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Abstract— Swimming in open water involves sanitary risks
related to the presence of pathogenic microorganisms. To ensure
the safety of bathers, a regulatory monitoring in the bathing
area, based on faecal indicator bacteria (FIB), is required.
Analysis of FIB concentrations can take more than 10 hours with
in situ devices and more than 24 hours in the laboratory. Hence
monitoring and forecasting of the sanitary conditions in urban
bathing sites are essential for decision-making on their possible
closure and its duration.

In this paper, TELEMAC-3D hydrodynamic model was used to
compute the time and space distribution of water temperature,
velocity and contaminant tracers considering hydro-
meteorological conditions that can cause noticeable changes on
the transfer time of the contaminant to the bathing area.

The study site, La Villette, is an urban canal-basin system with
a bathing area, located in Paris. The objectives focus on (i) how
thermal stratification affects the transfer time of upstream
contamination to the bathing area; (ii) the use of conductivity to
track water quality changes after a storm event and (iii) the
simulation of conductivity variation.

l. INTRODUCTION

In urban areas, swimming in open water has been increasingly
popular, especially in large European cities. However, the bathers
can be exposed to infectious diseases caused by pathogens from
faecal contamination. To avoid this, the European regulation
(bathing water directive 2006/7/EC [1]) requires the
implementation of a sanitary control. The regulatory indicators of
pathogenic microorganisms are faecal indicator bacteria (FIB).
They include Escherichia coli (E. coli), a coliform bacteria whose
concentration analysis can take more than 10 hours with in situ
devices ([2], [3]) and more than 24 hours in the laboratory [4].

To anticipate possible sanitary risks, the microbiological
monitoring can be performed upstream of the bathing area.
Considering the transfer time from the measuring point to the
bathing area and the delay to obtain the analysis results, the
information about the water quality in the bathing area can be
available in due time. In addition, a hydrodynamic model can be
used for computing the transfer time between the sampling point
and the bathing area.

Hydro-meteorological conditions may impact the transfer
time, such as flowrate variations and thermal stratification.
Vertical thermal stratification causes differences in the flow
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velocity with depth. Therefore, the arrival time and the duration
of the contamination can vary with depth in the bathing area.

On the other hand, an indicator related to faccal contamination
and available in real-time would also be very beneficial for
decision making about a possible closure or re-opening of the
bathing area. After heavy rainfall episodes, due to stormwater
network discharge and runoff on contaminated surface and, faecal
contamination is observed in urban water bodies. Conductivity is
one of the variables that shows good correlation with stormwater
discharge, and is possibly able to track faecal contamination ([5]-

(7D

We addressed these issues in the study site of La Villette in
Paris. As part of the Paris-Plage summer program, a bathing area
has been open in La Villette basin since 2017. Very appreciated
by the public, it received around 70 000 bathers in July-August
2019 [8].

The first objective of the study was to investigate how the
thermal stratification modifies the transfer time of a
microbiological contamination originated from upstream. The
first results presented here relate to the contaminant transport
during a hot weather episode. Then, after confirming that
continuous monitoring of conductivity, upstream and in the
bathing area, could track the water quality changes after a heavy
rainfall episode, the second objective was to simulate the
conductivity variation from upstream to the bathing area. We used
the TELEMAC-3D hydrodynamic model to compute the time and
space distribution of water temperature, velocity, and
contamination tracer. Time series of conductivity were measured
with in situ sensors installed upstream and at the bathing area.

Il.  STUDY SITE AND FIELD DATA

The study site, La Villette, is located in the north-east of
Paris. It is an urban water body with recreational activities
such as boat navigation and the opening of a free bathing area
during summer.

The upstream part of La Villette system corresponds to a
canal of 25 m wide and 800 m long. Then, it widens to 75 m
wide, forming a basin of 700 m long, where the bathing area
is located (Error! Reference source not found.) [9]. The
whole system has a total extension of 1500 m and
approximately 3 m of depth. The average annual water flow is
2.7 m?/s.

At the outlet of the system, a navigation lock towards the
St-Martin canal works from 09h00 to 19h00. Additionally, a
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Figure 1. Location of La Villette system and the measurement

points A and B (red dots)

water pumping station derives part of the volume to Paris non-
drinkable water network.

The monitoring system has two points of measurements.
Point A is located at the inlet of the canal, 1000 m upstream of
the bathing area. Point B is located downstream, next to the
bathing area, at the right bank of the basin (Fig. 1). Both points
are equipped with sensors of water temperature and
conductivity measured at a 10 min time step. Water
temperature has been measured at three depths (0.5 m, 1.2 m,
2.0 m) and conductivity at 1.2 m depth.

I1l. NUMERICAL MODEL

The numerical simulations were done with TELEMAC-
3D (version 8.0). The atmosphere-water heat exchanges were
done with the WAQTEL module, where the thermal process
was activated. The data pre-processing was carried out with
BlueKenue 64 v3.3.4 and the post-processing with MATLAB
R2020b.

A. Modelling domain

The model domain goes from the canal round-about at
upstream to the end of the basin area at downstream. A
triangulated mesh (Error! Reference source not found.) was
created using the data of a bathymetry survey at 6 section
profiles [10].

The 3D grid has a total of 10 layers, with approximately
0.30 m of depth. Each layer has 3185 nodes and 5680
elements. The average edge length is of approximately five
meters.

The simulation results of layers 2 (bottom), 5 (middle), and
8 (surface) are compared with the field data at 2.0 m, 1.2 m,
and 0.5 m, respectively.

B. Hydrodynamic model

The simulated variables are the free surface elevation,
water temperature, water velocity and an indicator of
microbiological quality. In alignment with the European
regulation, the faecal indicator bacteria “coliforms” was

selected. Water temperature was considered as an active tracer
and microbiological indicator as a passive tracer [11].
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Figure 2.

The model was set-up to consider the heat exchange
between the atmosphere and the water, through the WAQTEL
module.

The water density was expressed as a function of water
temperature (1).

P = Pre [1 = T(T = Tyef)* 107¢] (1)

Where p is water density [kg/m?®], prer is the reference
density (999.972 kg/m?®) at the reference water temperature Trep
=4 °C, and T is the water temperature [°C].

The solar radiation attenuation in the water column is
calculated according to the Beer-Lambert equation where the
extinction coefficient is derived from the field data of Secchi
depth [12].

The Strickler law was used for the bottom friction with the
default coefficient of 60 m'3/s. The horizontal turbulence
model considers a constant viscosity with a coefficient for
diffusion of velocities of 0.1 m?s. The adopted vertical
turbulence model was the Nezu and Nakagawa mixing length
(2). All the parameters have the default values.

Ly, = Kz 1—% ()

Where Ly, is the mixing length, « is the von Karman
constant (0.41), z is the distance to the bed [m] and h is the
water depth [m].

The upstream boundary condition is defined as an open
boundary with prescribed flowrate and tracer values. The
downstream open boundary is defined with prescribed water
elevation and free tracer values. The lateral boundaries are
defined as a solid wall.

The input data include the flowrate and water temperature
at the upstream boundary. For the heat exchange with the
atmosphere, meteorological data (wind speed and direction,
air temperature, atmospheric pressure, relative humidity,
nebulosity, and rainfall) are also required. The meteorological
data are obtained from the Orly Météo-France station. The
input upstream water temperature and conductivity are
measured at point A. The flowrates are calculated from the
total daily volumes provided by the Service des Canaux de la
Ville de Paris.
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The time-step of the model computation is of 20 s. The
results are given in time-step of 10 min.

C. Simulation periods

Two periods were simulated. The first one in August 2020
corresponds to a high temperature episode, to analyse the
thermal stratification impact on the distribution of velocity and
of the microbiological indicator, “coliforms”. The latest was
considered as a passive tracer in order to disentangle the effect
of the water column stratification from any other
biogeochemical process.

The second period, in June 2021, includes a heavy rainfall
episode. On this period, the conductivity evolution, which is
assumed to be a proxy of the water quality change due to the
rainfall event, was simulated.

IV. RESULTS AND DISCUSSION

A. Simulation from the 7™ to the 12" of August 2020: hot
weather period

The first simulated period is from 07/08/2020 to
12/08/2020 (5 days). In addition to water temperature and
velocity, the variable “coliforms” was simulated as a passive
tracer. It was prescribed as a step input of 1000 MPN/100mL
(MPN, Most Probable Number per 100 mL), uniformly
distributed in the inlet water column. It lasts for 48 hours, from
08/08/2020 to 10/08/2020. Generally, in the equation of
coliforms evolution, the bacterial decrease is represented by
an exponential term using a decay rate, which depends on
water temperature, light intensity, and salinity [13-15]. Here,
in order to assess the single effect of thermal stratification, the
decay rate was set to 0. The Secchi depth is 0.9 m.

The water column is stratified during the day and mixes at
night (Fig. 3Error! Reference source not found.). The
simulated and the field data of water temperatures range from
22.8 t0 26.3°C.

The simulated temperatures are close to the measured data
(RMSE=0.36°C at the surface, 0.35°C at the middle and
0.41°C at the bottom). A good agreement is obtained between
field data and model results: R? = 0.84 at the surface, R?=0.83
at the middle and R?>=0.77 at the bottom. The maximum
differences between the results and the field data are of 0.84°C
at the sub-surface, 0.87°C at the middle, and 1.08°C at the
bottom.
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Figure 3. Measured and simulated water temperature at three

depths at point B, from 07 to 12/08/2020.

The model slightly underestimates the field data by 0.6%
at surface, 1% at the middle and 0.8% at the bottom.

The maximum temperature difference between the surface
and bottom layers (ATw) can be considered as an indicator of
the stratification intensity. It ranges from 0.85°C to 1.35°C for
the field data and from 0.95°C to 1.6°C for the simulation
results (Fig. 4). The stratification starts at the same time for
both field data and model results. However, on the first three
days of simulation, the mixing of the water column in the night
occurs earlier in the model, 4.5 h to 7 h before the measured
data.

The longitudinal current velocity (U-axis, positive towards
downstream) and the coliforms concentration at point B, in the
surface, middle and bottom layers are presented on Fig. 5.

At the surface, the longitudinal velocities vary from -0.03
m/s to 0.05 m/s. At the bottom, they vary from -0.03 m/s to
0.03 m/s. The velocity range of the middle layer is from 0 to
0.02 m/s, with a mean of 0.01 m/s.
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Figure 4. Difference between surface and bottom temperatures,
ATw (field data: red, simulation results: blue), at point B, from
07 to 12/08/2020.
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Figure 5. Simulation results of longitudinal velocity (U-axis),

water temperature and coliforms concentration at point B, from
07 to 12/08/2020.

The difference between the surface and the bottom
velocities is the largest when the water column is stratified,
reaching up to 0.08 m/s. A return flow is then observed in the
bottom layer. The difference in flow direction between the
surface and the bottom layers is due to the thermal
stratification on the water column, leading to vertical density
gradient. In the case of constant density fluid simulations,
these negative velocities at the bottom are not observed.

The arrival time of the coliforms at point B is different at
the three depths. The maximum concentration is first reached
in the surface layer. The transfer time in the surface layer is
13.3h, in the middle layer is 15.5 h, and at the bottom is 18.7 h.

The decrease of coliforms concentration starts on
10/08/2020 around 08:00 for the three depths. However, the
decrease is faster in the surface layer. After 2 h, the surface
concentration is around 130 MPN/100mL, and the bottom
coliforms is 660 MPN/100mL.The bottom layer takes almost
15h to reach a concentration around 130 MPN/100mL.

B. Simulation from the 1° to the 10" of June 2021: heavy
rainfall event

The second simulated period goes from 01/06/2021 to
10/06/2021 (9 days). A rainfall of more than 20 mm in one
hour took place on 04/06/2021 at 08h00. Conductivity,
considered as an indicator of the water quality, was simulated
as a passive tracer. For this period, the Secchi depth is 1.5 m.

The field water temperature ranges from 18.2°C to 22.0°C
(Fig. 6). The simulation results range from 18.1°C and 20.9°C.
The performance indicators (RMSE and R?) indicate a good
agreement between field data and model results: at the surface
R%2=0.76 and RMSE = 0.32°C, at the middle R? = 0.73 and
RMSE =0.33°C, at the bottom R?=10.75 and RMSE = 0.30°C.

The model slightly underestimates the measured
temperature, having a maximum difference of around 1.3 °C.
The underestimation is of 2.2 % at the sub-surface, 2.8% at the
middle, and 2.3% the bottom.

During the simulated period, the water column was
stratified during the day and mixed at night. However, after the
rainfall event, the water temperature decreased, and the water
column remained mixed for the entire day of 05/08/2021.

The stratification decreased during the first four days of the
simulation, disappears on 5 June, and occurs again on the four
last days (Fig. 7). The model correctly reproduces the mixing
on 5 June and the increase of stratification during the last days
of the simulation.

The simulation results of longitudinal current velocity (U),
water temperature and conductivity in the surface, middle and
bottom layers at point B are presented on Fig. 8. The velocities
range from -0.03 m/s to 0.04 m/s. The surface layer has the
higher velocities. As on the previous simulated period, the
velocity is negative in the bottom layer.

At the beginning of the simulated period, the conductivity
is uniform in the water column. Following the rainfall event, a
continuous decrease of the conductivity was observed
upstream (Fig. 9). It dropped from around 790 to 610 uS/cm
in 3 days. Afterwards, the conductivity increased continuously
for also 3 days.

24 T T T T
23 F Rainfall b
6\ 22 F A:
o >
F 211 IR £ F
5 ™N ﬂ~ TN g\ A
E NN A A \
ol A WAN/AV! Qg
2 2V g /
5
=19 /
2 \
= 181 i
0.50m data model surf.
17k 1.20m data model midd. i
2.00m data model bott.
16 ‘ ‘ . . . ‘ . ‘
01 Jun 02 Jun 03 Jun 04 Jun 05 Jun 06 Jun 07 Jun 08 Jun 09 Jun 10 Jun
2021
Figure 6. Water temperature at three depths from the simulation
results and measured at point B.
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Figure 7. Difference between surface and bottom temperatures,

ATw (field data: red, simulation results: blue), at point B from
the 01 to 10/06/2020.
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Figure 9. Conductivity measurements at points A (*) and B (+) and simulation results for three depths at point B, from 01 to 10/06/2021.

The conductivity variation observed downstream was well
reproduced (Fig. 9). The simulation results and the measured
conductivity show a good agreement, R? = 0.98 and RMSE =
9.0 uS/cm.

On 04/06/2021, a value of around 790 uS/cm is observed
at both points (A and B). The minimum value of 610 pS/cm is
observed upstream (point A) on 06/06/2021, at 19:10.
Downstream, at point B, this minimum value is observed on
07/06/2021, at 11:50 and at 9:50 through the model results.

The transfer time between points A and B (1000 m) can be
estimated using the time-lag between the same conductivity
values at both points.

The transfer time and the mean velocity according to the
simulation results and to the field data are presented in Tab. 1.
The values estimated from the model results are close to the
field data. The model anticipates by a few hours the arrival of
the upstream water.

TABLE I. TRANSFER TIME AND MEAN VELOCITY ESTIMATION AT MID-

DEPTH (1.20 M)

Conduc Date (2021) ng‘;ﬁfgr;i)'ﬂe Mea(gr;t/egcity
tivity Pc')Aint Pc|>3int Sr:ar:lfllt Simul. Zi:tls Simul. ';i;':
iem | 0500 | Todo | orse | 1m0 | 2600 | 16 | w
o osts e | 000 | sy | gup | 15 | 15
ftSS(/)cm 8?/2(6) (1)16/(3)8 ???(6) 13:40 10:00 2.0 28
oo oot moe o 1y | 1 | 1

V. CONCLUSIONS AND PERSPECTIVES

TELEMAC-3D has been applied for microbiological
modelling in some studies (e.g. [13], [14]) but generally in
coastal study sites where the thermal stratification is
negligible.
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In this study, TELEMAC-3D hydrodynamic model was
used to compute the time and space distributions of
microbiological contaminant indicators in a thermally
stratified water body.

The thermal stratification of the water column during the
day was correctly captured by the model as well as the
overnight mixing. In particular, the temperature difference
between the surface and the bottom of the water column was
well reproduced.

During the periods of thermal stratification, the
longitudinal velocity is the surface layer is faster. This affects
the transfer time of the tracers, depending on the depth.

Regarding the simulated period of June 2021, when a
heavy rainfall occurred at the study site and in the upstream
catchment, a continuous and strong decrease of the
conductivity was observed at upstream and at downstream
with a few hour time-lag. This confirms that conductivity can
be used to track the water quality changes after a heavy rainfall
episode. The simulation results with the conductivity as a
passive tracer showed a good agreement with the field data.

In conclusion, the thermal stratification observed in the
field data during hot weather periods could be correctly
simulated by TELEMAC-3D. It can be used to assess the
transfer time of a microbiological contamination measured
upstream to the bathing area of La Villette. The model was
able to correctly simulate the conductivity evolution to track
water quality changes after a rainfall episode in the catchment.
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