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Abstract Short and heavy rainstorm events often lead to flash floods on the French
Riviera coastal catchments: during the historical 2nd October 2015 flood, a peak
streamflow value between 185 and 295 m?3/s was estimated on the Brague River at
Biot at 10:30 P.M., while the streamflow was around 1 m?/s at 6:30 P.M. at the same
section. If the measurements of such streamflow values are highly important (for flood
statistical analysis, flood modeling, hydraulic structure design), such measurements
are dangerous when they require an operator to manipulate an instrument in or near
the river. Alternative methods can be used, such as video analysis, by analyzing a
sequence of images and locating the displacement of patterns on the water surface.
Thus, the velocity field at the flow surface can be determined and then used for
estimating flow discharge on specific cross sections. In this work, we applied two
different Large-Scale Particle Image Velocimetry (LSPIV) algorithms (Fudaa-LSPIV
and OpyFlow) to several videos of the November 2019 floods within the Brague
catchment, in order to estimate streamflow values. The obtained streamflow values
have then been compared to values estimated through available observations, and
also to the results of (i) rainfall-runoff modeling and (ii) hydraulic modeling on the
same sections. Both LSPIV estimations, rainfall-runoff simulations and observations
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are coherent on the studied sections, showing the interest of combining such different
and independent techniques in order to estimate flood streamflow values.

Keywords Gauging - Hydrometry - LSPIV - Hydraulic and hydrologic
modelling - 2019 flood

16.1 Introduction

Flash floods can be define as events with a large increase in flow discharges for a
short period of time. These events are often observed after rapid and intense rainfall
episodes. For example, during the historical flood of October 2, 2015 on the French
Riviera, a rainfall accumulation of nearly 300 [mm] was recorded over a 2-h period,
with a peak of nearly 100 [mm] in 15 [min]. A peak flow discharge was estimated
between 185 and 295 [m?/s] at 10:30 PM at the Brague limnimetric station in Biot
for this episode, whereas the flow rate was approximately 1 [m3/s] at 6:30 PM on the
same day, at the same location. The rapidity of these episodes makes them difficult to
observe. Moreover, the flow discharges during flash floods are often not well known
because the observations from limnimetric stations are uncertain and the gauging of
flood streamflows is very dangerous for an operator. These events are often accompa-
nied by extensive damages to property and the loss of several people. Following the
2015 episode, the Maritime Alps prefecture counted 20 deaths and the damages was
estimated to more than 600 M<€ by the Caisse Centrale de Réassurance [3]. Following
the numerous intense meteorological events observed on the French Riviera in recent
years and notably in 2019, it seems interesting to study these phenomena in order to
better understand them. This is why the modelling and streamflow measurement of
flash flood episodes must be improved.

The following work explains how video analysis can be used in parallel with
the usual methods for observing flow discharges using limnimetric stations. In this
study, two Large-Scale Particle Image Velocimetry (LSPIV) algorithms have been
used. The first objective of the study is to analyze videos captured on a section of the
Brague river and other videos captured on a section of the Valmasque (tributary of the
Brague river) during the flood of November 23, 2019. These discharges obtained by
image analysis will then be compared with the results of (i) a rainfall-runoff model
and (ii) a calculation code for hydraulic modelling on the same basins and sections.

16.2 Data

In this section, all data used for image analysis (surface and terrain elevation data,
bathymetric profile extracted, videos), for rainfall-runoff modelling (terrain for delin-
eation of catchment area and hydrographic network, precipitation) and for hydraulic
modelling (terrain elevation, precipitation) are illustrated. Observed flow discharges
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data are also presented and will be used for validation of the flow discharges esti-
mated by video analysis and by hydrological and hydraulic modelling. All the data
used are illustrated on Fig. 16.1 and will be presented in the following sections.

16.2.1 Studied Area

The Brague River is a coastal river located on the French Riviera, near Antibes in the
Alpes-Maritimes (Fig. 16.1d, e). It is a Mediterranean watershed of 72 [km?] at its
outlet with several tributaries including the Valmasque. The Brague river catchment
is characterised by marked elevations in the upper hills of the basin and an urbanised
lower part in the floodplain near the coast. The Brague is regularly confronted with
flash floods whose impacts are particularly important due to their unpredictable char-
acter. In this study two sub-basins of the Brague will be studied. The Brague at Biot
(noted Brague @Biot hereafter) is a sub-catchment of 42 [km?], and the Valmasque at
Sophia-Antipolis (noted Valmasque @Pipe hereafter) is a sub-catchment of 10 [km?],
both of which have a hilly landscape with little urbanisation. The two sub-catchments
and their associated outlets are illustrated on Fig. 16.1d, e.

16.2.2 Terrain Elevation and Surface

Two types of elevation data have been used to estimate the streamflows during the
November 2019 flood. On one hand, we used a Digital Terrain Model (DTM) from the
National Geographic Institute (IGN) at 5 [m] resolution over the whole department
[10]. We used this DTM for hydrological and hydraulic modeling at the catchment
scale. On the other hand, local Digital Surface Models (DSM) are available on two
sections of the Brague and Valmasque rivers obtained by Structure from Motion
techniques. Optical images were acquired in 2020, during period of low water, by
drones and were processed using a photogrammetry software (3DF Zephyr) to create
a terrain elevation model and an orthophotograph (Fig. 16.1f, g). These models are
only available on small portions (where the videos of the 2019 flood have been
captured and are of higher resolution (cells of 5 [cm] for the Brague river and 13
[cm] for the Valmasque tributary). They allowed us to extract river cross-sections
(bathytmetric transects, Fig. 16.1h, i) that are used to estimate the streamflow with the
video analysis software. In addition, the DSMs obtained by drone and the orthopho-
tographs allow us to observe the morphology of the two sites studied. Indeed, we
can observe that the banks of the Valmasque are densely vegetated and that the river
bottom is made up of fine material up to blocks of about 1 [m] in diameter, whereas
the coarser materials at the bottom of the Brague are about 50 [cm] diameter, and the
banks are grassed, but the vegetation is less dense. This information will allow us
to choose which velocity coefficient to adopt during the image analysis and which
roughness coefficient to adopt for the hydraulic modelling.
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Fig. 16.1 a Discharges observed at Biot on the Brague river, the red line shows the hour of the peak
flow discharge which occured at 01:45 P.M. (UTC) on the Brague river. b Extract of the video taken
on the Valmasque tributary the 23/11/2019 at 01:19 P.M., ¢ extract of the video taken on the Brague
river the 23/11/2019 at 01:05 P.M. (c¢). On the two extracts (b) and (c), the red dots show the GRPs.
d IGN DEM and e cumulated rainfall from the ANTILOPE database together with the Brague river
catchment delineation and the position of the areas studied. f Orthophotographs drapped on DSMs
obtained by drone photogrametry for the Valmasque tributary and g for the Brague river. Transects
elevation obtained from the two DSMs (resp. (f) and (g)) produced by drone photogrametry and
water level reached during the videos for the Brague river (resp. (b) and (c)) and for the Valmasque
tributary (h) and the Brague river (i)
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16.2.3 Rainfall

To carry out the rainfall-runoff and hydraulic modelling, the rainfall data from the
“ANTILOPE J + 1” database of Météo France is used. This reanalysis is available
24 h after the event and is built from the rainfall observed with radars corrected with
data from Météo-France’s rain gauges [14]. We have a continuous series of rainfall
from 2019-11-22 00:00 A.M. to 2019-11-25 00:00 A.M. in 15 [min] time steps, with
a resolution of 1 [km?] over the entire catchment area. The cumulative rainfall from
ANTILOPE data on 23 November 2019 is illustrated on Fig. 16.1e background,
according to these data the rainfall reached 180 [mm] in the Brague catchment and
up to 140-150 [mm] in the Valmasque catchment.

16.2.4 Videos

Several video sequences were captured during the flood of 23rd November 2019 on
the Brague @Biot and in Sophia-Antipolis on the Valmasque @Pipe. These videos,
captured with two different type of cellphones, represent the surface of the water and
the material transported at the surface during the flood.

16.2.4.1 Videos Used for Fuuda-LSPIV

For the Fudaa-LSPIV software (described in Sect. 16.3.1.1), two video sequences
have been used for each section in this study: other videos do not have 10 [s] of
stable recording or the angle of the video shot did not allow us to visualise a bank
sufficiently, making the orthorectification step of the video analysis difficult. The two
videos that will be analysed on the Valmasque @Pipe have been taken on November,
the 23rd of 2019 at 1:19 P.M. and 1:20 P.M. and the two videos on the Brague @Biot
have been taken on the same day at 1:05 PM. and 1:29 P.M. Figure 16.1b, c shows
an extract from these two videos of the November 2019 floods on the Brague.

16.2.4.2 Videos Used for OpyFlow

Two additional videos of the Brague@Biot have been analyzed with the OpyFlow
application (described in Sect. 3.1.2), in order to obtain stream wise velocities and
deduce discharge on a unique transect: both videos observing the same flow area
between two bridges in a short time interval. The first video taken from the down-
stream bridge has been recorded on November, the 23rd of 2019 at 2:15 P.M. and the
second video has been recorded from the upstream bridge, and has been recorded at
2:27 PM. These videos have a lower quality compared to the video analyzed with
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Fudaa-LSPIV. These recordings from two sides allow performing a cross verification
of the velocities estimated with OpyFlow algorithm.

16.2.5 Observed Discharges

The water heights and flow discharges of the Brague river at Biot are available thanks
to a hydrometric station operated by the DREAL (http://www.hydro.eaufrance.ft/).
The hydrograph (Fig. 16.1a) illustrates the flow discharges observed at the limni-
metric station of the Brague in Biot (named DREAL gauging station on Fig. 16.1c,
d) during the day of 23 November 2019. The maximum flow discharge is 147 [m?/s]
observed at 1:45 PM. on the Brague river at Biot. None hydrometric station was
available on the Valmasque tributary during November 2019. Nevertheless, the peak
discharge on the Valmasque river for the 23-11-2019 event has been estimated around
50 [m3/s] by a post-flood analysis [4].

16.3 Method and Models

The objective of this study is to determine the flow discharges that have passed
through two particular sections. We have several video sequences filming the floods
on these sections, our first objective is to use video analysis softwares to obtain
an estimate of the streamflows. In a second step, we will set up a hydrological
modelling chain to go from the catchment precipitations to the streamflows on these
two sections, this model will be calibrated on the observations of flow discharges
on the Brague @Biot. Setting up the hydrological modelling will allow us to have
a continuous streamflow record on the Valmasque, which is an ungauged basin.
The flow discharges estimated by image analysis will then be compared with the
flow discharges observed at the Brague station in Biot and the streamflows obtained
after hydrological modelling. Finally, a last simulation of the streamflows will be
set up thanks to a 2D hydraulic model of simulation of the surface flows by injec-
tion of rain distributed on the basin. The flow discharges will be extracted from
the results of the hydraulic simulation on the same sections and will be compared
to the observed flow discharges, estimated by image analysis and by hydrological
modelling. The following sections describe the models and methods used for the
image analysis, the implementation of the selected hydrological and hydraulic models
and the assumptions that were used in this study.


http://www.hydro.eaufrance.fr/
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16.3.1 LSPIV Algorithms

16.3.1.1 Fudaa-LSPIV

Fudaa-LSPIV [17] is a software co-developed by INRAE and EDF, allowing the
processing of flow image sequences in order to calculate surface velocity fields as
well as flow discharges through river sections. The LSPIV (Large-Scale Particle
Image Velocimetry) method is used. In operational hydrometry, the technique is
successfully applied for gauging campaigns (cf. [5, 8], automated stations (flood
gauging, cf. [7, 16], and post-event, crowd-sourced video analysis (cf. [15, 18]. First,
a video sequence of at least 10 s is required. This sequence will be imported into the
software and then corrected during the orthorectification stage.

Orthorectification

Initially the video sequences obtained from various angles are processed using the
Fudaa-LSPIV software. During this first stage of orthorectification, a perspective
distortion is applied to the images so that the geometry of each image is superimposed
on the others. Finally, the orthorectified images allow a top view of the streamflow.
To obtain this result, the presence of identifiable reference points on each image is
necessary. These points, whose coordinates are known and entered in the software,
are the GRPs (Ground Reference Points) represented with red dots on the DSMs
obtained by drone photogrametry (Fig. 16.1b, c). These points had been chosen
because they are visible on all the video images and easily found on the DSMs, the
coordinates of these points were recovered from these DSMs. During this phase, the
correction of each pixel is given by the calculation of an orthorectification matrix. The
result is a system of 11 equations that can be solved by knowing the coordinates of at
least 6 GRPs with different altitudes or 4 GRPs at the water level. The calculations
are detailed in an example from [8].

Estimation of the Surface Velocities

Next comes the PIV (Particle Image Velocimetry) analysis stage. Using the movement
of the tracers (natural or added) present in the water, the software calculates the
surface velocities along the transect. Once the orthorectification of the images has
been carried out, the surface velocities must be found. Fudaa-LSPIV uses a high-
precision surface velocity measurement method. This method calculates the flow
surface velocity by measuring the particle displacement (serving as a tracer) as a
function of time. The same particle is observed on one image at position P, then on
a second image at position P’ such that P(x, y, t) and P'(x + dx, y + dy, t + dt) with
dt the time between the two images being known. Then a velocity can be calculated
as:
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Table 16.1 Example of common values for the velocity coefficient

Default value (uniform flow, average roughness) 0.85
Extremely low value: non-uniform flow, torrents 0.60
Rough flow: low water level, rough bottom, piedmont river 0.80
Usual values 0.84 -0.88
Smooth flow: high water levels, smooth bottom, concrete channels, large rivers | 0.91
Extremely high value: non-uniform flow, influence of a structure 1.20
dx
U=—-—— (16.1)
dt
dy
V= —— (16.2)
dt

According to Jodeau et al. [9] the Fudaa-LSPIV algorithm performs the following
actions:

e calculation of the correlation between a point in image A and image B separated
by a lapse of time (dt) in seconds. This time lapse can be parameterized, and the
Fudaa-LSPIV software is accurate to the pixel level,

e this calculation is repeated on all the nodes of a calculation grid defined by the
operator in an iterative way and makes it possible to obtain a 2D surface velocity
field.

Filters are applied to the results in order to calculate the temporal average velocity
and to obtain the current lines.

Estimation of the Discharge

By knowing the surface velocities and bathymetric profile of a section of the stream-
flow, it is possible to calculate the discharge through that section. Then, the velocity
coefficient is set by the operator allowing to switch from the surface velocity profile
to the average velocity profile on vertical profiles. Finally, the flow rate can be calcu-
lated using the [21] mid-section method at each point of the transect. The velocity
coefficient (o) depends on the type of river bottom and the type of flow. For a rela-
tively uniform flow, the coefficient typically varies between 0.75 and 0.95, with an
average value of 0.85. This depends mainly on the ratio of depth to height of bottom
roughness. Dramais et al. [6] give examples of velocity coefficients summarized in
the Table 16.1. As we are studying videos of rivers in flood and the water level is
pretty high regarding the size of the river bottom material in the case of the two areas
studied, we would tend to go for an “usual” velocity coefficient (0.85). However, we
must consider that a bridge and a pipe are present just downstream of the two studied
sections which could influence the flows and direct us towards a velocity coefficient
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close to 1. To quantify the impact of the coefficient choice on our streamflow esti-
mation, we decided to perform the video analysis with several velocity coefficients
between 0.8 and 1.0 (0.8, 0.85, 0.9 and 1.0).

16.3.1.2 OpyFlow

Free surface velocities on the Brague@Biot were also estimated by a new open
source Python package called OpyFlow, collecting feature displacements in videos.
This velocimetry algorithm was developed by Rousseau [22] to estimate free
surface velocities in mountain rivers. As Fudaa-LSPIV software, OpyFlow allows
performing basic image analysis procedures such as stabilization or bird eye view
transformations. The velocimetry technique is however different, and seems more
convenient when image qualities are poor for velocimetry, i.e. when having low
signal-to-noise ratio or when velocity information on frames is non-uniform. Inspired
by past feature tracking approaches [19], the OpyFlow algorithm estimates the local
optical flow of good feature to track [23], i.e. features having optimal contrasts to
be tracked. Using this alternative tracking procedure may improve both efficiency
and accuracy on velocity estimations (see Annexes C & F of [22] for details on the
procedures). The entire algorithm is available on the GitHub repository (https://git
hub.com/groussea/opyflow).

16.3.2 Rainfall-Runoff Model

For this study, a semi-distributed event-based model was chosen: KLEM (Kinematic
Local Excess Model [1]). This model is a coupling between the SCS-CN model for
production and a simplified unit hydrograph routing function. This model can be
applied to ungauged basins such as the Valmasque. The input data are the rainfall
of the basin and the position of the outlet. The assumptions to be set are the sub-
catchment Curve Number (CN) and the water velocity on the hills and in the river.
CN corresponds to a parameter representative of the “hydrogeological behaviour”
of the basin and can be calculated for each basin or sub-basin by cross-referencing
information on soil type, land use and antecedent soil moisture content. A high CN
(CN = 100) means that all the water that precipitates on the basin will run off, which
is the case of certain highly urbanized areas with impermeable soil or when the soil
is saturated with water or very dry. On the contrary, a low CN (CN = 40) means that
a significant part of the water will infiltrate, which is the case in highly vegetated
basins and when the soil is not totally saturated. As an output, a streamflow series is
generated for the episode studied.


https://github.com/groussea/opyflow
https://github.com/groussea/opyflow
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16.3.2.1 Model Description

The SCS (Soil Conservation Service) has developed an empirical formula to deter-
mine the proportion of rainfall that will participate in the runoff (net rainfall) from the
total rainfall on an area. When rain falls on a basin, a volume is first absorbed by the
soil (I;). Only once this volume has been intercepted by the soil does a portion of the
water begin to run off (q) to the surface. This portion of rainfall changes over time.
The net rainfall that will runoff is determined from the heavy rain that precipitated
thanks to the formulas (16.3).

q=0 for P <1

P—1,)* )
9 =5 for Pzl

(16.3)

with q the runoff in [mm)], P the rainfall in [mm], I, Initial absorption in [mm] and
S the soil storage in [mm]. The soil storage capacity (S) is given by formula (16.4).

100
S =254 — — 1), (16.4)
CN

with CN the Curve Number. This storage capacity depends on one parameter: The
Curve Number (CN). Finally, SCS analyses show that the infiltration parameter can
be set as:

I, =02 xS. (16.5)

Once the portion of rainfall that will contribute to runoff is calculated, it remains
to be determined how it will move over the basin and the flow discharges that will
be estimated at the outlet. In the KLEM model, the flow discharge at the outlet is
translated by the formula (16.6).

Lp(x) n L(x)
A Ve

Q) = /q [t — T(x),x]dx, T(x) = , (16.6)

A

with Q(t) the discharge in [m?/s], ©(x) the transit time in [s], Ly, the distance travelled
on the hill in [m], vy, the velocity on the hill in [m/s], L. the distance travelled in the
channel in [m] and v, the velocity in the channel in [m/s].

The proportion of precipitated water that will run off at each mesh of the catchment
area is known at every time q(t, x). This water will travel, a fortiori, a distance on the
hill (Ly,) at a velocity vy, and distance in the channel of the river (L.) at a velocity v,
to the outlet. At each mesh is therefore assigned a transit time ((x)) to the outlet. At
the outlet, the quantity of water that will be observed after a certain period is the sum
of the volumes of water that have passed through this basin during this duration.
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16.3.2.2 Model Set Up and Parameters Calibration

Simulations of flow discharges were carried out using the KLEM model with a CN
hypothesis ranging from 40 to 100 on the Brague @Biot and on the Valmasque @Pipe
catchments (the two outlets are illustrated by purple points on Fig. 16.1d, e). The
simulated flow discharges were compared with the observed flow discharges for the
Brague @Biot and the maximum flow discharge estimated by the DDTM for the
Valmasque @Pipe.

In the routing function, the hill velocity (vy,) is set at 0.5 [m/s] and the channel
velocity (v) is set at 2 [m/s] to the outlet. These assumptions were chosen based on
the [1] study and ongoing work on French Riveira catchments (including the Brague
catchment) for the 2015 and 2019 floods [2].

The subcatchment contours have been delimited from the DEM thanks to the
TauDEM functions (https://hydrology.usu.edu/taudem/). The resulting contours are
shown on Fig. 16.1d, e for the two considered outlets. The subcatchment contours
are used for averaging rainfall amount on each considered subcatchments.

16.3.3 Hydraulic Model

16.3.3.1 Model Description

Basilisk (http://Basilisk.fr/) is an open-source calculation code developed by Popinet
[20] that allows the modelling of surface flows and finally to observe water heights
and flood extents due to a flood event. The model is based on the resolution of the
Saint—Venant equations using a well-balanced finite volume method on an adaptive
mesh (for more details see [11, 13]. The implementation of an adaptive mesh is
interesting for the modelling of surface flows because this principle allows to apply
a low mesh resolution on areas of little interest and a higher resolution on areas with
more interest. The choice of the mesh level is made by comparing the water height
on the mesh with a refinement threshold set by the operator. The use of the adaptive
mesh reduces the calculation time compared to the use of a fixed Cartesian mesh
more often used to solve the Saint—Venant equations. Kirstetter et al. [12] used the
Basilisk calculation code on the Brague basin at its outlet with the rainfall observed
during the 2015 flood.

16.3.3.2 Model Setup

The input data are the DTM of the area, the net rainfall and a mask that defines
the catchment area. The net rainfall is calculated by applying the SCS-CN method
on the ANTILOPE gross rainfall raster. For the hydraulic modelling we chose the
same model setup than Kirstetter et al. [12]. The Manning’s coefficient is uniform
over the whole area and equal to 0.05 [-]. The finest refinement level is a 4 [m] cell
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and the coarsest refinement level is a 66 [m] cell. The refinement threshold is set at
0.2 [m], when this value is exceeded on a cell it must be divided to reach the next
higher refinement level in order to improve accuracy. Initially the river is empty, the
simulation has not been initialized with a simulation of channel impoundment. The
simulation is carried out from Saturday 23 November 2019 at 9:00 AM for 24 [h].

16.4 Results

16.4.1 Rainfall-Runoff Simulations

The gross basin rainfall during the November 2019 episode is illustrated in blue on
Fig. 16.2. The rainy episode in November 2019 is spread over a rather long period,
with rainfall distributed in two peaks separated by a lull. There are two peaks on
the hyetogram, first a first peak on Friday evening and then rain again all day on
Saturday with a peak in the middle of the day that is a little more marked for the
Valmasque basin. From the net basin rainfall, discharge simulations were carried
out using the KLEM model with a CN hypothesis ranging from 40 to 100 on the
Brague @Biot, from the Brague to the limnimetric station in Biot and to the nozzle
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on the Valmasque. Finally, a hypothesis of CN = 75 the simulated flow discharges
to be as close as possible to the flow discharges observed at the station on the Brague
in Biot. Discharges simulated with the CN = 75 hypothesis is shown in blue line on
Fig. 16.2. The same hypothesis has been retained for the Brague catchment and for
the Valmasque tributary even if the peak flow discharge is higher than the 50 [m?/s]
estimated by the DDTM.

16.4.2 Hydraulic Simulations

On the flow discharge curves extracted from the results of the hydraulic simulations
with Basilisk at the sections of the Brague @Biot and the Valmasque @Pipe illustrated
in purple on Fig. 16.3, the flow discharges are equal to zero for a few hours after the
beginning of the simulation before increasing, whereas the rain is injected over the
whole domain from the beginning of the simulation. This seems to be related to the
refinement levels (cell sizes ranging from 66 to a4 [m]) and refinement threshold (here
set at 0.2 [m]) considered. Then, a rather gentle increase in streamflow is observed
on the Valmasque followed by a peak flow discharge of about 20 [m?/s] on Saturday
at 1:00 PM which is far below the DDTM post-flood estimates, the streamflow then
starts a very slow decrease to return to the base flow in more than 10 [h]. The
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Fig. 16.3 Results of the discharges simulations and estimations
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chronicle of simulated streamflows on the Brague shows a very sudden increase in
flow discharge in a staircase and then a levelling off, a new slower increase in flow
discharges reaches a peak of about 100 [m?/s] on Saturday at 4:00 P.M. which is
followed by a recession that follows the same trend as the observed flow discharges,
whereas the peak flow discharge observed on the Brague reaches 147 [m3/s] on
Saturday at 1:45 P.M. in Biot.

16.4.3 LSPIV Streamflow Estimations

The LSPIV analysis of the videos of the Brague @Biot allows to estimate the flow
discharge at 94 #+ 10 [m?/s] the Saturday (23-11-2019) at 01:05 P.M. and 140 +
15 [m?/s] the Saturday at 01:29 P.M. On the Valmasque @Pipe the videos analysis
gives a flow discharge at 39.1 & 4 [m?/s] the Saturday at 01:19 P.M. and 33 +
4 [m’/s] the Saturday at 01:20 P.M. These estimates were made using a velocity
coefficient of 0.9 and the confidence interval corresponds to the flows estimated with
a velocity coefficient of « = 0.9 &£ 0.1. The estimated discharges are illustrated in
orange on Fig. 16.3. Then, OpyFlow has been used on two additional videos on the
Brague @Biot catchment. Figure 16.4a, b shows 3D visualizations of the velocities
collected from the two considered videos, and Fig. 16.4c shows the projection of the
feature tracking point cloud. The flow rate has been estimated at 101.7 £ 20 m%/s).
As for Fudaa-LSPIV, the uncertainties were estimated using a velocity coefficient
a = 0.9 = 0.1, which is in agreement with large submergence flows (see [24] and
an uncertainty on the surface position equal to Ah = 0.2 [m]. Observed discharge
during this time interval is about 120 m?/s according to field station estimation.

16.4.4 Comparison Between the Streamflow Estimations

On Fig. 16.3, the gross rainfall and net rainfall obtained by the SCS-CN with an
hypothesis of CN = 75 method are illustrated on the higher part of Fig. 16.3. The
flow discharges simulated from the KLEM model application with a hypothesis of
CN = 75 for the SCS-CN production function are illustrated in a continuous blue
line on the lower part of Fig. 16.3 and the flow discharges observed at the station on
the Brague at Biot are illustrated with a black line crossed by black crosses. On the
Valmasque graphic, the red line indicates the maximum flow discharge estimated by
the DDTM 06. The light green vertical lines indicate the dates and times when the
videos were taken. The orange and brown vertical intervals give the discharges esti-
mations obtained by video analysis, using Fudaa-LSPIV and PoyFlow, respectively.
For Fudaa-LSPIV, the circle represents the value of the discharge estimation made
with a velocity coefficient of 0.9, the upper boundary is the value of the discharge
estimation made with a velocity coefficient of 1.2 and the lower boundary is the value
of the discharge estimation made with a velocity coefficient of 0.6. For OpyFlow,
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the circle represents the value of the discharge estimation made with a velocity coef-
ficient of 0.85. Finally, the flow discharges simulated by hydraulic modelling with
Basilisk are shown in purple.

On the Brague@Biot catchment, the discharges simulated by rainfall-runoff
modelling represent the observations rather well: the trend of the simulated stream-
flows is rather consistent with the trend of the observed streamflows in terms of
dynamics as well as the magnitude, the flood peak is shifted by only a few minutes
and the simulated maximum flow discharge value (154 [m3/s]) is a little above the
observed peak (147 [m3/s]). The flow discharge estimates by video analysis are very
satisfactory since we can see that the observed flows on the Brague @Biot (in black)
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intersect the vertical bars in orange representing the estimated flow values and we
notice that it is the estimated flow discharge value with a velocity coefficient of 0.85
which gives the best estimate. As described above, the flow record from the results
of Basilisk simulations on the Brague @Biot is not very consistent with the observa-
tions. Indeed, we observe that the flow discharges are equal to zero for about 2 [h]
before increasing abruptly. The rise of the simulated hydrograph arrives with a lag
of nearly 4 [h] with the observed rise, the peak of simulated flow discharge is also
delayed by nearly 3 [h] and below the observed peak flow discharge.

The results on the Valmasque @Pipe catchment are a little less satisfactory, the
chronicle of streamflows simulated by rainfall-runoff modelling gives a peak flow
discharge above the DDTM estimate, the trend cannot be analysed since we do not
have a chronicle of water level or observed flow on this section. The simulated flow
discharges overlap with the flow discharge intervals estimated by video analysis but
the velocity coefficient that seems to work best seems to be close to 60-70. The two
videos available on the Valmasque were taken at almost the same time and the video
estimations were carried out in the same way and using the same method (same
GRPs, same transect): only the videos change, however it can be observed that the
video estimations do not give the same results. The trend in the streamflow chronicle
resulting from the Basilisk simulations on the Valmasque is not consistent with
the streamflow chronicle obtained by hydrological modelling. Indeed, we observe
that the flows are equal to zero for about 2 [h] before increasing slowly to reach a
peak flow discharge of about 20 [m?/s] against a little more than 50 [m3/s] for the
hydrological simulation, a plateau is observed for about 3 [h] then a slow decrease
starts following this time very well the trend of the streamflow simulated with the
rainfall-runoff model. The flow discharges estimated at 1:19 PM. and 1:20 P.M.
are well above the maximum flow discharges simulated by the hydraulic model,
respectively the flow discharges estimated by video analysis are between 22 and 52
[m3/s] against a maximum of 20 [m?/s] for the hydraulic simulation.

16.5 Discussion

Regarding the flow discharges estimations made by LSPIV analysis, we used the
bathymetry of cross-sections extracted from DSM obtained by drone photogrametry,
but by definition the DSM gives the elevation of the surface with the vegetation and
not the terrain. On our transects, we considered the surface above the vegetation,
but as we can see on the ortophotography and on the videos, the vegetation is rather
dense on the banks of the Valmasque and there can be flows which take place in this
zone of vegetation on the banks. By not taking into account these flows and by taking
the surface of the vegetation as the bottom of the transect we may underestimate the
flow through the section. Moreover, there are few tracers on the videos of flows on
the Valmasque, which makes the estimate more uncertain than on the Brague, where
numerous tracers are visible during the video. The lack of tracers may explain why
the two videos gave different results of discharges estimations although they were
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taken at almost the same time (1 [min] difference) on the same section at the same
position and the analysis were made on the same cross-section and using the same
GRPs. In addition the better velocity coefficients in our case are close to 0.85 which
are common values although we could have thought that the velocity coefficients
would take higher values close to 1.2 which corresponds to flows influenced by a
hydraulic structure because in the case of our two sections there is a bridge and a
pipe downstream.

The rainfall-runoff simulation obtained on the Brague@Biot with the KLEM
model is the closest to the observed streamflow series when using an CN = 70.
We thus chose to apply the same CN hypothesis for both basins (Brague @Biot and
Valmasque @Pipe) because the soil occupations are more or less similar as well as
the soil moisture before the rain event, but we did not study precisely the soil types
and the soil occupations of both basins. According to the sensitivity study of the
streamflows simulated with respect to the CN parameter, it seems that a lower CN
(60-70) would correspond better to the Valmasque @Pipe basin, as we can see on
Fig. 16.2. Excessive flow discharges may also be due to an over-estimation of rainfall
on the cells of the ANTILOPE database over the Valmasque basin.

Finally, the hydraulic simulation performed using Basilisk could be significantly
improved by considering different refinement options, and by simulating the entire
rainfall event, on the two considered days.

16.6 Conclusion

In this study, we applied two different LSPIV techniques on several videos acquired
during the 23 November 2019 flood on the Brague catchment in order to estimated
the associated streamflow. Obtained results are coherent with available observations,
and also with rainfall-runoff simulations performed on the associated catchments.
Such comparison are needed in order to better estimate high streamflow values, then
used for flood statistical analysis, flood modeling, or hydraulic structure design, and
also to use LSPIV techniques on ungauged French Riviera catchments.
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