow hydrograph at Ponte di Piave and

Table 2 Grid independence test

Test Mesh element sizes [m] Nodes Elements Water depth Simulation
Channel Floodplains variation [%] time [min]

1 5 15 83350 162715 - 571

2 10 10 139609 273297 0.3 956

3 10 25 54490 106778 0.6 372

4 10 30 49256 96558 24 337
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Piave River
Mesh 10m

Floodplains
Mesh 25 m

Friction zones
[ |
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Fig.5 Mesh of the study area composed of 106778 elements and 54490 nodes. The mesh resolution was
10 m for the river main channel and 25 m for the floodplains

WSE at Eraclea were employed as the upstream and downstream boundary conditions,
respectively (Fig. 6a and b).

3.1.3 Friction considerations

Friction formulations were applied for arboreal vegetation using the data detailed in
Table 1 and subdividing the mesh according to the friction zones illustrated in Fig. 2.

5
E (a) 2064 E (b) 432
2000 - 4 _
E 1500:— 33F
2 : E I
= 1000 [ 22f
E [ z I
500 F 1
0'...|...|...|... o
0 20 40 60 80 0 20 40 60 80
Time [hours] Time [hours]

Fig.6 Boundary conditions: (a) Flow hydrograph at Ponte di Piave station displaying the two flood peaks.
The first peak recorded a discharge of 1200 m?/s, while the second peak increased to 2064 m?/s. (b) Water
surface elevations measured at Eraclea station. The highest levels reached 2.17 m.a.s.l. at 18 h and 4.32
m.asl at47h
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Given the prevalent arboreal species in the area, a tree height of 10 m was adopted. Since
water depths in the floodplains reached up to 6 m, most of the arboreal vegetation was
emergent, with the water mainly interacting with the trunk (see Fig. 3). A vegetation drag
coefficient equal to 1 was used, consistent with similar studies [32, 40], which suggest that
this value minimizes errors in modeling natural vegetation. A constant friction coefficient
of n = 0.035 s/m'/? was assigned to the crop fields.

During floods, the flow resistance within the main channel experiences variations. The
increased flow velocities mobilize larger sediments, alter erosion and deposition patterns,
and facilitate the transport of debris such as tree trunks or branches. Additionally, high
flows create or modify bedforms like dunes and ripples on the river bed. As a result, the
friction coefficient of the main channel becomes dynamic, varying with water depth. To
reduce uncertainty, we calibrated this coefficient for high-flow conditions.

Initially, the friction coefficient for the main channel was set at n = 0.0295 s/m'/3. This
value was derived through calibration of a Telemac-2D model under low-flow conditions,
using water level and discharge data acquired during a flow measurement campaign [51]
conducted with the River Surveyor M9, an ADCP instrument developed by Sontek. Then,
varying the friction coefficient within + 10% and + 20% of its initial value, simulations
were performed to replicate the highest flood peak. The WSE values obtained from these
simulations were compared with the measured value at the San Dona hydrometric station.
Among all simulations, the friction coefficient of n = 0.0325 s/m!/3, representing 10%,
resulted in the least mean absolute percentage error (MAPE) of 0.9%. Thus, it was selected
as the friction coefficient for the main channel in the flood analysis.

3.1.4 Initial conditions

A steady-state simulation established the required time steps for achieving model conver-
gence. Discharge and water surface elevation (WSE) convergence were assessed at the
model boundaries. For this simulation, the initial flow hydrograph value at Ponte di Piave,
223.2 m3/s, was set as the upstream boundary condition, while the initial water level at
Eraclea, 0.3 m.a.s.l., served as the downstream condition (Fig. 6). The model stability for
both variables was attained after 40000-time steps (Fig. 7). The computational time for
this simulation was 45 min, utilizing an Intel(R) Core(TM) 17-4790 CPU @ 3.60GHz. The

500 [
ey 50F ()
250 |k - |- oo
2[ 05 J/
3 0Ff = e
£ ' :; 0.0 :
Q [ 2
g —20¢ E sk
= L [89] X
2 —s00F z ;
A E -5.0 o
-750 E - Ponte di Piave =75 E —— Ponte di Piave
[ Eraclea u Eraclea
—1000 I L L L 1 L L L 1 L —100 L L L L 1 L L L 1 L
0 20000 40000 0 20000 40000
Time steps Time steps

Fig.7 Model convergence: (a) Discharge set to 223.2 m?/s at both boundaries. (b) Water surface elevation
stabilize at 3.8 m.a.s.] at Ponte di Piave and 0.33 m.a.s.] at Eraclea
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steady-state simulation results were used as the initial condition for the unsteady simula-
tion, providing a converging baseline.

3.2 Model performance

Simulations were carried out under unsteady-state conditions using five vegetation friction
formulas. Figure 8 compares the differences in water levels along the river reach during the
second flood peak for all formulas. The water level differences were calculated relative to
the results obtained using the Baptist et al. formula. All vegetation friction models exhib-
ited similar performance, with differences in the order of centimeters (maximum 6 cm for
Huthoft at the San Dona di Piave station). This finding aligns with the observations made
by Folke et al. [32] in their study on the Rhine River. The results could be attributed to the
relatively small area covered with arboreal vegetation within the study domain. Specifi-
cally, only approximately 20% (2.8 km?) of the total simulated area (13.65 km?) is occu-
pied by arboreal vegetation. The remaining 80% were vineyards and crops modeled with a
constant friction coefficient.

The performance of the vegetation friction models was assessed using the water surface
elevation (WSE) data collected during the flood at the intermediate hydrometric station,
San Dona di Piave. This station was selected because of its distance from the boundary
conditions. Figure 9a compares the measured WSE values at the San Dona di Piave section
with the simulated results from the vegetation friction equations.

The simulations generally overestimated water levels throughout the flood, except for
the highest peak, which is accurately simulated. At this point, the observed data registered
7.59 m.a.s.l., while the simulated values ranged between 7.61 and 7.66 m.a.s.l. (relative
errors of 0.2% - 0.9%). However, during the first peak, the water levels were overestimated
by approximately 1 m, resulting in a relative error of 26%. Additionally, all models exhib-
ited a time lag of around 3.5 hours compared to the measured values.

The observed discrepancies between the results of the models and the measured data
can be attributable to several factors. Firstly, the model does not currently consider the
additional flow resistance induced by bushes or shrubs, which represent undergrowth
vegetation. This vegetation has a higher impact during low and intermediate flow condi-
tions, which could explain the higher disparities found during the first flood peak. When
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Fig. 8 Differences in water level between the Baptist formula and the other vegetation friction formulas at
the second peak along the river reach
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Fig. 9 a Water surface elevation simulated by the vegetation friction models and the observed values at San
Dona di Piave during the flood. b Simulated flow hydrographs obtained using the formula of Baptist et al.
The curve at Ponte di Piave represents the upstream boundary condition for the model. The dashed vertical
line marks the time at which the satellite image was captured

submerged, such vegetation can create turbulence and instabilities associated with the
transition from emergent to submerged states, which, added to the variation of velocities
between the vegetated and non-vegetated layers, influences flow resistance.

Another aspect concerns the underlying physics of the vegetation friction models imple-
mented in this study. The approaches employed treat vegetation as rigid elements, disre-
garding the effects of deformation and flexibility. When the force exerted by the current
exceeds the flexural rigidity of the stem, plants tend to bend, modifying both geometry and
cross-section, thereby affecting flow velocity, drag force, and the resulting friction coef-
ficient. This phenomenon might be relevant for specific crop species, undergrowth veg-
etation, and small-diameter trees, particularly at high flow velocities. Accounting for such
effects could potentially improve the results of this study. Hence, given the significant het-
erogeneity in natural environments, formulations incorporating the flexibility of different
plant species should be included to cover a wide range of species in the analysis.

In the absence of field data, a conventional practice for modeling vegetation effects is
to adopt a constant value from the literature. However, this practice can introduce errors
because friction coefficients depend on vegetation characteristics and water depth. To illus-
trate this limitation in our study, Fig. 9a depicts the WSE predicted by a simulation using a
constant friction value of 0.08 s/m!/3 [22], corresponding to bushes and trees.

Similar to the vegetation friction models, the constant n» simulation overestimated the
WSE by 26% at the first peak. But, at the second peak, it was underestimated by 30 cm (a
relative error of 4%). The results using the constant n were quite similar to those using the
vegetation models, except close to the highest peak and afterward, where the differences
were more pronounced. This similarity can be explained by the small area covered by arbo-
real vegetation within the modeled domain. However, it is likely that in scenarios with a
higher proportion of arboreal vegetation, the discrepancies between the constant Manning
approach and the vegetation equations would be more evident.

Considering the similar performance observed with all vegetation friction equations
examined in this study, the maps and figures presented in the rest of this paper utilize the
results obtained from the equation of Baptist et al [29].

Figure 9b displays the simulated flow discharge at the three hydrometric stations. The
two flood peaks are visible at the San Dona and Eraclea stations. The rectilinear shape of
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the river in this segment allows for an almost simultaneous propagation of the flood wave
at these two stations. The time difference between the arrival of the peak flow from the
upstream to the downstream station was approximately 7 h for the first peak and 9 h for the
second peak.

In general, the simulated flow hydrographs agree well with the observed data in terms
of both discharge and flood wave propagation. At the peak of the first flood wave, the simu-
lated discharge was 1200 m3/s at Ponte di Piave and 1078 and 1118 m?/s at San Dona and
Eraclea, respectively. For the second peak, the simulated discharge was 2064 m>/s at Ponte
di Piave and 1950 and 1925 m?/s at San Dona and Eraclea. The lower discharge values
obtained at San Dona and Eraclea suggest an attenuation of the flood wave due to the reten-
tion capacity of the floodplains.

Validating hydrodynamic models for river floods is a complex task, as gauging stations
mainly collect water level data within the main channel, while floodplain areas often lack
instrumentation. Thus, direct comparisons between simulated and observed water levels
across entire cross-sections and flood extents are difficult. We employed a visual valida-
tion to determine the model’s capability to replicate the flood extent. The flooded area in a
Sentinel satellite image captured on October 31st at 10:11:40 UTC (Fig. 10) was compared
to the flooded area simulated at the same time (Fig. 9b). The results of this comparison are
shown in Fig. 11.

The numerical simulation results indicate extensive inundation of the floodplains at the
specified time. At some locations, water depths reached up to 6 m, while areas furthest
from the main channel, particularly near Ponte di Piave and the downstream rectilinear
reach, had water depths of less than 0.5 m. Overall, the flood extension depicted in the sat-
ellite image (shown by the orange polygon in Fig. 11) aligns well with the numerical model
output.

[Ponte di Piave|

an Dona [
5 y

an Dona
di Piave

A

Flood extension
sentinel

Fig. 10 Sentinel-2 L2A image depicting the extent of flooding on October 31st at 10:11:40 UTC (62 h of
the numerical model)
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Fig. 11 Flood extent and water depths simulated at the time of the satellite image. The orange polygon out-
lines the flood extension observed in the satellite image

Figure 12 presents the simulated scalar velocities during the second peak of the flood.
The highest velocities, reaching up to 2 m/s occur within the main channel. In the flood-
plains, velocities vary depending on land cover. Velocities in arboreal vegetation areas
ranged from 0.05 to 0.6 m/s, while cultivated areas reached up to 1.2 m/s. The figure shows
that velocities are lower (below 0.4 m/s) in the initial part of the domain, where floodplains
are wider. In contrast, the meandering section of the river exhibits higher velocities of up
to 1.4 m/s.

3.3 Vegetation friction coefficients

Vegetation friction coefficients depend on the vegetation characteristics and flow condi-
tions [10], implying that the friction coefficient for a specific plant will vary over time dur-
ing a flood event. For instance, in the case of arboreal vegetation, the Manning values tend
to increase with the flow depth. Considering this, we generated vegetation friction maps at
different times of the studied flood.

Figure 13 illustrates the predicted friction coefficients using the Baptist equation at three
stages of the flood: the beginning of the event, the first peak, and the second peak.

The maps indicate that the Manning coefficient remained constant and equaled 0.0325
s/m'/3 at the start of the flood, as all the water remained within the main channel. How-
ever, fourteen hours later, the first peak occurred, and the water began to overflow into the
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WiPonte di Piave

Fig. 12 Scalar velocities simulated at the second peak of the flood event

floodplains. Since vegetation creates flow resistance, friction values start to vary based on
the type and density of vegetation and the flow depth. In areas closest to the main chan-
nel, where arboreal vegetation predominates, n values ranged from 0.040 to 0.067 s/m'/3,
Approximately 28 h later, the second peak arrived, completely inundating the floodplain
areas. In this case, the friction coefficients increased due to high water depths, with Man-
ning values fluctuating between 0.050 and 0.20 s/m!/3. As expected, areas with denser veg-
etation exhibited higher Manning coefficients.

Table 3 presents the Manning coefficients simulated for each arboreal vegetation zone
during the first and second peaks. The results reveal a general trend of increased Manning
coefficients during the second peak compared to the first for higher diameters and den-
sities. Generally, larger diameters, higher densities, and deeper water levels contribute to
higher flow resistance. Nevertheless, during the first peak, the Manning coefficients show
a minimal variation for the same densities and different diameters. This is explained by the
spatial distribution of vegetation and the flow conditions in those areas.

3.4 Simulations with various vegetation scenarios

Additional simulations were performed to examine how the variations in densities and
areas covered by arboreal vegetation affect water levels within the study area. Table 4
details the densities and percentage of areas employed in seven scenarios along with the
actual field conditions. Scenarios 1 to 3 explored the effects of changing density while
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Beginning flow event First peak Second peak
October 28 (20:00) October 29 (10:00) October 30 (14:00)

Manning coefficient (n)

I 0-032 [E0.035 [ 0.0+ [N 0.05 0.0 [0 10 [N 0.20

Fig. 13 Predicted Manning coefficients based on the Baptist friction approach at three different stages of the
flood: the beginning of the event, the first peak, and the second peak

maintaining a constant 20% arboreal vegetation cover, corresponding to the real value.
These scenarios investigated densities from 1000 to 3000 trees per hectare. Scenarios 4 to
7 examined the impact of increased area coverage. In these scenarios, the area covered by
arboreal vegetation increased by 40 to 70%. To achieve these percentages, areas previously
occupied by vineyards and crops were replaced with arboreal vegetation at a constant den-
sity of 2000 trees per hectare. This density was selected as the median density value within
the study area (see Table 1).

Figure 14a displays the simulated water levels during the second peak for scenarios
1 to 3, compared to the actual scenario with existing vegetation density. The results
pointed out the influence of vegetation density in the reach between Ponte di Piave and
San Dona. This area has extensive floodplains and higher vegetation than the rectilinear
river reach (from San Dona to Eraclea). As shown in the figure, reducing vegetation
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Table 3 Manning coefficients

Diamet Density [tree/H 1/3
simulated for different vegetation lameters [em] - Density [tree/Hal - n [s/m'/’)

Zones First peak  Second peak
T8 6-15 1200 0.04 0.05
T1 1400 0.05 0.05-0.1
T7 1600 0.05 0.067
T6 2000 No data! 0.1
T5 3000 No data! 0.067
T10 16-25 1200 0.04 0.067
T2 1400 0.05-0.067 0.05-0.2
T9 1800 0.05 0.1
T3  26-35 1400 0.04 - 0.067 0.067 - 0.1
T4  36-60 1400 0.05 0.1

I'This zone was not flooded during the first peak

Table 4 Vegetation variables of

the simulated scenarios Case Density [tree/hal Area [%]

1 1000 20
2 2000

3 3000

4 Real & 2000 40
5 50
6 60
7 70
Actual 11251 20

! Weighted average density

density to 1000 trees per hectare (lower than the average) led to an average decrease in
water levels of 10 cm within the Ponte di Piave and San Dona reach, with a maximum
decrease of 30 cm. Scenarios 2 and 3, which simulated vegetation densities approxi-
mately twice and three times the average density, respectively, showed average water
level increases of 10 and 20 cm in the same reach. However, localized increases of up
to 30 and 45 cm were also observed. The impact of vegetation density on water levels
was less pronounced in the rectilinear reach. In this case, average water level differences
were -2, 2, and 7 cm for vegetation densities of 1000, 2000, and 3000 trees per hectare,
respectively.

The comparison of water levels during the second peak of scenarios 4 to 7 is
depicted in Fig. 14b. These simulations revealed that the most significant water level
variations occurred within the first 12 km of the river, with higher values observed at
Ponte di Piave. As the area covered by arboreal vegetation expanded from 40 to 70%
(2 and 3.5 times greater than the actual area, respectively), water levels at this point
increased linearly from 30 cm to 60 cm. The average rise in water level was moder-
ate along the first 20 km of the river reach (from Ponte di Piave to San Dona). These
increases were 6 cm for an increment of 40 and 50% of the arboreal vegetation area,
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Fig. 14 Comparison of water levels among vegetation scenarios and the actual scenario during the second
flood peak along the river reach: a Scenarios 1 to 3. b Scenarios 4 to 7

10 cm for 60%, and 15 c¢m for 70%. In the rectilinear reach, the water levels decreased
in all scenarios, with average values ranging from -4 to -10 cm.

The additional simulations aimed to quantitatively assess how changes in arboreal
vegetation, in terms of density and coverage, affect floodwater levels. The findings
from this case study suggest that maintaining the small vegetated area (20%) while
increasing densities has a more uniform effect on water levels along the entire river
reach, as evidenced in scenarios 1 to 3. In contrast, expanding arboreal coverage has a
more pronounced and localized effect on water levels, particularly influencing down-
stream areas. The outcomes of scenarios 4 to 7 indicate that an increase in arboreal
vegetation leads to water accumulation at Ponte di Piave, resulting in reduced water
levels downstream in San Dona and Eraclea.

These proposed scenarios can be valuable for planning vegetation management
strategies. Conventional approaches often prioritize vegetation removal to mitigate
flood risk. However, this analysis confirms a trade-off: while vegetation can elevate
water levels locally, it also contributes to delaying and attenuating peak flows down-
stream, providing flood protection to urbanized areas. Therefore, the findings empha-
size the importance of implementing management practices that balance risk mitiga-
tion and ecological considerations.
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4 Conclusions

Numerical studies validating vegetation friction models on a river scale are scarce due to
the lack of necessary flow and vegetation data. This study evaluated the performance of
five vegetation friction formulas under unsteady-state flow within the Telemac-2D hydro-
dynamic model, applied along a reach of the Piave River. To accomplish this, we employed
arboreal vegetation data gathered through field surveys and LiDAR, coupled with data
from the October 2018 flood event.

The study did not reveal significant differences in water depths, velocities, or fric-
tion coefficients among the vegetation approaches examined. Therefore, it was inconclu-
sive which formula performed best in this specific case. The predicted water levels in the
validation section (San Dona di Piave) generally exceeded the measured values. However,
the model accurately simulated the highest flood peak, with an error in water levels less
than 1%, and an error propagation time of 3.5 h. Regarding flood extension, the numerical
results exhibited an overall agreement with the satellite image observations. The Manning
coefficients induced by the arboreal vegetation ranged from 0.040 to 0.067 s/m!/? during
the first peak and increased from 0.05 to 0.20 s/m'” at the second peak due to the increased
water depth.

Incorporating undergrowth vegetation, such as bushes and trees, into the analysis would
provide a more comprehensive understanding of flow resistance throughout a flood event,
particularly during low and moderate flow conditions when their influence is more sig-
nificant. Additionally, implementing vegetation friction models that consider the vegetation
bending and swaying characteristics could improve simulation accuracy.

To investigate the effects of varying densities and coverage of arboreal vegetation on
water levels during the examined flood, additional simulations were conducted. The reach
between Ponte di Piave and San Dona exhibited the most significant fluctuations in water
levels. For this case study, maintaining the covered area and increasing densities had a
uniform effect on water levels along the entire river reach. On the other hand, expanding
arboreal coverage resulted in more localized and pronounced variations, increasing sub-
stantially water levels upstream while reducing them downstream. Considering that con-
ventional management strategies often prioritize vegetation removal, the proposed scenar-
ios highlighted the importance of effective vegetation management practices emphasizing a
balance between risk mitigation and environmental protection.

Given the advantages of remote sensing techniques for field data collection, it is strongly
advised to pursue further applications to validate vegetation friction equations at the river
scale using this data source. Furthermore, the accessibility and versatility of open-source
software, such as Telemac, provide an opportunity to implement and analyze different veg-
etation friction approaches based on existing literature. This not only enhances the scalabil-
ity of studies but also encourages collaborative research efforts, thus contributing to a bet-
ter understanding of the complex interactions between vegetation and river hydrodynamics.
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