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Abstract

Swimming in open water has become very popular, particularly in urban areas where
summer heatwaves are increasingly frequent. To control sanitary risks, the monitoring of
indicators of pathogenic microorganisms, namely faecal indicator bacteria (FIB), such as
E. coli is required. Reference laboratory methods take at least 24h to provide results.

For opening a bathing area to the public, FIB concentrations must meet the regulatory limits.
In watercourses, this condition can be estimated from measurements at an upstream point,
defined to take into account the transfer time to the bathing area and the response time of
the FIB measurement.

The transfer time is affected by flowrate and thermal stratification. Variations in current
velocity can be computed using hydrodynamic models, which are also useful to estimate the
FIB spatiotemporal distribution

In order to propose a system for monitoring and forecasting the microbiological quality of
bathing areas, two research lines have been developed: (1) the implementation of a 3D
hydrodynamic model to compute the velocity field and the water temperature and (2) the
definition of a FIB proxy for faster microbiological water quality assessment.

The specific objectives of the PhD thesis are as follows:

i.  To implement the 3D hydrodynamic model TELEMAC-3D, coupled with the
WAQTEL thermal module;
ii.  To design and install a monitoring system to obtain field data that can be used
for input and validation of the hydrodynamic model;
iii. = To investigate the influence of thermal stratification on the spatiotemporal
distribution of faecal contamination;
iv.  To identify a fast-measuring indicator of FIB.

The study site, La Villette basin, is located in Paris (France). It consists of a canal upstream
(25m wide, 800m long), and a basin downstream (70m wide, 700m long, 3m deep). The
average discharge is around 2.1m?3.s..

The installed fully autonomous monitoring system consists of two monitoring points
located: (1) 1000 m upstream of the bathing area and (2) downstream, close to the bathing
area. At both sites, water temperature is measured at three depths, and electrical
conductivity at mid-depth, with a 10 min time step.

From spring to mid-autumn, the data showed a daily thermal stratification of the water
column, breaking up at night. Conductivity data allowed to estimate the transfer time
between both monitoring points. The values varied from 6h30 to more than 24h.

To obtain real-time information on FIB level, the relationship between FIB and the
fluorescence of dissolved organic matter (FDOM) was investigated. Fluorescence
spectroscopy combined with PARAFAC modelling was used to characterize DOM and
microbiological activity in five watercourses in the Paris metropolitan region. The results
showed a higher presence of a protein-like component in samples with higher microbial
contamination. A relationship was established between this component and FIB.

For a short-term (3 days) FIB level forecast, a relationship between FIB and hydro-
meteorological data (discharge, rainfall and dry weather duration) was investigated. In La



Villette basin, a relationship between E. coli and the precipitation measured upstream,
between one and three days before the day of interest, was found.

The in-situ measured values were used as model input and for validation. The FIB
concentration was derived from FDOM data and from hydro-meteorological data using the
established relationships.

The results of the 3D hydro-microbiological model were compared to field data. The
observed alternation of thermal stratification and mixing was correctly reproduced. Its
effect on E. coli spatial distribution was highlighted. The conductivity variation was well
simulated. The transfer time between the two measuring points was correctly estimated
and can be applied to other passive tracers.

This work highlights the relevance of a 3D hydrodynamic model for assessing contaminant

transport and sanitary conditions in a river area of interest.

Keywords: Urban waters, Early warning system, Faecal indicator bacteria (FIB),
3D hydrodynamic modelling, Thermal stratification, Fluorescent Dissolved Organic Matter
(FDOM).
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Résumé

La baignade en eau libre connait un fort engouement, notamment en milieu urbain ou les
canicules estivales sont de plus en plus fréquentes.

Pour éviter les risques sanitaires, le suivi d'indicateurs de micro-organismes pathogenes,
les bactéries indicatrices fécales (BIF) telles que E. coli, est nécessaire. Les résultats des
méthodes de référence en laboratoire sont obtenus au mieux en 24h.

Pour qu'une baignade soit ouverte au public, les concentrations de BIF doivent étre
inférieures a des seuils réglementaires. En cours d'eau, ces conditions peuvent étre estimées
a partir de mesures en un point amont, défini en tenant compte du temps de transfert vers
la baignade et du temps de réponse de la mesure des BIF.

Le temps de transfert change en fonction du débit et de la stratification thermique. Ces
variations peuvent étre calculées par des modéles hydrodynamiques, également utiles pour
estimer la distribution spatiotemporelle des BIF.

Afin de proposer un systeme de suivi et de prévision de la qualité microbiologique d’une
zone de baignade, deux axes de recherche ont été développés : (1) la mise en ceuvre d'un
modéle hydrodynamique 3D pour calculer les champs de vitesses et la température de 1'eau
et (2) la définition d'un proxy des BIF pour une évaluation rapide de la qualité
microbiologique de I'eau.

Les objectifs spécifiques du doctorat sont les suivants :

i.  Mise en ceuvre du modele hydrodynamique, TELEMAC-3D, couplé au module
thermique WAQTEL ;
ii.  Conception et déploiement d'un systeme de mesure de terrain ;
iii. Etude de linfluence de la stratification thermique sur la distribution
spatiotemporelle des BIF ;
iv.  Identification d’'un indicateur des BIF de mesure rapide.

Le site d’étude, le bassin de La Villette, est situé a Paris (France). Il se compose d'un canal
en amont (25 m de large, 800 m de long) et d'un bassin en aval (70m de large, 700m de long,
3m de profondeur). Le débit moyen est d'environ 2.1m3.s-..

Le systeme de suivi se compose de deux points de mesure situés a 1000m en amont de la
zone de baignade et en aval, a proximité de la baignade. Sur les deux sites, la température
de l'eau est mesurée a trois profondeurs et la conductivité électrique a mi-profondeur (pas
de temps 10 min).

Du printemps a I'automne, une stratification thermique de la colonne d'eau, interrompue la
nuit a été mesurée. Les données de conductivité aux deux points de suivi ont permis
d'estimer le temps de transfert d'un traceur passif, qui varie de 6h30 a 24h.

Pour connaitre leur niveau en temps réel, la relation entre BIF et fluorescence de la matiere
organique dissoute (MOD) a été étudiée. La spectroscopie de fluorescence combinée a la
modélisation PARAFAC a été utilisée pour caractériser la MOD et l'activité microbiologique
dans cing sites en région parisienne. Les résultats ont montré une forte présence d'un
composant protéique dans les échantillons de contamination microbienne plus élevée. Une
relation a été établie entre ce composant et les BIF.

Pour une prévision a court terme (3 jours), une relation entre BIF et données
hydrométéorologiques (débit, pluie et durée de temps sec) a été étudiée. A La Villette, une
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relation entre E. coli et la pluie mesurée en amont, entre un et trois jours avant le jour
d'intérét, a été trouvée.
Les mesures ont été utilisées comme données d'entrée du modele et pour sa validation, la

concentration des BIF étant estimée a partir des relations établies entre fluorescence et
données de pluie.

Les résultats du modele hydro-microbiologique ont été comparés aux mesures. L'alternance
de stratification thermique et mélange observée a été correctement reproduite. Son effet
sur la distribution spatiale d'E. coli a été mis en évidence. La variation de la conductivité a
été bien simulée. Les temps de transfert, correctement estimés, peuvent étre appliqués a
d'autres traceurs passifs.

Ce travail met en évidence la pertinence d'un modéle hydrodynamique 3D pour évaluer le

transport des contaminants et les conditions sanitaires dans un cours d’eau.

Mots-clés : Eaux urbaines, Systéme d'alerte précoce, Bactéries indicatrices fécales (BIF),
Modélisation hydrodynamique 3D, Stratification thermique, Matiére organique dissoute
fluorescente.
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Chapter 1. Introduction

Reintroducing urban bathing is part of environmental policies aimed at recovering the
ecological quality of the river in wider Paris. Urban bathing mitigates the urban heat island
effects of Paris and reduces the heat wave impact on the population. Furthermore, it is a
way of reclaiming public space and reinforcing the links of the city dwellers with nature.

Open water sport events are increasingly popular in urban areas. Some open water
competitions of the International Federation of Swimming are performed in urban
freshwater bodies (FINA https://www.fina.org/open-water). For example, in July 2022, the
second phase of Marathon Swim World Series took place in Paris, at the Ourcq Canal.

However, open water swimming can expose bathers to waterborne diseases. The
prefectural decree of 1923, banning public swimming in the Seine River, is still in force
today. An exception in Paris region, since 2017, is the public swimming area installed in La
Villette basin during summer.

To control the sanitary risks, the European Directive of Bathing Waters 2006/7/EC (EU,
2006) classifies the water quality in function of the concentrations of indicators of faecal
contamination known as faecal indicator bacteria (FIB). Two bacteria are used as reference
parameters in the European classification: Escherichia coli (E. coli) and intestinal
enterococci (IE). For inland waters, the threshold for a sufficient water quality for bathing
is 900 MPN.100mL! for E. coli and 330 MPN.100mL-! for IE, both values based upon a 90-
percentile evaluation. The reference method for E. coli enumeration, in the laboratory, has
a long response time, taking from 24h to 48h (ISO, 1998).

In some watercourses, the analysis of the microbiological water quality is performed on a
daily basis, upstream of the bathing area, in order to anticipate the decision of a closure of
the bathing area. However, hydro-meteorological conditions may impact the transfer time,
such as flow rate variations and thermal stratification. Vertical thermal stratification causes
differences in the flow velocity with depth, impacting the spatiotemporal distribution of FIB.
Therefore, the arrival time and the duration of the contamination can vary with depth in the
bathing area.

To improve the accuracy of the decision making and reduce the risk of having undetected
contamination between two measurements, a more frequent monitoring time step is
required. An indicator of faecal contamination available in real-time would be very
beneficial for decision making about a possible closure or re-opening of the bathing area.

In this PhD thesis, two research lines have been developed in order to propose a system for
monitoring and forecasting the microbiological quality of bathing areas: (1) the
implementation of a 3D hydrodynamic model to compute the velocity field and the water
temperature and (2) the definition of a FIB proxy for faster microbiological water quality
assessment.

The specific objectives are as follows:

- To implement the 3D hydrodynamic model TELEMAC-3D, coupled with the
WAQTEL thermal module;

- To design and install a monitoring system to obtain field data that can be used
for input and validation of the hydrodynamic model;

- To investigate the influence of thermal stratification on the spatiotemporal
distribution of faecal contamination;
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- To identify a fast-measuring indicator of FIB.

This manuscript is divided into five chapters. The bibliography review (chapter 2) presents
successively, the faecal contamination in inland waters, the water quality variables for the
assessment of microbial contamination. Then, it presents the importance of autonomous
monitoring system and describes the main characteristics of hydrodynamic and
microbiological modelling.

Chapter 3 describes the study site, the design of the monitoring system, the water sampling
protocol, the data processing, including PARAFAC modelling and then the hydrodynamic
modelling.

Chapter 4 is devoted to result presentation. It includes four result sections: (1) the field
collected dataset; (2) the dissolved organic matter characteristics; (3) the estimation of
faecal indicator bacteria; (4) the hydro-microbiological modelling outcomes.

Finally, chapter 5 presents the conclusion and perspectives of this work.
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Chapter 2. Bibliography review

This chapter describes the scientific background of the thesis subject and intends to update
the recent advances in the literature. It is divided into three main topics: faecal
contamination quantification, water quality variables related to microbial contamination
and hydro-microbiological modelling.

2.1. Faecal contamination in inland water courses

2.1.1. Faecal indicator bacteria (FIB)

Polluted rivers can contain various types of harmful microorganisms such as viruses,
bacteria, and protozoa. These micro-organisms primarily come from the waste of humans
and warm-blooded animals that ends up in water. The risk to human health depends on how
the water is used (drinking, recreational activities, bathing, etc.) and the concentration of
pathogens in the water.

Waterborne pathogens can cause illness. These pathogens can cause outbreaks of
gastrointestinal diseases like diarrhoea and dysentery, other diseases of the skin, eyes,
respiratory tract, and even typhoid fever and cholera (Servais et al.,, 2007; US EPA, 2013a).

Detecting and counting all the potentially present pathogenic microorganisms in aquatic
systems is challenging due to the wide range of pathogens, their low abundance, and the
viability of detection methods. Therefore, routine monitoring of the microbiological quality
of water still relies on the use of bacterial indicators found in faecal matter. These indicators
should be abundant in human and animal waste, easily detectable, and not able to grow in
natural waters.

The prediction of faecal bacteria in waterbodies is of significance importance. Faecal
indicator bacteria (FIB) have been used as indicators of potential waterborne pathogens. A
high level of FIB implies the presence of human or animal waste, which may be a source of
viruses, protozoa and bacteria that are harmful for human beings.

The sources of faecal pollution on the environment can be from wastewater and sludge
(human origin), slurry and manure (animal origin) and wildlife. This includes wastewater
treatment plant effluent, sewage discharge, stormwater runoff, improper land application
of manure or sewage (US EPA, 2013a).

The FIB are defined as of exclusive faecal origin, universally present in large numbers in
faeces of warm-blooded animals and humans, capable of surviving in but do not grow in
natural waters, and are readily detectable by simple methods (Environment Agency, 2002;
Paruch and Meaehlum, 2012).

The commonly used bacteria as water quality criteria are intestinal enterococci (IE) and
Escherichia coli (E. coli) (EU, 2006). Both commonly colonise the gastrointestinal tracts of
warm-blooded animals, including humans, and are mainly present in the environment
because of faecal contamination. Even if these bacteria are not necessarily pathogenic,
several epidemiological studies support their use as indicators of a pathogenic source
(Pruss, 1998).

19



The Bathing Water Directive 2006/7 /EC of 2006 classifies the inland bathing water quality
according to faecal bacteria indicators intestinal enterococci and Escherichia coli (Table
2.1). This classification is based on data collected over a four-year period. The World Health
Organization (WHO) recommends a minimum of 20 annual samples per site, totalizing at
least 80 samples over the classification period (WHO, 2018).

Table 2.1. Classification of Directive 2006/7 /EC of 2006 for bathing water quality

Excellent Reference

Parameter . Good quality Sufficient methods of
quality .
analysis

Intestinal enterococci " " - ISO 7899-1 or
(CFU/100 mL) 200 (%) 400 () 330 () ISO 7899-2
Escherichia coli " . - ISO 9308-3 or
(CFU/100 mL) 500 (%) 1000 (%) 900 (**) IS0 9308-1

(*) Based upon a 95-percentile evaluation.
(**) Based upon a 90-percentile evaluation.
Source: (EU, 2006).

Both FIB are historically recommended for freshwater microbiological quality assessment
(USEPA, 1986). Part of coliform bacteria group is resistant to high temperatures. This sub-
group is called thermotolerant coliform bacteria and, as high temperature environments are
supposed to suppress bacteria of non-faecal origin, it is also known as faecal coliforms
(WHO, 1996). The main bacterium of this group is the E. coli and it is the only one that has
an exclusively faecal origin and does not multiply appreciably in natural environment
(Paruch and Mahlum, 2012).

In freshwaters, E. coli is more frequently utilized (Harmel et al, 2016). In faecal
contaminated waters, E. coli are found in greater concentrations than intestinal enterococci
in all mammalian faeces and is the principal driver for fresh water quality classification
(Jacob etal., 2015; WHO, 2018). Edberg et al. (2000) recommended to use E. coli as the best
indicator, with IE as a complementary one.

Therefore, the detection of E. coli and IE contamination is important to minimise eventual
health risks due to faecal pollution exposure and protect human health (Paruch and
Maehlum, 2012; WHO, 1996).

2.1.2. E. coli quantification methods

There are several ways of measuring E. coli concentration. The main technologies of
quantification are the detection by enzymatic activity (or “defined substrate technology”),
the measurement of total concentrations by optical methods, or a combination of both.

Different techniques can be used either in the laboratory or directly in situ. Historically, the
enumeration techniques used in laboratory are culture-based, which consists of cultivating
individual target organisms to have an amplification of the signal produced by the total
population. This method requires time for the cultivation, needing more than 18 hours
between sample collection and reporting results (ColiMinder VWMS, 2021; Lopez-Roldan
etal,, 2013).

The regulatory standard methods are culture-based. For example, NF EN ISO 9308 parts 2
(ISO, 2012) and 3 (ISO, 1998) are culture techniques based on the statistic method of the
Most Probable Number (MPN), also called “multi fermentation tube technique”.

The quantification of E. coli can also be performed by PCR-based techniques. They are fast,
have high specificity, and are effective from surface water to wastewater. However, they
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need standardization and specialized laboratory equipment, which limits their
implementation for a rapid microbial water quality testing (Burnet et al., 2019). Also, they
are easily affected by inhibitors or other interferents, and are difficult to integrate in an
autonomous device (Lopez-Roldan et al., 2013).

Many of the in situ techniques are based either on the fluorescence of bacterial enzymatic
activity or on optical principles. The latter are fast and reagentless, but they have low
specificity (Lopez-Roldan et al., 2013).

The measured concentration of each technique can be expressed differently. The results of
the standard methods are expressed as Most Probable Number per 100 mL (MPN.100mL-1)
or Colony Forming Unit per 100 mL (CFU.100mL-1), that are numerically equivalent.

Other techniques have different units. Optical techniques can be expressed in particles or
cells per 100 mL (Tatari et al.,, 2016). Specific enzymatic activity based techniques can be
expressed on Modified Fishman Unit per 100 mL (MFU.100mL-1), a unit that represents a
direct measurement of the number of living organisms per sample volume (Koschelnik et
al,, 2015).

The following paragraphs describes in more details the methods of interest in this study. A
summary table is presented afterwards (Table 2.2).

2.1.2.1. Laboratory analysis: multi fermentation tube technique

The multi-fermentation tube technique is a culture-based method. It uses aliquots of
samples from three consecutive 10-fold dilutions and a culture media for each bacteria
indicator (Ballance and Bartram, 1996).

This technique is based on Most Probable Number (MPN) methods, as well as other analyse
methods of laboratory. According to the water sample source, a number of dilutions is done
and distributed on specific support wells. These wells can be tubes or 96 well microplates,
for example (Hamilton et al., 2005). The typical Time-To-Result (TTR) of current laboratory
techniques are of 18 to 72 hours, without considering the time taken during sampling,
transportation, handling and result interpretation (Angelescu et al., 2019).

The Most Probable Number (MPN) method applies the principle of the maximum likelihood
to write a function that describes the probability of a bacterial density associated with a
defined dilution degree “k” (Maul, 1982). This is the method used to create the reference
MPN table and it is the base of laboratory analyse methods (Hamilton et al., 2005).

The bias of the real density estimation depends on the number of the aliquots used at each
dilution. It becomes neglectable over 96 tubes, and this is why the commonly used on the
certified methods has 96 aliquots or more (Maul, 1982).

The MPN based methods used on the legislation use a fluorescent media. Undiluted and/or
diluted samples are added on micro wells or containers and are incubated for 24 h at 35 °C
(NF EN ISO 9308-2) or for 36 to 48 h at 44 °C (NF EN ISO 9308-3). If in contact with faecal
indicator bacteria, the media reacts and, under ultraviolet light, wells that both turned
yellow and fluoresced are counted as E. coli positive (Hamilton et al., 2005; Prats et al., 2008;
Tiwari et al,, 2016).

2.1.2.1.1. Defined substrate technology with enzymatic
fluorescence techniques

The multi fermentation technique can use a specific media culture with defined substrate
technology. The introduction of chromogenic and fluorogenic media has been facilitating
the recognition of colonies of target organisms.
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The microbiological growth media contains enzyme substrates linked to a chromogen
(colour reaction), fluorogen (fluorescent reaction) or a combination of both. The target
population is characterized by enzyme systems that metabolize the substrate to release the
chromogen/fluorogen. This results in a colour change in the medium and/or fluorescence
under long-wave UV light (Prats et al., 2008).

Most devices using this technology are based on IDEXX Colilert, which is used for the
simultaneous detection and enumeration of total coliforms and E. coli in water and
wastewater based on the Most Probable Number (MPN) principle. This method uses two
chromogenic nutrient indicators [i.e., ortho-nitrophenyl-p-D-galactopyranoside (ONPG)
and 4-methylumbelliferyl-B-D-glucuronide (MUG)] as the major sources of carbon.

As coliforms grow, they use (-galactosidase (GLUC) to metabolize ONPG and change it from
colourless to yellow. E. coli uses [-glucuronidase to metabolize MUG and create
fluorescence by releasing of the fluorescent compound 4-methyl-umbelliferone (MUF)
(Burnet et al., 2019; Hamilton et al., 2005) (Figure 2.1).

MUG

GLUC 4-methyl-
E. coli enzyme umbelliferyl

(B-glucuronidase)
<1\E“>\4-methyl-umbelliferone

Figure 2.1. Scheme of defined substrate technology: enzymatic fluorogenic reaction (based on “Quanti-
Tray System - IDEXX US,” 2020)

2.1.2.2. In situ measurements

In situ devices are automatized samplers that provide E. coli concentration at the
measurement point.

2.1.2.2.1. Fluidion ALERT system
e Measure principle

This system is based on the defined substrate technology with enzymatic fluorescence
technique, presented on the precedent item. Each bioreactor has the substrate that provides
enzymatic fluorogenic reaction with E. coli.

The fluorescence signal is monitored over time. The appearance time of fluorescence is
measured and correlated with concentrations of E. coli in Colony-Forming Units per 100 mL
(CFU.100mL-1, numerically equivalent to MPN.100mL-1). This appearance time ranges from
2 h to 12 h. After calibration, for a concentration of 1000 MPN.100mL-}, it takes around 9 h
to have the results.

Complementary information is presented on Annex I.
¢ Instrumentation description

Each bioreactor allows to sample and make microbiological analysis individually, including
the mixture with the bioreactive, incubation in a controlled temperature of 37-38 °C,
monitoring of the optical characteristics of the sample (fluorescence) and the wireless
transmission of the measures by a mobile phone network.
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The equipment works with a battery, being fully autonomous and waterproof. The initiation
of the sampling command can be established through a connection with an external sensor,
allowing an automatic triggering of sampling and measurements operations by a mobile
phone network, or through a USB cable, to download the data.

After the seven samplings are concluded, a technical maintenance is required to replace
them. A technician is the responsible for changing of the vials, adding fresh reagent,
decontaminating the sample tubing, and replacing the battery. This procedure takes less
than 30 min.

e Range and confidence interval

According to the product data sheet, the range of measure is 4 to 5105 CFU.100mL-1 (Colony
Formation Units). Angelescu et al. (2019) concluded that, after a comparison with a
reference method, the ALERT system instruments provide equivalent quantification
accuracy to the reference microplate method over the range of measure after calibration.

2.1.2.2.2. ColiMinder

ColiMinder® (ColiMinder VWM Solution GmbH, Austria) is a in situ E. coli measurement
device. It is based on the measurement of the enzymatic activity of the metabolism of the
target microorganisms (ColiMinder VWMS, 2021).

While standard lab evaluation measures use proliferation to make bacteria visible and
count the cell colonies, this device directly measures a specific metabolic activity via the
fluorescence emitted by a product of the enzymatic reaction (Figure 2.2).

ENZYMATIC EVALUATION STANDARD LAB EVALUATION
Direct measurement of specific metabolic activity Using proliferation to make bacteria visible
Fluorescent Product Cell Colonies

| Incubation

SAMPLE SAMPLE

Measured fully Automated

g

Counted Manually

-

Enzymatic Activity per Volume < 25min | RESULT RESULT | 1872 hours CFU/100ml

Colony Forming Units per Volume

MFU/100m|*

*Modified Fishman Units (E.coli ~specific enzymatic activity)

Figure 2.2. ColiMinder enzymatic evaluation and the standard lab evaluation of E. coli quantification
(ColiMinder VWMS, 2021)

e Measure principle

ColiMinder measurement is based on a defined substrate technology. The activity of E. coli
is associated to its enzyme known as GLUC (3-D-glucuronidase). This enzyme catalyses the
MUG (4-methylumbelliferyl-B-D-glucuronide) substrate, forming a highly fluorescent
reaction product called MUF (4-methylumbelliferyl) (Burnet et al., 2019; Koschelnik et al.,
2015).

The fluorescence measurement of the E. coli specific enzymatic activity is expressed in
Modified Fishman Units per 100 mL of water sample (MFU.100mL-1).
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e Range and confidence interval

The measurement range is from 1 to 1500 mMFU.100mL-! (Koschelnik et al., 2015), with a
precision of 0.8 mMFU.100mL-! (Tatari et al., 2016).

However, there is no fixed conversion factor between MFU.100mL-1 and CFU.100mL-1, with
the factor being between 0:1 and 1:0 (Lackner et al.,, 2017).

Table 2.2. Synthesis of the presented E. coli quantification methods

Measure

Response

Incubation

Method Measurement o h E. coli unit
principle time temperature
Substrate
. hydrolysis
Muldi tube Manual (MUG) with 24h 35 °C MPN.100mL
technique
fluorescent
analysis
Substrate 4
hydrolysis 2-12h ((:ri?n}e(z)r?zhy
Fluidion Automatic (MUG) with (var¥able 37°C equivalent to
fluorescence accordingly to ]
. X MPN.100mL
continuous concentration) 1)
measurements
Measures the
GLUC activity
(E. coli enzyme)
ColiMinder | Automatic with MUG 30-60 min 44.°C MFU.100mL!
substrate based
on optical
detection of
MUF
2.2. Water quality variables for the assessment of

microbial contamination

This section presents the water quality variables that should help to identify and track
microbial contamination.

2.2.1. Fluorescent dissolved organic matter in natural
waters

2.2.1.1.

The dissolved organic matter (DOM) corresponds to any organic compound that passes
through a 0.45 pm filter (Evans et al.,, 2005). It is a complex mixture of soluble organic
compounds of various origins.

Dissolved organic matter

In freshwaters, dissolved organic matter (DOM) plays a key role in the ecosystem function.
Part of DOM pool is associated to bacterial degradation and nutrient availability (Boavida
and Wetzel, 1998; Wetzel, 1992), acting as a supplier of biologically accessible organic
substances that sustains heterotrophic aquatic organisms. DOM may also attenuate light
intensity in the water (Markager and Vincent, 2000; Morris et al.,, 1995), mobilize and
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transport contaminants (Mladenov et al., 2010; Polubesova et al., 2007), and affect the
concentration of dissolved oxygen in the water (McCabe et al., 2021). In addition, DOM can
affect water treatment processes in drinking water supply plants (Wells et al.,, 2022).

Change in DOM composition may reflect the variation of the status of an ecosystem caused
by land use and meteorological change (Williams et al., 2010; Wilson and Xenopoulos,
2009).

In urban waterbodies, during rain events, wastewater discharge and runoff affect the water
quality and change the DOM composition. Humic-like components are associated with
terrestrial organic matter such as run-off water, and protein-like components are associated
with a high level of microbial activity, such as wastewater. Meng et al. (2013) concluded that
anthropogenic inputs to urbanized surface waters are more likely to change seasonally and
spatially. These inputs are indicated by organics compounds present on wastewater, such
as humic-like compounds, and tryptophan-like and tyrosine-like proteins.

2.2.1.2. Fluorescence of dissolved organic matter

The fluorescent dissolved organic matter (FDOM) of a water sample can be characterized
by a technique based on the simultaneous scanning of excitation and emission wavelengths.
The sample is excited by a delivered wavelength. This excitation induces fluorescence that
is emitted and which intensity is measured for a range of wavelengths (Frank et al., 2018a;
Lawaetz and Stedmon, 2009). An excitation-emission matrix (EEM) is then obtained (Figure
2.3).

Fluorescence spectrophotometry has been widely used for characterizing DOM in surface
waters (Cumberland et al., 2012a), ground waters (Frank et al.,, 2018b), marine waters
(Parlanti et al., 2000), and for microbial quality assessment (Baker et al., 2015a).

The use of fluorescence spectrometry to identify microbiological contamination has been
studied for several years (Bedell et al., 2020; Cumberland et al., 2012b; Frank et al., 2018a;
Nowicki et al,, 2019; Sorensen et al.,, 2018, 2015; Ward et al., 2021, 2020).
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Figure 2.3. Typical fluorescence excitation-emission matrix (EEM) of La Villette canal (example from
sample at Point A, upstream, 09/11/2020).

2.2.1.2.1. Fluorophores

Fluorescence spectroscopy can be used to assess DOM composition, DOM source, type, and
microbiological activity (Coble, 1996). Fluorescent dissolved organic matter (FDOM)
contains molecular groups called fluorophores. A fluorophore is a chemical compound that
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emits fluorescence when excited by a light at specific wavelengths. Some compounds have
a characteristic couple of excitation-emission wavelengths (Fellman et al. 2010) , such as
the tryptophan.

The fluorophores identified in freshwaters are associated with different types of dissolved
organic matter and can be mostly attributed to components with humic-like fluorescence
(HLF), such as peaks A, C and M, and tryptophan-like fluorescence (TLF), like peak T. Peak
A is associated with terrestrial components. Peak C is often linked to anthropogenic
activities such as agriculture. Peak M is associated with marine humic-like components.
Peak T may indicate microbial activity (Coble, 1996).

HLF intensity can be mainly associated to two peaks A and C. Peak A is the maximum at ex
260 nm and em 400-460 nm. Peak C is the maximum intensity in the intervals ex 320-360
nm and em 420-460 nm (Coble, 1996).

TLF intensity, hereafter peak T, is identified at an excitation (ex) wavelength range of 270-
280 nm and emission wavelength (em) range of 300-360 nm (Frank et al., 2018a; Sorensen
etal, 2018; Ward et al., 2021, 2020), being ex 275 nm and em 340 nm the most frequent on
the studied literature (Coble, 1996).

Peak T is a protein-like component. It is described as the microbial contamination indicator
related to faecal bacteria. It consists of the fluorescence peak of the aromatic amino acid
tryptophan, often associated to microbial activity (Cumberland et al., 2012b; Sorensen et al.,
2018; Ward et al., 2021, 2020).

Peak T measurements can be used as a risk assessment tool. Ward et al. (2021) mentioned
that elevated TLF concentrations indicates favourable conditions for the persistence of
bacteria like coliforms and other potential pathogens.

Studies have been showing strong correlations between peak T and E. coli and total
coliforms (Baker et al., 2015b; Bedell et al., 2020; Cumberland et al., 2012b; Nowicki et al,,
2019; Sorensen et al.,, 2018, 2015). According to Bedell et al. (2020), this is due because,
compared to other bacteria, E. coli have the highest TLF per occurrence. Furthermore, they
found that peak T was able to classify sources with E. coli concentrations >10 CFU.100mL-.

Among the studies, an uncertainty could be associated to the study site. The matrix
composition of the sampling site may change among watercourses from different catchment
areas, due to the complexity and heterogeneity of natural environments. In addition,
multiple compounds can emit peak T fluorescence, increasing the uncertainty of peak T as
a proxy of bacterial concentrations (Baker et al., 2007; Bedell et al., 2022; Sorensen et al,,
2016).

When screening for faecal contamination, Ward et al. (2021, 2020) recommended that a
potential influence of humic-like fluorescence (HLF) should be considered. They concluded
that HLF may mask TLF at low concentrations. Therefore, the use of peak T is more suitable
on the assessment of moderate and high level of faecal contamination.

Fluorescence measurement may be altered by temperature and pH. For a temperature
variation of +8 °C and between pH values 5 and 8, fluorescence intensities are not affected.
For pH values <4.5 fluorescence intensities are quenched by 15% and at values >8.5 they
are enhanced by 30% (Reynolds, 2003).

The temperature variation is particularly important for in situ measurements, where major
variation of water temperature may occur. On the laboratory, a room with stable
temperature (around 20 °C), the change in TLF signal is negligible (Nowicki et al., 2019).
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Despite these drawbacks (potential shifts in fluorescence intensities with temperature,
oxygen concentration or extremes of pH) (Fellman et al., 2010), fluorescence components
still are a valuable alternative to be used as a rapid reagentless indicator of faecal
contamination. Several studies have been made with encouraging results to use the
presented fluorescence components, particularly protein-like fluorescence components like
peak T, as a tool for the assessment of microbial water quality and correlate them with faecal
bacteria (Baker et al., 2019, 2015b; Chen et al,, 2017; Cumberland et al., 2012b; Frank et al,,
2018a; Hudson et al., 2007; Sorensen et al,, 2018, 2015; Ward et al,, 2021).

2.2.1.2.2. Fluorescence indices

In addition to humic and protein-like fluorescence peaks, fluorescence intensity ratios can
be used to assess the origin and transformation degree of DOM. Three fluorescence indices
are commonly used: BIX, HIX and FI.

The first is the biological index (BIX) was introduced by Huguet et al. (2009). It was based
on ratio B:a from Parlanti et al. (2000), also named freshness index, determined according
to laboratory results of macro-algae degradation evolution in ultra-pure and sea water. BIX
is an indicator of the contribution of recently autochthonous produced DOM, being the ratio
between fluorophore intensities that represents more recently derived DOM, including
freshly transferred from algae to the DOM pool, and more decomposed DOM.

The humification index (HIX) is related to the extent of humification of organic matter. It
was introduced by Zsolnay et al. (1999), denoted HIXzsoinay, Who assumed that humification
is associated with an increase of molecular weight. The emission spectra of these more
condensed fluorescing molecules tend to shift to longer emission wavelengths. It was used
to estimate the degree of DOM aromatization in soil, and firstly applied to aquatic systems
by Huguet et al. (2009). It is the ratio of the sum of the fluorescence intensities between the
emission wavelengths of 435 nm and 480 nm and the sum of the intensities emitted
between 300 nm and 345 nm, at excitation wavelength of 254 nm.

Ohno (2002) proposed a modified HIX calculation, denoted HIXonno, introducing a second
inner-filter effect correction. With this new ratio, HIX ranges from 0 to 1, also increasing
with the increase of DOM aromatization degree. Since HIX values from Ohno’s expression
are independent of the concentrations of humic-like substances, it facilitates the
comparison of results across different studies.

The fluorescence index (FI) was first introduced by McKnight et al. (2001). It is also known
as faso/fs00 index, used by Huguet et al. (2009), and later modified by Cory and McKnight
(2005). It allows to determine the source of DOM either microbial (21.8) or terrestrial (<1.4)
(Fellman et al,, 2010).

2.2.1.2.3. PARAFAC analysis

PARAllel FACtor analysis (PARAFAC) is a multi-way method used to decompose
fluorescence EEMs in independent components. It is a powerful tool to identify the unique
and the main fluorescing components of a dataset, helping quantifying and characterizing
DOM in different aquatic environments (Stedmon and Bro, 2008).

PARAFAC modelling has been contributing to the understanding of the processes involved
on DOM concentrations and their characteristics (Stedmon et al., 2003). Over the past
decades, PARAFAC analysis had been applied on the identification of fluorescence
components as indicators of changes in aquatic environments.

These indicators can be used in the investigation of impacts of land cover (Yangetal., 2018),
changes in coastal waters (Asmala et al.,, 2018) and urban surface waters (Marcé et al., 2021;
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Meng et al,, 2013; Romero Gonzalez-Quijano et al., 2022), identification of pollution sources
of surface waters (Wang et al.,, 2022), assessment of treatment of wastewater (Cohen et al,,
2014) and drinking water (Wells et al., 2022), etc.

A PARAFAC component is characterised by a couple of loading vectors for excitation and for
emission wavelengths. Each component represent a class of DOM of similar fluorophores
(Meng etal., 2013).

In order to assemble and compare components of different datasets, the OpenFluor library,
an online open-access spectral database was created (Murphy et al., 2014). In this database,
similar components among the dataset can be identified. The comparison between
components is made through the Tucker congruence coefficient (Tucker, 1951), given by
Equation 2.1.

XX Y

/z x¢ T y? 1

Where x; and y; represent the loading vector of the two components to be compared, x and
y, for each wavelength element i.

0(x,y) =

A PARAFAC component is defined by a couple of loading vectors for excitation and for
emission wavelengths. The congruence is computed for the excitation (6,,) and emission
(8.1m) spectra separately. The final Tucker congruence coefficient is obtained by multiplying
them (Equation 2.2). Two spectra are considered similar when 6 = 0.95 (Murphy et al,,
2014).

0 =0,y - Oom 2.2

Through the years, datasets with different sample sources across the world were added in
OpenFluor library, including samples from oceans, estuaries, streams, wetlands,
wastewater, recycled water, treated water, among others. The diversity of datasets, allied
with additional analysis from each individual study, allowed the establishment of the origin
of similar PARAFAC components. For instance, terrestrial components, like humic-acid and
fulvic-acid, are commonly associated with agriculture runoff, and protein-like components,
such as amino acids like tryptophan and tyrosine, can be associated with wastewater
effluent (Yang et al,, 2018).

All the steps of PARAFAC modelling are detailed in Material and Methods section 3.4.3.

2.2.1.3. Correction and conversion of fluorescence data

The measurement of fluorescence intensity is influenced by its measuring sensor. The bias
and errors of instrumental configuration result from problems on the optical components
such as physical imperfections, alignment, and efficiency variation in different wavelengths
(Murphy et al,, 2010).

Fluorescence intensity is often measured in arbitrary units (AU), being instrument
dependent. To neutralize the bias and errors related to instrumental configuration and
obtain units of intensity that are comparable between instruments, a total of four to five
steps of data correction and conversion is required: two for data correction, and two to
three for data conversion.

The correction procedures are applied in every EEM of the dataset. Each EEM will be
associated with a blank EEM, i.e., the EEM of a sample of ultra-pure water (deionized water
disinfected by UV light). The blank EEM must be obtained as close as possible in time to the
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EEM. Therefore, each battery of fluorescence measurement will require a blank EEM, to be
associated with the EEMs of the same battery.

The first step is the instrument dependent spectral correction. The EEM and its
correspondent blank are multiplied by the excitation and emission correction factors (C),
usually given by the instrument fabricant. The second correction is related to the inner filter
effect.

The Inner Filter Effect (IFE) is the absorption of part of the incident excitation light before
reaching the fluorescence component in the sample, named “primary” IFE, and the re-
absorption of part of the emitted light before it leaves the cell with the sample, named
“secondary” IFE. Because of this effect, the measured fluorescence intensity may not be
proportional to the concentration of its respective fluorophore (Kubista et al., 1994).

Turbidity can affect inner-filter error. The influence of turbidity is most significant when it
is above 50 NTU (Bedell et al., 2022). Non-fluorescent impurities may interfere with the
interaction between incident light, fluorescent components, and emitting light. In this case,
samples need to be diluted and/or filtered. When the sample is diluted enough, a correction
with absorbance measurements of the same sample can be applied (Parker and Barnes,
1957).

The next step is blank subtraction. It helps removing the water scatter signal of each EEM
by subtracting the blank EEM from the same battery of measurements. It may also
neutralize imperfections related to the instrument.

The last step is the calibration of fluorescence signal, or the conversion from AU to a
standard fluorescence intensity scale. This step allows the comparison of datasets from
different instruments and of measurements from the same instrument but conducted over
time.

The most common fluorescence units are the Raman Unit (RU) and Quinine Sulphate
Equivalent Unit (QSE or QSU). Their scales are based on the fluorescence of well-
characterized standards, such as the ultra-pure water and the quinine sulphate (QS) (Figure
2.4), respectively.

Figure 2.4. Chemical structure of quinine sulphate (QS) (image from
https://pubchem.ncbi.nlm.nih.gov/)

The conversion to Raman Unit is also called “Raman normalization”. Ultra-pure water has
two scatter characteristic scatter peaks; Rayleigh and Raman. Both have first and second
order scatter, all of them situated diagonally in the EEM as illustrated in Figure 2.5 (Bahram
et al.,, 2007). Outside these scatters, the fluorescence intensity should be low, close to zero.
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Figure 2.5. First and second order Rayleigh and Raman scatter peaks (from MATLAB® drEEM smoothing
tutorial, Scatter excision in EEMs).

Rayleigh scatter is a type of elastic scatter. A direct scattering of the incident light results on
a scattering emission appearing at the same wavelength as the incident excitation light. The
Raman scatter, on the other hand, is a type of inelastic scatter. A fraction of the energy of
the incident photons is transferred, losing energy to vibration in water molecules (Lawaetz
and Stedmon, 2009). This energy loss has a fixed frequency of approximately 3400 cm-!
(Faris and Copeland, 1997). The scatter is then emitted at higher wavelength than the
incident excitation light. Finally, unlike Rayleigh scatter, the Raman scatter peak has
relatively low fluorescence intensity and may be overshadowed by fluorophores that
fluoresce at the same wavelengths.

The conversion from AU to RU is based on a fixed property of water: the wavelength-
dependent Raman cross-section of water. This property is directly proportional to the
integral of the measured Raman peak (Arp) (Faris and Copeland, 1997). Since the Raman
peak height and width vary accordingly to different instrumental settings or different
instruments (Lawaetz and Stedmon, 2009), A,, can be used on the obtention of a standard
fluorescence intensity unit. For that, the ultra-pure water blank EEM obtained at the same
measurement battery of the EEMs to be converted can be used.

The integral of the Raman peak (Ar) in the ultra-pure water blanks is calculated at
excitation wavelength of 350 nm. The range of the emission wavelength, however, may vary
depending on the author and the wavelength increment of fluorescence measurement
(Murphy et al,, 2013). Most commonly, the emission range is between 371 and 428 nm
(Table 2.3). The fluorescence intensity in RU is obtained by dividing the values in AU by Ayp.
The calculation is detailed in section 3.4.1.

Table 2.3. Excitation and emission wavelengths for calculation of the integral of Raman peak (Arp)

Excitation Emission wavelength

wavelength range Source
371 to 428 nm (Lawaetz and Stedmon, 2009)
350 nm 380 to 426 nm (Tedetti et al., 2012)
374 to 426 nm (Murphy et al,, 2013)

The conversion of fluorescence intensity to QSU unit requires the running of standard
curves using quinine sulphate or quinine bisulphate solutions (QS). At least three different
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concentrations must be measured at excitation wavelength of 350 nm and emission
wavelength of 450 nm.

The standards are prepared considering 1 QSU = 1 ppb quinine bisulphate in 0.05 M H2S04
or in 0.1 N H2S04, where N means normality of a solution, or equivalent concentration
(Coble et al,, 1993; Murphy et al., 2010). Other procedure uses 1.28x10-¢ M (~1 ppm) of
quinine sulphate dihydrate in 0.105 M HCIO4 (Velapoldi and Mielenz, 1980).

The slope msso/450 is calculated from the linear regression of the QS concentration series.
This slope must be corrected. It is multiplied by the correction factor at excitation
wavelength of 350 nm and emission wavelength of 450 nm, the corresponding wavelengths
of the measurement of QS dilution series (Murphy et al.,, 2010). The EEM in QSU can be
obtained by dividing the corrected EEM by the slope m3so;4s0.

A calibration between fluorescence intensity in QSU (Fqsy) and in RU (Fgry) is possible.
Murphy et al.,, (2010), in their interlaboratory comparison study, obtained the EEMs in QSU
from the calibrated EEMs to RU. However, the slope QSU/RU, the multiplier for conversion
between QSU and RU, is instrument-specific (Murphy et al, 2010). In addition, it may
depend on the emission wavelength range used on Arp calculation for the obtention of EEMs
in RU.

As an example, Lawaetz and Stedmon (2009) obtained QSU/RU = 13.04 (Fosy = 13.04 Fru),
with Ayp integrated from Agm 371 to 428 nm and QS concentration range of 0-10 ppb. Tedetti
et al. (2012) obtained QSU/RU = 71.43 (Fqsu = 71.43 * Fry), with Arp integration from 380
to 426 nm. In their study, Murphy et al. (2010) found a QSU/RU range of 62.3-113.6, with
A, integration from 381 to 426 nm and QS range of 0-100 ppb.

One main advantage of the Raman Unit calibration compared to the QS calibration includes
to avoid the use of a reagent. Since no standards are required, the operational steps to obtain
different QS concentrations and the risk of their degradation are removed, reducing the
potential errors involved on the process. Raman normalization requires only ultra-pure
water, a non-hazardous product available in most laboratories (Lawaetz and Stedmon,
2009).

All the steps of the EEM correction procedures were detailed by Murphy et al. (2010) and
are presented in section 3.4.1.

2.2.2. Physical-chemical variables related to microbial
contamination

Water quality variables to use as a fast and good proxy for the microbiological water quality
survey are being studied over the past decades.

Considerable faecal contamination is expected after episodes of heavy rainfall that should
bring them to the waterbody by runoff and stormwater inflow. Dissolved organic matter
should also show a relation with microbial contamination (Frank et al., 2018a; Nowicki et
al,, 2019; Pronk et al,, 2006; Sorensen et al.,, 2018, 2015). A major factor that influences the
concentration of total and faecal coliforms is the rainfall (Frank et al., 2018a; Nnane et al,,
2011; Seo et al, 2019). Electrical conductivity, or specific conductance, is one of the
variables that indicates changing of water quality, particularly after heavy rainfall, and can
be used to detect the arrival of a new mass of water.
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2.2.2.1. Electrical conductivity

Electrical conductivity (hereafter, “conductivity”) is defined as the ability of a substance to
conduct electrical current. In water, a higher concentration of dissolved ions may increase
the electrical currant that can be conducted.

Conductivity also varies with water temperature, increasing with higher temperatures.
Therefore, the adoption of a water temperature of reference is needed, to allow comparison
between measurements. The reference temperature for the specific conductance is of 25 °C.
In this study, all the conductivity values correspond to the electrical conductivity at 25 °C,
also kwon as “specific conductance”.

According to US EPA (2013b), each water body tends to have a typical range of conductivity.
Once this relatively constant range is identified, it can be used as a baseline to identify a
change of water quality, for example caused by a stormwater inflow.

Continuous measurement allows to detect significant changes of the quality of water, being
a potential indicator of a discharge or other source of pollution in the water body (US EPA,
2013b). In addition, when the conductivity is continuously measured at upstream and
downstream of a river stretch, an estimation of the transfer time is possible by comparing
when those significant changes were observed at both points (see section 4.1.5.3).

2.3. Autonomous monitoring system

Climate change has been affecting different regions around the world. Among its
consequences, the availability and quality of continental water and the increase of extremes
events of heavy rainfall and heat waves are of great concern (IPCC, 2023).

The elevated population density, high level of impermeabilization and low proportion of
green areas contribute to the vulnerability of urbanized areas to heavy precipitation and
elevated temperatures. However, climate change adaptations such as urban greening have
been effective in reducing flood risks and urban heat (IPCC, 2023).

The opening of bathing areas in urban waterbodies can help local residents deal with heat
waves, contributing to human well-being (Meyerhoff et al,, 2010). Early warning systems
can also help dealing with extreme weather events. Online monitoring systems have been
developed for flood risk prediction (Krommyda et al., 2019), and for microbiological water
quality monitoring (Offenbaume et al., 2020).

Long-term monitoring can be very useful on models and on the evaluation of local climate
impact (IPCC, 2023). Monitoring water quality programmes are usually based on low-
frequency measurements (EU, 2006), commonly weekly or monthly. However, water
quality parameters can have wide spatial-temporal variations, particularly after certain
weather conditions such as storm events (Bhurtun et al,, 2019), that could be unnoticed
with a large interval between measurements. Furthermore, processes that occurs over a
shorter duration than the interval between measurements could not be detected.

High-frequency measurements can be important to assess sampling strategies and assign
classes of water courses. Moreover, in long-term, they allow to detect temporal trends in
several different scales, from hourly to yearly intervals (Skeffington et al, 2015), and
improve long-term surveillance programs, especially for tracking local consequences of
climate change in urban areas. Analysing an extensive database acquired for several months
or years would improve the understanding of the environment and its evolution in time and
space (Le Vuetal, 2011).
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The availability of a wide range of sensors allows the obtention of high-frequency
measurements from different variables related to physicochemical functioning of water
bodies. The collection and exploitation of this data may enable not only the identification of
tendencies due to climate change in general but also to better understand processes related
to local extreme events like heat waves and heavy rainfall.

In addition, the implementation of a continuous monitoring system could help short-term
decision-making. A short interval between measurements would reduce the risk of having
an undetected contamination arriving from upstream. A short-term response would allow
a fast decision-making concerning drinking water extraction or recreational activities.

If implemented in a watercourse, it would be possible to detect the arrival of a
contamination at an upstream point of the area of interest, having enough time to close it if
needed. Combined with a monitoring point at the site of interest, it will be possible to
identify the arrival of the contamination and how long it would last in the area. The
combination of upstream and downstream measuring points would allow the estimation of
transfer time between them and to better understand the evolution of the measured
variables in time (Kraus et al,, 2017).

To improve the management of recreational activities in urban waters, high-frequency data
can also be combined with modelling techniques. Models to estimate and predict the water
quality of a bathing site from real-time measurements can be developed (Khac et al., 2018).

The reliability of these models lies on the quality of measured data. Procedures for data
quality assurance and control are then required (Tiberti etal., 2021). All over the years, and
with the popularisation and availability of cost-efficient sensors and high-frequency
monitoring systems, methods were developed to help distinguish measurement anomalies
from real environmental changes (Moatar et al.,, 2001; Mourad and Bertrand-Krajewski,
2002).

2.4. Numerical modelling

For a better representation of microbiological contamination in aquatic environments, it is
important to integrate hydrodynamic and microbiological modelling (Sokolova et al., 2012).
In this chapter, the hydrodynamic model adopted on this study is briefly discussed and
some microbiological models for E. coli settling and decay rate are presented.

2.4.1. Hydrodynamic modelling

Hydrodynamics is the study of liquids in motion. The understanding of differential
equations allowed to mathematically describe de motion of liquids. The combination of this
equations with the development of computation methods resulted in powerful models
capable of simulate the motion of liquids in different environments within few minutes.

The spatial dimension of a hydrodynamic model, from 1D to 3D, may depend on the context
and objectives of its application. In a three-dimensional model, variables with three
dimensions are computed, considering both horizontal and vertical variabilities. Spatial
heterogeneities can be reproduced in horizontal and vertical plans.

Many hydrodynamic models were developed and used on the estimation of faecal
contamination in water courses (Huang et al., 2017). Here, we are particularly interested in
the transfer time of microbiological contamination, more specifically, of faecal
contamination, from an upstream monitoring point to an area of interest downstream, a
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bathing area. To obtain the spatiotemporal distribution, including vertical and horizontal
distribution, of an indicator of faecal contamination, a 3D model is required.

The hydrodynamic modelling used on this study is entirely based on TELEMAC-3D, from
TELEMAC-MASCARET modelling system.

This hydrodynamic model, coupled with a water quality module WAQTEL, has been used
for studying the transport and fate in nearshore coastal waters (King et al., 2021) and in
rivers (Van et al., 2022).

The choice of this model was based on several aspects. It is a free and open-source model
with good hydrodynamic representation in multidimensions. In addition, it is fully coupled
TELEMAC-3D with the water quality module WAQTEL, and/or with the biogeochemical
library Aquatic EcoDynamics library (AED2), allowing enhancements on the computation
of the transport of microbiological contamination. At each computation time step, the
equations of all activated modules are solved, resulting in an evolution of multiple aspects
of the simulation at the same time (EDF R&D and Telemac3D consortium, 2021a). In
addition to the TELEMAC-3D hydrodynamic module, the second module of interest was
WAQTEL, which includes the computation of the heat exchange between the water body
and atmosphere. The expressions of the heat fluxes are presented in more detail in section
3.5.3.1.2.

Particularly, the thermal stratification is of interest because of the change of water density
with the water temperature (Boehrer and Schultze, 2008), which may change the stability
of the water column and lead to a change of water velocity and transfer time of
contaminants.

More details about the thermal stratification and TELEMAC-3D software are presented on
Annex Il and section 3.5, respectively.

2.4.2. Microbiological modelling

The microbiological modelling considers the fate of the microorganisms, such as the faecal
indicator bacteria (FIB). Once in water bodies, the decrease of bacterial concentrations in
aquatics environments is due to a combined actions of biological (bacteriophages and lysis,
for example) and physicochemical parameters (such as sunlight, temperature, and nutrients
availability), and of sedimentation (Auer and Niehaus, 1993; Servais et al., 2007).

Mathematical models incorporates the main sources and sinks of this type of
microorganism, such as discharges, mass transport and losses due to death and
sedimentation (Auer and Niehaus, 1993). For a better representation of aquatic
environments, it is important to consider a decomposition between free faecal bacteria and
attached bacteria to suspended solids and to settled solids (Van et al., 2022). The following
sections present models of FIB decay rate and settling.

2.4.2.1. E. colidecay rate

The decrease of faecal pathogens concentration in time can vary among the different
characteristics of aquatic environments and according to the hydrodynamic properties of
the water course. In water bodies with advection dominance, such as fast-flowing rivers,
decay rate is not a critical parameter on the assessment of microbiological water quality for
bathing areas. However, faecal indicator decay rate is very important when assessing
dispersion dominant water bodies (Martin et al., 2023).
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The decrease in time (t) of faecal indicator bacteria, such as E. coli, is assumed to follow an
exponential first-order law (Equation 2.3)

C(t)=C(t=0)-ekD 2.3
Where C is the bacteria concentration, and k is the decay rate at 20 °C.

Selméus (2018) presents three different approaches to describe the E. coli coliform rate in
natural waters. The first approach was proposed by Mancini (1978). It describes the effect
of light intensity, water temperature and salinity, being the model with less variables of the
three.

The second degradation rate expression is proposed by Deltares (2019) in their Water
Quality module “D-Water Quality”, for the DELFT3D software. It is an empirical equation
which depends on the water temperature, depth, intensity of UV radiation, salinity (more
specifically, chloride concentration) and inorganic suspended matter concentration.

The third expression was based on the Chick and Martin model (1908) and was used by
Erichsen et al. (2006). In addition of the aspects considered on the second expression, it
takes into account the contributions from light and dark conditions, and it is valid between
12 and 24 °C. It also considers the water transparency (Secchi depth, SD).

The water quality module of TELEMAC-3D, named WAQTEL, considers the same
degradation law, with the following expression for the decay rate (Equation 2.4):
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2.4
Where Tqo is the amount of time necessary to consume 90% of the initial mass. Its value
usually is between 20 h and 70 h (Hong et al., 2019; King, 2019; Poulin et al., 2013; Van et
al,, 2022).

2.4.2.2. E colisettling

In aquatic environments, faecal bacteria can be attached to suspended particles and be
removed from the water column through sedimentation, resulting in important
implications on their fate in water courses (Servais et al., 2007).

The interaction between FIB and sediment results in three groups: free FIB, attached FIB to
suspended sediment, and attached FIB to bed sediment. The effects of sedimentation and
resuspension are related to the last two groups. In TELEMAC-MASCARET water quality
module WAQTEL, the sub-module MICROPOL simulates the evolution of micropollutant in
these three groups, also considering the micropollutants absorbed by suspended and bed
sediment (EDF R&D and Telemac3D consortium, 2021b).

The evolution of suspended solids (SS) is assumed to follow the deposition and
resuspension laws for cohesive sediment of Krones and Partheniades (Equations 2.5 and
2.6).

T :
SED — {WSS(l — b/ )if T, <1y 2k
0 ifTb = Ts
T .
RS:{e( bfr, —1)ifty, >, 26
0 ift, <1,

Where SED and RS are, respectively, the deposition and resuspension (erosion) fluxes (in
kg m2s1), wSS is the settling velocity (in m.s!), e is the Patherniades constant,
representing the rate of erosion characteristic of deposited suspended particulate matter
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(in kg m2.s1), 7, is the bottom shear stress (in Pa), and 75 and z,. are, respectively, the
critical shear stress for sedimentation and for resuspension (in Pa).

The suspended solids (SS) and the bottom sediments (SF) are computed in function of the
water level (h) (Equations 2.7 and 2.8).

RS — SED
SS = L 2.7
h
Jd(SF
(6t ) =SED — RS 2.8

The concentrations of micropollutants also include a decay rate using an exponential first-
order law (similar to Equation 2.3). The model computed the concentrations of free
micropollutants in water, micropollutants adsorbed by SS and adsorbed by bottom
sediments.

Due to the similarity between micropollutants and FIB, this model is able to simulate the
evolution of faecal contamination in time and space (Van et al., 2022).
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Chapter 3. Materials and methods

In this chapter, the study site is described, along with the measurement equipment used,
the treatment of fluorescence data, and the hydrodynamic model of the study site.

3.1. Study site

3.1.1. La Villette system

Located in the northeast of Paris (France), La Villette system (48.8918 N, 2.3855 E) is
composed by a canal upstream that widens to a basin downstream. It is open to recreational
activities, such as boating and the swimming. Since 2017, a free bathing area has been open
during summer through “Paris Plage” program of Ville de Paris.

The upstream part of La Villette system corresponds to a canal of 25 m wide and 800 m long
(La Villette canal). Then, it widens to 75 m wide, forming a basin of 700 m long (La Villette
basin). The whole system has a total extension of 1500 m and approximately 3 m of depth.
From 2012 to 2016, the average flow rate during summer (mid-June to mid-September) was
2.7 m3.s1 (SAFEGE, 2017a).

Upstream, the Ourcq canal is divided in two branches connected by a roundabout, Saint-
Denis canal and La Villette canal. The La Villette canal receives 2/3 of the flow from the
Ourcq canal and the Saint-Denis canal receives about 1/3 of the flow (Vanhalst, 2018).

Downstream, on the right bank, a water pumping station withdraws water towards the non-
drinking water network. The daily mean discharge was 1.64-10° m3.day-! (1.9 m3.s) in
2021 (data from Ville de Paris). This network is mainly used to street cleaning, and park and
garden watering. On the left bank, a navigation lock links La Villette basin to Saint-Martin
canal, flowing downstream towards the river Seine.

The flow rate in La Villette system is very regulated. Upstream La Villette canal, the Ourcq
canal is equipped with 10 navigation locks and two pumping stations along the 108 km
stretch, from Port-aux-Perches to La Villette basin (Figure 3.1).
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Figure 3.1. Ourcq canal upstream La Villette system (Source: https://capgeo.maps.arcgis.com, Ville de
Paris).
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The canal roundabout is 9.7 km downstream from a stormwater
2017a) and 20 km downstream from the WWTP of Villeparisis

network outlet (SAFEGE,
(Figure 3.1). The mean

WWTP discharge in 2021 was 0.13 m3.s'1 (Portail assainissement collectif, 2021).

At the canal roundabout, a microbiological measurement station i
with a Fluidion ALERT system (detailed in section 2.1.2.2.

s installed. It is equipped
1) to monitor the FIB

concentrations during summer. The measurements of E. coli and intestinal enterococci (IE)
concentrations are conducted thrice a day, at 19h, 20h and 21h (Paris time). On the next
morning, a mean of the measured concentrations is compared with the reference E. coli and
IE bathing thresholds. If the thresholds are respected, the bathing area can be opened

(Vanhalst, 2018).
The La Villette system, canal and basin, is presented in the Figure 3.2 and summarized on
Table 3.1.
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Figure 3.2. La Villette system (base map: www. geoportall gouv. fr[cart )

Table 3.1. Characteristics of the study site (SAFEGE, 2017a)

Characteristics Values
Canal

Width 25m

Length 800 m
Basin

Width 75m

Length 700 m
Distance between measurement station and bathing area 1000 m
Average flow rate during summer (from 2006 to 2016) 2.7 m3.s1
Depth Around 3 m

Fluidion sampling times (Paris time)

19h00, 20h00 and 21h00
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3.1.1.1. Measurement points of La Villette study site

3.1.1.1.1. Continuous measurements

The three measurements points, named A, B, and By (Figure 3.3) are equipped with sensors
of continuous measures. Point A is located upstream (canal round-about). Point B is located
downstream, at the right bank of the basin, close to the bathing area.

Point By is located at the bathing area, at the left bank of the basin, attached to the bathing
structure. Since the bathing structured is installed exclusively during summer, the
measurements at point By were from 01/08/2020 to 03/09/2020. After that, point B was
used for continuous measurements at the basin.

The measurement points of the study site were equipped with water temperature sensors
at three depths, electrical conductivity sensors and a water level sensor. The measuring
system is detailed in section 4.1.

A detailed description of the location of the measurement points is presented in the
following paragraphs.

Figure 3.3. Measurement points of the field campaign.

The point A (48.891732 N, 2.3855 E) is the upstream point, located at the roundabout of the
canals, on the inlet of La Villette system, at the right bank of the canal (Figure 3.4). It has the
same location of the microbiological measurement station, where sensors are installed
inside a protection cage (Figure 3.5).

: Figure 3.5. Microbiological
Figure 3.4. Location of point A (upstream). measurement station (point A).
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The point B (48.885805 N, 2.373751 E) is located at the right bank of the basin, on the
northeast extremity of Marin d’Eau Douce platform, close to the bathing area (Figure 3.6).
This platform belongs to a company of electric boat renting, a leisure activity in operation
almost all year round, closing only in winter.

Figure 3.6. Location of point B (Marin d’Eau Douce platform).

The point By (48.885998 N, 2.375096 E) is located at the extremity north of the bathing area
platform, at the left bank of the basin. It is the point at the beginning of the bathing area the
most at the centre of the basin, as it is shown on Figure 3.7.

The platform is installed exclusively during summer, as part of the “Paris Plage” program,
usually from June to September. For this reason, point By was only used as measuring point
from 01/08/2020 to 03/09/2020.

SR CAT i
*

Figure 3.7. Location of point Bo (bathing area platform).

40



3.1.1.1.2. Seasonal measurements

Between June and September 2021, some samplings were made at point C, between points
A and B (Figure 3.8). It is located at Pont de Crimée, a few meters upstream of the widening
to the basin (Figure 3.9).
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Figure 3.8. Location of La Villette system and the measurement points A, Bo, B and C (base map:
geoportail.gouv.fr/carte).

3.1.2. Complementary sampling points

To have a wider characterization of watercourses via FDOM, samples from different points
in the river Marne were collected. In addition, samples from stormwater network and
WWTP outlets were collected to have a wider range of fluorescence intensities and FIB
concentration The aim was the detection of a fluorescence signal related to the
microbiological contamination related to this type of outlets.

3.1.2.1. Natural surface water: the river Marne

The studied stretch of the river Marne is around 30 km long (48.8758 N 2.6721 E upstream,
48.8163 N 2.4414 E downstream). During the studied period (15/06 to 20/10/2022) the
mean flowrate was around 36 m3s! (HydroPortail, 2022). The samples were collected, in
19 sampling points along the river stretch. The point VGA is located in Saint-Maur-des-
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Fossés (VGA sailing club). The other 18 points are part of Syndicat Marne Vive monitoring
program (points SMV). Among SMV points, 6 correspond to cities candidates to open
bathing sites as a legacy of the Paris Olympic Games in 2024. They were considered as “main
points” due to a three times higher sampling frequency than the other 12 minor sampling
points (Figure 3.10).

In this stretch are located two outlets of wastewater treatment plants (WWTP). The most
upstream is WWTP St-Thibault-des-Vignes (hereafter WWTP-0), with 44000 m?
wastewater treated per day (0.46 m3.s'l) (Portail assainissement collectif, 2021). It
discharges at 7.8 km upstream point SMV1.

The second is WWTP Paris Marne Aval (WWTP-PMA), with 35 000 m® wastewater treated
per day (0.41 m3.s'1) (Portail assainissement collectif, 2021). It is located in Noisy-le-Grand,
but discharges at 1.8 km upstream point SMV10, in Saint-Maur, on the second half of the
stretch (Figure 3.10). In addition, in the studied stretch, 80 SN outlets and/or combined
sewage overflows discharge in the river Marne.

The land use data of the river Marne sampling sites was obtained from the open data
platform from Institut Paris Region (2022). A squared area of 1 km? immediately upstream
the sampling points was considered to study the influence of their immediate surroundings.
Due to the lack of samples from the SMV minor sampling points (n=4 at each point), only
the 6 major points were explored (Figure 3.11). The main land use was impervious area,
with average of 65% in the river Marne SMV major sampling points.

The distance between sampling points (Table 3.2) and the proportional land-use areas
(Figure 3.12, Table 3.3) were calculated using an open-source geographic information
system software (QGIS 3.30).

The sampling weather conditions were obtained from Météo-France stations: for La Villette
basin Le Bourget weather station (48.96722 N, 2.42778 E, 9 km to the north), and in the
river Marne, from Torcy weather station (48.86361 N, 2.65111 E, 5 km to the east from
SMV1).

3.1.2.2. Stormwater network and WWTP outlets

Two stormwater outlets (points SO-N and SO-S, Figure 3.10) were sampled. In both
catchments, with a surface area respectively around 500 ha and 1400 ha, the drainage
network is separated and discharged in the river Marne.

The sampling was conducted at the outlet of their respective catchment. At SO-N, the water
is directly released into the river Marne. At SO-S, downstream the sampling point, the water
is screened then passes through two settling tanks before being released into the river
Marne.

Samples of the treated water of WWTP St-Thibault were collected before its release into the
river Marne (point WWTP-O in Figure 3.10). This WWTP is the around 8 km upstream the
point SMV1 with no intermediate WWTP between them.
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WWTP-0 SMv1 7.8km Maric Hivey
WWTP-0 SMV68 19.5 km @ Major sampling point
WWTP-0 SMV7C 21.5km % QO Minor sampling point
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© Natalia Angelotti, ENPC, LEESU & LHSV B SS—
Figure 3.10. Sampling points. La Villette basin (orange), Marne River SMV (dark green) and VGA (light

green), stormwater outlets SO-N, SO-S (purple) and WWTP outlet WWTP-0 (red).
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0 water [ Natural green area [0 Urban green space

Sources : IGN BDTOPO, IAU Ile-de-France MOS
© Arthur Guillot - Le Goff, ENPC LEESU & LHSV

SMV14B

Impervious area

Figure 3.11. Land-use of La Villette basin and the river Marne main SMV points (Sources: IGN BDTOPO,
IAU fle-de-France MOS, Arthur Guillot - Le Goff).
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Figure 3.12. Land-use (%) of the squared area of 1 km? immediately upstream of the main river Marne
sampling sites.

Table 3.2. Names, coordinates and distance from closest point of interest of sampling sites (other
sampling point, stormwater network or WWTP outlet upstream). Latitude and longitude are given in

decimal degrees North and East, respectively.

. . . Distance from the
Site ID ﬁ::; name and Water type %;;dee t‘g)n gitude closest point of
interest
Stormwater
Urban centre of ~2km upstream
SO-N Noisy-le-Grand network 48.852811 | 2.541739 WWTP-PMA.
outlet
Stormwater Upstream of points
SO-S Sucy-en-Brie network 48.771383 | 2.508284 VGA and SMV11.
outlet
Station of
Lagny-sur- Wastewater
‘(’)VWTP’ Marne Saint- treatment 48.875812 | 2.672124 ;i?s‘;f;;ream
Thibault-das- plant outlet p
Vignes
Upstream La ~20 km downstream
A Villette canal, Canal 48.891755 | 2.385479 the WWTP from
Paris Villeparisis
La Villette
B bathing area, Canal 48885802 | 2.373753 | L1 km downstream
. from point A
Paris
C Crimée bridge, | (. ) 48.888371 | 2379246 | 0:0 km downstream
Paris from point A
, 7.8 km downstream
SMV1 Chelles River 48.865599 | 2.583061 from outlet WWTP-0.
19.6 km downstream
Nogent-sur- . WWTP-0.
SMV6B Marne River 48.830919 | 2.477830 11.8 km downstream
point SMV1.
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Site ID

Site name and

city

Water type

Latitude

(N)

Longitude

(E)

Distance from the
closest point of
interest

SMV7C

Joinville-le-Pont

River

48.819127

2.469216

21.3 km downstream
WWTP-O.

1.7 km downstream
point SMV6B.

SMV8B

Champigny-sur-
Marne

River

48.810578

2.502057

23.9 km downstream
WWTP-O.

2.7 km downstream
point SMV7C.

SMV10

Saint-Maur-des-
Fossés

River

48.792178

2.522323

1.8 km downstream
discharge outlet of
WWTP-PMA.

3.2 km downstream
point SMV8B.

VGA

VGA Voile Club,
Saint-Maur

River

48.788302

2.474838

5.8 km downstream
discharge outlet of
WWTP-PMA.
Immediately
upstream SMV 12
and 4.0 km
downstream SMV10.

SMV14B

Saint-Maurice

River

48.816339

2.441363

10.3 km downstream
discharge outlet of
WWTP-PMA.

8.5 km downstream
point SMV10.

Table 3.3. Land-use (%) and mean population density (people.km-2) of the squared area of 1 km

2

immediately upstream of each sampling site. “Agriculture” and “Forest” (green) were grouped in
“natural green areas”.

M?rne ) Natural | Urban . Mean pop.
River Dist. . Impervious .
. Water | Agriculture | Forest | green green density
sampling | (km) area i
: areas space (people.km-2)

points

SMV1 7.8 15% 0% 3% 3% 14% 68% 4779

SMVé6B 19.6 8% 0% 0% 0% 50% 42% 854.7

SMV7C 213 10% 2% 7% 9% 22% 59% 714.8

SMV8B 239 7% 0% 0% 0% 14% 79% 780.0

SMV10 27.2 8% 0% 1% 1% 13% 78% 437.2
SMV14B | 35.6 8% 0% 12% 12% 16% 64% 742.7
Average 9% 0% 1% 1% 21% 65% 667.9
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3.2. Measuring instrumentation

La Villette basin is monitored by LEESU though profiling and the deployment of high
frequency in situ measurements. The high-frequency monitoring system measured water
temperature, conductivity (specific conductance at 25 °C), turbidity and water level. The
design of the monitoring system and the measuring equipment are presented in section 4.1.

3.2.1. Sensor calibration in laboratory

Before being installed, conductivity and turbidity sensors were calibrated. When not
possible, sensors were sent to manufacturer for maintenance and calibration.

For conductivity calibration, five standard solutions were prepared: 0, 74, 147, 720 and
1413 pS.cm-L. When for verification, only 0, 720 and 1413 pS.cm-! standard solutions were
used. For turbidity calibration, eight standard solutions were used: 0, 20, 50, 100, 200, 400,
800 and 1000 NTU, with only 0, 100 and 800 NTU for verification.

In both parameters, 10 measurements were recorded for each standard solution. The
standard deviation, average and error in percentage were calculated and compared to the
precision of the measure. In the case of verification. if the deviation or error are greater than
the precision, a calibration is required. In that case, when the calibration is done in the
laboratory, the expected value is set on the equipment and another verification is
conducted.

3.2.2. In situ validation of field data

Regular campaigns were performed at points A and B for equipment maintenance and field
data validation. Water transparency is measured with a Secchi disk. Water temperature,
conductivity and oxygen profiles are measured with a SeaBird (SEACAT SBE19, Sea-bird
Electronics, Inc.) and WiMo (nke Instrumentation) probes (Table 3.4).

Table 3.4. Characteristics of reference probes and Secchi disk

Characteristics | SeaBird WiMo Secchi Disk
Model SEACAT SBE 19-03 335 m WiMo multiparameter sonde | 26 cm of
diameter

Fabricant Sea-bird Electronics, Inc. Nke instrumentation -
Measured Temperature, conductivity, Conductivity, temperature, Water
parameters and pressure (depth), water pressure, oxygen transparency

dissolved oxygen concentration, oxygen

saturation, pH

Measurement | Temperature: -5 to +35 °C Temperature: -2 to +35°C 0.2to 5.0 m
range Conductivity: 0 to 7 S.m! Conductivity: 0 to 100

Depth: up to 335 m mS.cm!

Pressure: 500 psia Water pressure: 0-25 bars

DO: 120% of surface Oxygen concentration: 0-

saturation 23mg.L1

Oxygen saturation: 0-250%
pH: 0-14 pH units
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Characteristics | SeaBird WiMo Secchi Disk
Accuracy Temperature: 0.01 °C Temperature: +0.02°C 0.05m
/6 months Conductivity: £0.5% of
Conductivity: 0.001 S.m1 reading
/month Water pressure: 0.15%
Pressure:0.25 % of full-scale | Oxygen concentration:
range +0.1mg.L1
DO: 2% of saturation Oxygen saturation: +1% of
reading
pH: £0.1 pH unit
Resolution Temperature: 0.001 °C Temperature: 0.001°C 0.05m
Conductivity: 0.0001 S.m! Conductivity: 0.001 mS.cm!
Pression: 0.015 % of full- Water pressure: 0.001 bar
scale range Oxygen concentration:
0.025mg L1
Oxygen saturation: 0.05%
pH: 0.01 pH unit
3.3.  Water sampling for FDOM measurement

3.3.1. Sampling method

Two types of samples were collected, grab samples and 24-hour integrated samples, during
dry and wet weather. Wet weather is defined as a rainfall episode higher than 2 mm.day-!
within 3 days.

All samples were covered in aluminium foil for protection against sunlight and stored at
4 °C after sampling and analysed within 24 h in the laboratory. All measurements are made
in room temperature.

Only the turbidity of samples from the stormwater network outlets (points SO-N and SO-S)
were higher than 10 NTU. To avoid interference on fluorescence and absorbance
measurements (Bedell et al, 2022), the samples were filtered with a 0.45 um glass
microfiber filter (Whatman® Cat No 1825 047).

Due to high concentration of FDOM, samples from points SO-N, SO-S and WWTP-0 were
diluted with ultra-pure water with dilution factor of 1/5.

3.3.1.1. Punctual grab sampling

For the grab sampling, 100 mL of water were manually collected under the water surface at
a pre-established schedule, covering wet and dry weather, in HDPE (high density
polyethylene) flasks.

At La Villette basin, grab samples were collected at points A and B, twice a month from
October 2020 to March 2023 (n=85 in each point). At point C, four grab samples were
collected: one in 22/06/2021 and three in 16/12/2021 (Table 3.5).

At SMV points, grab samples were collected during summer 2022, three times a week in
average, with a total of 189 samples. Six of the SMV sampling points formed a main group,
where sampling collection was 3 times a week. A total of 4 cruises were conducted in all 18
SMV points on the same day.
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3.3.1.2. Integrated sampling

During dry weather, 24-hour integrated sampling was made by an automatic sampler at an
hourly time step. 24 samples (1L each) were collected under the surface.

In wet weather, 24-hour integrated samples were collected in La Villette basin (point C), the
river Marne (point VGA), WWTP outlet (point WWTP-0), and SN outlet SO-S.

In point SO-N, the automatic sampler was activated according to the water level of the
stormwater network. A five to nine-hour integrated sampling was made by the sampler with
a 30 min timestep, accordingly to the duration of the increasing of water level. A total of 10
to 18 samples (1L each) were collected under the surface.

All the samples were stored at 5 °C and manually mixed on a 25 L flask before the lab
analysis.

Mean 24-hour samples were collected at La Villette basin point C (n = 10), the river Marne
point VGA (n = 18), the stormwater outlet points SO-N (n = 9) and SO-S (n = 8) and the
WWTP outlet WWTP-0 (n = 5). A total of 414 samples was collected (Table 3.5).

Table 3.5. Summary of sample collection

Total samples | Sample preparation

Point San}pling Sampling type (dry + wet Dilution
period weather) factor | Filtration
Villette A ég%gﬁg;g to Grab samples 85 (40 + 45) 1 No
Villette B ég%gﬁg;g to Grab samples 85 (40 + 45) 1 No
Villette C 32;88?;8;1 to 24-hour integrated 10 (2 +8) 1 No
Villette C ié;gggg;} and Grab samples 5(5+0) 1 No
‘“;'é;“e ;gﬁ)gﬁgg; Y 24-hourintegrated | 18 (4 + 14) 1 No
?ﬁ;ﬂe 82;8;;;833 to Grab samples 189 (125 + 64) 1 No
son QOS2 STy g s | ves
integrated*

SO-S é%g?ﬁg;; to 24-hour integrated 8(4+4) 1/5 Yes
WWTP-0 g%ggﬁgg} 0 4hourintegrated | 5 (3 +2) 1/5 No

*Two 5-hour integrated, one 6-hour integrated, one 7-hour integrated, and one 9-hour integrated.

3.3.1.2.1. Faecal indicator bacteria data

Faecal indicator bacteria (FIB) are represented by Escherichia coli (E. coli) and intestinal
enterococci (IE).

Sample analysis included E. coli and IE measurement of the 24-hour integrated samples
from Villette C (n=10), the Marne VGA (n=18), SO-N (n=9), SO-S (n=8) and WWTP-0 (n=5),
and the grab samples from the Marne SMV (n=144), at the same day of the collection of the
samples. FIB were measured in a total of 194 samples.

The sampling flasks were disinfected the day before sampling. The flasks were left to soak
in a solution of 0.1% of sodium hypochlorite for two hours, and then rinsed atleast 10 times
with distilled water.
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The enumeration of E. coli of the 24-hour integrated samples was conducted by Leesu
(“Laboratoire Eau, Environnement et Systéemes Urbains”, in Creteil). The reference ISO
methods were applied for E. coli and IE measurements, being, respectively, “ISO 9308-3
(1999): miniaturized method (MPN) for detection and enumeration of E. coli in surface and
waste water”, and “ISO 7899-1 (1998): Water quality — Detection and enumeration of
intestinal enterococci — Part 1: Miniaturized method (Most Probable Number) for surface
and waste water”. The results are expressed as the most probable number per 100 mL
(MPN.100 mL-1) in 48h.

Additional FIB data of La Villette basin was obtained from Ville de Paris:

e (ColiMinder activity, as an indicator of the evolution of FIB concentration in La
Villette canal, from 02/07/2019 to 03/10/2019.
e Fluidion E. coli measurements at point A, from summer 2019, 2020, 2021 and 2022.

3.3.2. Measurement of fluorescence intensity and
absorbance

Fluorescence measurements were performed on a Cary Eclipse Fluorescence
Spectrophotometer (Agilent Technologies) with a 10 mm quartz cell, at room temperature
of the laboratory (around 20 °C). A simultaneous scan of excitation wavelength (ex) from
200 to 450 nm with 5-nm intervals and emission wavelength (em) from 250 to 550 nm with
2-nm intervals was performed, with a scan rate of 1200 nm.min-1.

The absorbance was obtained with a Lambda 35 spectrophotometer (PerkinElmer). The
samples were analysed in a 10 cm quartz cell and scanned from 200 to 750 nm with 1-nm
intervals, at a scan speed of 240 nm.min-L.

In both fluorescence and absorbance analysis, an ultra-pure water sample blank was
analysed in the beginning of each series of measurements. The cell was tripled-rinsed with
ultra-pure water and with the water sample between measurements.

3.4. Fluorescence data treatment

The processing of the Excitation-Emission Matrix (EEM) spectra was conducted according
to Murphy et al. (2013), using the drEEM toolbox for MATLAB® R2022b (MathWorks®,
USA). The absorbance was used for inner filter effect correction (Parker and Barnes, 1957).

The EEM processing steps, methods for assessing the position of fluorescence peaks of
reference, computation of fluorescence indices, and the obtention of PARAFAC modes and
components are described in the next paragraphs.

3.4.1. Preprocessing steps

The preprocessing steps of the dataset were divided in two phases. The first phase included
the following steps (Murphy et al., 2010).

1) Conversion of raw data into compatible drEEM toolbox data

All the raw data must be adapted to be compatible with the used toolbox. Additionally, the
excitation wavelength range of all EEMs were cropped to 250 to 450 nm to avoid the region
where high absorbance was detected (between 200 and 250 nm).
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2) Application of spectral correction factor

The spectral correction factors are applied to all EEMs, samples and blanks included, to
correct instrument spectral biases (Equation 3.1). In this case, the equipment did not
require a spectral correction, so the correction factor C was equal 1.

EEMr = EEMpg, - C 3.1

3) Inner filter effect correction

The method used for the inner filter effect correction (IFC) is the absorbance method, based
on the work of Parker and Barnes (1957) (Equation 3.2).

EEMIFE = EEMCFIFC 3.2

The IFC matrix was calculated from the total absorbance matrix (Aw:), with the following
expression (Equation 3.3):
PL
17¢ = 10(34e0t) with Aror = Aoy + Aem 3.3

The pathlength (PL, in cm) is given by the size of the cell used for absorbance measurement.
For a 10 mm-sized cuvette, PL = 1 cm. The total absorbance matrix (A:w:) is obtained from
the sum of the absorbance at each couple of excitation (A«x) and emission (Aem) fluorescence
wavelengths from the EEM. This method is accurate within 5% for absorbance at 254 nm is
inferior to 1.5 A.

4) Raman normalisation

The Raman normalisation is the conversion of the fluorescence intensities from Arbitrary
Units (AU) to Raman units (RU). For that, the EEM intensities are divided by the Raman peak
Area (Arp). The A, corresponds to, at a given excitation wavelength, the integration of
scatter peaks between defined emission wavelengths (44,1 and A.,,2), which values are
rounded to the nearest 0.5 nm (Equation 3.4). If the given values are not found, the program
will increment A,,,; down and A,,,, up by 0.5 nm. The integration is done by linear
interpolating the fluorescence intensities with incrementation of 0.5 nm of emission
wavelengths, with trapezoidal approach of the area under the curve.

Aeml
Aex

Aper = f I, dAem 3.4

Aemz
A.p was calculated at 4., = 350 nm with an integration range of emission wavelength from
371 to 428 nm (Lawaetz and Stedmon, 2009). The calibrated EEM is given by Equation 3.5.
EEM 5

EEMcal,RU = W 35
p

5) Blank subtraction

The blank subtraction step consists of subtracting the correspondent EEM blank (B) of the
EEM of the sample, measured at the same day (Equation 3.6). Both EEMs were already
converted in Raman units. This step contributes to remove Rayleigh and Raman scatter
peaks and to correct instrument biases.

EEMginq = EEMcal,RU - Bcal,RU 3.6
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6) Correction for dilution if necessary

If the samples were diluted before fluorescence and absorbance scans, a correction should
be applied. The corrected EEMs should be divided by their respective decimal dilution factor
Drac (Equation 3.7), e.g., 0.2 for a 5-times diluted sample.

EEMping
EEMpinaran = B — 3.7
fac

The second phase of pre-treatment was composed by two steps.

1) EEM smoothing and complete removal of 1st and 2nd order Rayleigh and Raman
scatters.

Rayleigh and Raman scatter bands (Figure 3.13) are reduced with blank subtraction, but
remaining traces can affect PARAFAC modelling. The aim of this step is to remove them.

The scatter bands were removed without interpolation, being replaced with missing data
(NaN values). The extents of scatter removals were defined based on the spectral variance
and standard deviation of FDOM fluorescence of the dataset. The widths of scatter removal
were set so no local peaks of variance or the standard deviation of fluorescence were
observed next to Rayleigh and Raman scatter bands.

The reminiscent scatter signals were removed by the smoothing function, without
interpolation. They were numerically replaced by NaN on the following extents:

e 1storder Rayleigh: 25 nm above, 30 nm below, in the emission axis.
e 1storder Raman: 10 nm above, 15 nm below, in the emission axis.
e 2ndorder Rayleigh: 20 nm above, 18 nm below, in the emission axis.
e 2nd grder Raman: 20 nm above, 14 nm below, in the emission axis.

Width is variable

2" order Rayleigh

Emission

© Urban J. Wiinsch

Excitation

Figure 3.13. Scheme with the first and second order Rayleigh and Raman scatters (from Appendix A of
Murphy et al., 2013).

2) Identification and removal of outliers

Firstly, the EEMs of all samples were viewed to identify potentially obvious outlier samples,
such as accidentally included blanks, highly diluted samples which EEM are close to blank
EEMs, samples with DOM concentrations high enough to reach the measurement range limit
of the spectrophotometer.

The PARAFAC model was developed with a total dataset of 414 samples. 31 samples
presented high residual values and were identified as outliers: 27 from La Villette basin,
three (3) from the river Marne VGA and one (1) from SO-N. After their removal, the final
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dataset contained 383 samples (n=158 La Villette basin, n=204 the Marne, n=8 SO-N, n=8
SO-S and n=5 WWTP-0).

Each EEM of the final dataset was then normalized to its total signal. In this part of the
preprocessing phase in PARAFAC modelling, the weightings of samples with high and low
concentrations become similar. Thus, the model should be able to identify chemical
variations between samples independently of the magnitude of fluorescence intensity.

3.4.2. Fluorescence indices

The fluorescence intensities of the fluorophores from (Coble, 2007), and fluorescence
indices used to describe DOM composition were obtained from the final corrected EEM, in
RU (EEMrinai,ain)-

The fluorescence intensities were linearly interpolated to a resolution of 1 nm in excitation
and emission wavelengths to calculate and extract peaks and indices. Then, they were
smoothed with the Savitzky-Golay method, with a span of 21 data points and polynomial of
degree 2.

In addition, several spectral indices were computed and used to describe DOM composition.
The biological index (BIX) was computed at an excitation wavelength of 310 nm (Equation
3.8), according to Huguet et al. (2009).

Iem 380

BIX@JC 310 — 38

Iem 430

Where I,,, 350 and I, 430 are the fluorescence intensities at 380 nm and 430 nm emission
wavelength, respectively.

The humification index (HIX) was calculated at an excitation wavelength of 254 nm
(Equation 3.9), according to Ohno (2002).
Y.(Iem 435 — 480)

HIX, = 3.9
ex 254 = $\(Jem 300 — 345) + Y.(Iem 435 — 480)

Where Y:(Iem 435 — 480) is the sum of the fluorescence intensity between 435 nm and
480 nm of emission wavelength, and ),(Iem 300 — 345) is the sum of the fluorescence
intensity between 300 nm and 345 nm emission wavelength.

This index was compared with the HIX expression given by Zsolnay et al. (1999) (Equation
3.10).

ix _ Y(lem 435 — 480) 210
exX 254 7 Y (Jem 300 — 345) '

The fluorescence index (FI) was calculated as the ratio between the fluorescence intensity
at excitation wavelength of 370 nm (Equation 3.11), according to Fellman et al. (2010).

Iem 470

FI€X370 = 311

em 520

Where I, 470 and I, 520 are the fluorescence intensities at 470 nm and 520 nm emission
wavelength, respectively.

The positions of the fluorophores of interest (peaks T, M, C and A) and of the terms used to
obtain the fluorescence indices BIX, HIX and FI on a fluorescence EEM are indicated in
Figure 3.14.

52



550

500 |

IIA e

N
(4}
o

BIX

HIX M__k

w
(6]
o

I -T
300 |

250 ! :
250 300 350 400

A Excitation (nm)

Figure 3.14. Typical Excitation-Emission Matrix (EEM). Location of the fluorescence peaks and
fluorescence intensities used for indices computation are depicted in colour: blue for peaks T, M, C and
A; red for HIX; green for BIX and brown for FI.
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3.4.3. PARAFAC modelling

PARAFAC (PARAllel FACtor analysis) is a statistic tool applicable to data arranged in three
(or more) arrays. The method is based on a generalization of Principal Component Analysis
(PCA) to higher order arrays (Murphy et al., 2013). It can be used to decompose a EEM
dataset into independent and distinct components that can be overlapped and combined to
form the original dataset. The data signal is decomposed into a set of trilinear terms and a
residual array, as in Equation 3.12.

Xijk = Xf=1Qif bjg ckp + e withi=1, ., j=1,.,k=1,.,Kf=1,.,F 3.12

where xij is the fluorescence intensity of the ith sample at the jth emission mode and at the
kt excitation mode; a;f is named “score” and is directly proportional to the concentration

of the fth analyte of sample i; b;r is a scaled estimate of the emission spectrum of the fth
analyte at emission wavelength j; cif is linearly proportional to the specific absorption
coefficient of the fth analyte at excitation wavelength k; and e; j; is the residual noise that
represents the variability not accounted for by the model (Murphy et al., 2013).

The PARAFAC model was run and validated using drEEM toolbox in MATLAB® R2022b
(MathWorks®, USA), following the recommendations of Murphy et al. (2013) and Stedmon
and Bro (2008).

The region at excitation wavelengths below 250 nm was removed due to high levels of noise.
Since negative concentrations and fluorescence intensities are chemically and physically
impossible, a non-negativity constraint was applied to have realistic results.

The modelling in PARAFAC is composed by three main phases. Each phase can be revisited
if needed.

1) Exploratory phase: outlier test and identification of most promising number of
components

All EEMs of the dataset were normalised to its total signal, so the weightings of samples with
high and low concentrations become similar. After EEM normalisation, the model should be
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able to identify chemical variations between samples independently of the magnitude of
fluorescence intensity.

A first exploratory test was done with 4 to 8-component models. In this phase of data
analysis, it was possible to have a preliminary idea of how many components the PARAFAC
model may contain and to identify additional potential outliers.

The models were initialized with SVD (singular value decomposition) and fit with a low
convergence criterion of 10-2. For each number of components, the best fit out of five
initializations was showed.

The number of components was chosen accordingly to the percentage of explained variance,
and the core consistencies of each preliminary model. Higher core consistence may protect
against over-fitting, but not enough against under-fitting. In addition, the correlations
between the components of each model were analysed. Models with high correlated
components (R? > 0.8) were discarded.

The additional potential outliers may be identified by high values of sample leverage after
EEM normalisation.

The leverage is a number between 0 and 1 and represents the deviation from the average
data distribution. Other way to identify outliers was by the error residuals (error = data -
model). Here, all sample leverages of the normalised final dataset were inferior to 0.1, with
mean Sum Squared Residuals (SSR) under 20.

2) Model validation

PARAFAC models with F=4 to 8 components (see Equation 3.12) were fitted to find the best
number of components. The 7-component PARAFAC model was validated through a split-
half analysis, a validation with multiple split-half tests to confirm if the model is identically
produced in independent subsample groups of the final dataset.

The validation method was an alternating ‘S4Ce¢T3". This means that four split groups (S)
were created. Each sample was alternately assigned to one of the four splits. The splits were
assembled in six different combinations (C) to produce three split-half comparison tests (T).

3) Interpretation of the results

Finally, the obtained components were compared to the results in the OpenFluor database
(http://openfluor.org). (Murphy et al.,, 2014). Each component was related to one type of
DOM (humic-like, protein-like) and associated with components from the open database for
qualitative comparisons.

The fluorescence intensity at maximum loadings of emission (bi) and excitation (ciy) modes
was used to quantify components in a sample, denoted Cjyz For a given sample i and a
component f, Ciis given by Equation 3.13.

Cir = max(ais bjg Crr) 3.13

The relative percentage of each component fwas calculated by dividing the correspondent
Cf value by the sum of Cf of each sample i (Equation 3.14).
cif

%NC:r = ———
A') lf Z?leif'

withf=1, .., F 3.14

Cf represents its correspondent PARAFAC component f. Hereafter, the component and its
fluorescence intensity will both be denoted Cf.
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3.4.4. Data analysis

The fluorescence data was analysed in five main steps. First, the fluorescence indices of all
samples were compared. Second, the PARAFAC components of all samples were compared
and associated with fluorophores from Coble (1996). Third, fluorescence indices from the
river Marne samples collected at the same day were used to investigate the variation of DOM
composition with land cover in the river Marne. Fourth, fluorescence indices from La
Villette basin samples were compared to assess the temporal variation of DOM composition,
comparing samples from dry and wet weathers. Fifth, the relationship between FIB and
protein-like PARAFAC components was obtained through a linear regression model.

Differences among the studied sample groups were determined by a Kruskal-Wallis test, a
non-parametric one-way ANOVA test. This multiple comparison test among more than two
groups determinates which group differs from the others by using average ranks of the
medians of the groups (Helsel et al., 2020). For La Villette basin samples, Kruskal-Wallis test
was performed to investigate the variability of fluorescence indices between dry (n=85) and
wet (n=98) weather samples.

Principal components analysis (PCA) was applied to reduce the dimensionality of
fluorescence data (PARAFAC components and indices) and visualize the correlated
variables among water types and among sampling sites.

3.5. Hydrodynamic modelling of La Villette system

This chapter presents the hydrodynamic TELEMAC-3D model of La Villette system. The
software version used in the simulations was v8p3 for Linux.

3.5.1. Description of the model

TELEMAC-MASCARET modelling system was developed by Electricité de France (EDF) and
partners. Nowadays, it is managed by a Consortium with four core organisations in addition
to EDF (further information in: https://www.opentelemac.org/index.php/22-
introduction/83-welcome-to-telemac). It is an open-source tool used in free-surface flows,
such as river and maritime hydraulics. The modules are based in finite-element method. The
simulated space is discretised in grids of triangular elements.

TELEMAC-3D is the three-dimensional (3D) hydrodynamics model of TELEMAC-
MASCARET. The 3D mesh of the model consists of a series of layers between bed surface
and water surface layers. The placement of the layers is flexible to adapt to the best vertical
distribution of the layers according to the needs of the user.

The code solves 3D free surface Navier-Stokes equations including transport of active and
passive tracers (Annex III). A detailed description of the mathematical and computational
approach of the model can be found in TELEMAC-3D Theory guide (EDF R&D and
Telemac3D consortium, 2021c) and User manual (EDF R&D and Telemac3D consortium,
2021a).

TELEMAC-3D has been coupled with the water quality module WAQTEL. One of the modules
of WAQTEL is the thermic module, where the water-atmosphere heat exchanges are
considered.

In the coupling, the hydrodynamic model TELEMAC-3D is responsible for computing the
main physical processes, such as velocity field and tracer transport, and WAQTEL manages
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the thermic process, computing the heat exchange with the atmosphere. Changes in water
temperature affect the water density and, consequently, the hydrodynamics. In order to
consider these effects of water temperature evolution, the equations from both models
TELEMAC-3D and WAQTEL are computed at each time-step, evolving together in time and
space.

3.5.2. Input files

TELEMAC-3D and WAQTEL require a number of input files. For a computation of La Villette
system simulations, five files are required:

e The steering file (mandatory): contains the configuration of the simulation;

e The geometry file (mandatory): contains the information regarding the mesh;

e The boundary conditions file (mandatory): contains the type of each boundary
point (solid or liquid);

e The liquid boundaries file (optional): contains the information on the prescribed
values at the liquid boundaries;

e The previous computation file (optional): provides the initial state of the
calculation in the case of a restart calculation;

e The meteorological data file (optional): contains the meteorological information
for the computation of the water-atmosphere exchanges.

The steering file is an ASCII file which contains all the selection of computational options
data. It serves as the computation dashboard, and it includes a set of keywords to which
values are assigned. if a value is not defined, a default value will be assigned.

Each model requires its corresponding steering file, and software reads them at the
beginning of the computation. In the model of La Villette system, two steering files are
required: the TELEMAC-3D steering file, identified as the main steering file, and WAQTEL
steering file. The configuration and parameters of both are presented in section 3.5.3.

The geometry file defines the computation domain. The geometry file contains the
geometric data of the water body, that is the bathymetry and the horizontal shape of the
system.

The geometry of La Villette system was defined from the bathymetry at 6 section profiles
carried out by Fernando Bezerra in 2018 (Bezerra, 2019), with an echo sounder (798ci HD
SI Combo) equipped with a sonar (700 Series™).

The Lambert coordinates of the geometric contour of La Villette system were obtained with
QGIS (version 3.22.6) and the plug-in GMSH (version 2.16). The BlueKenue 64 (3.3.4
version) software was used to apply the bathymetry on the mesh and create the geometry
file of the water body (Figure 3.15).

The geometry file contains the bottom topography and the computational mesh of La
Villette system. The 2D grid of each layer is composed by 3932 nodes, 7289 horizontal
triangles of 5 m side. The 3D mesh is composed of 7 horizontal parallel layers of 0.50 m
depth. The layer 1 follows the bottom level and layer 7 follows the free surface. The method
of horizontal planes is the most suitable method of discretization of the vertical axis to
better represent temperature stratification zones (EDF R&D and Telemac3D consortium,
2021c).
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Figure 3.15. 2D grid of La Villette system of the bottom elevation, with the public bathing area indicated
by the blue rectangle.

The boundary conditions file contains the type of each lateral boundary point, defined as
liquid or solid. The points of the inlet and outlet boundaries (Figure 3.15) were defined as
liquid boundaries, requesting the association of flow condition information. The side points
of La Villette system were defined as solid walls. This file is generated by BlueKenue 64
(3.3.4 version) software.

Once the boundary conditions are set and defined as solid or liquid boundaries, the
variables of the liquid boundaries need to be prescribed. The flow condition information
should be declared in terms of water level, tracers and velocities or flow rate.

In this study, three tracers are computed: the water temperature, the electrical conductivity
and an indicator of faecal contamination. The prescribed values should be declared on the
liquid boundaries file, and the free values are obtained with the simulation results.

In La Villette system, the first liquid boundary corresponds to the inlet (upstream) and is
defined as an open boundary with prescribed water level and tracer values. The second
liquid boundary corresponds to the outlet (downstream) and is defined as an open
boundary with prescribed flow rate and free tracer values.

The liquid boundaries file contains the timeseries of prescribed values of the liquid
boundaries. TELEMAC-3D do not convert units, so the user must respect the standard unit.
The indication of units on the file are only for user information (Figure 3.16).

The file must present the time of prescribed input values, declared in seconds elapsed from
the start of the simulation. In La Villette model, the declared values are the outlet flow rate
(in m3.s1), and the inlet surface level (in m), and tracers. Here, the tracers are water
temperature (in °C), electrical conductivity (in puS.cm-1), and, when available, an indicator of
faecal contamination (in MPN.100mL1).
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These values should be declared with the following headers:

e T:time of prescribed data, in seconds. It should start with zero and be incremented
according to the time step of the prescribed values. Here, the time step is of 1h
(3600s);

e Q(2): flow rate at boundary 2 (outlet), in m3.s-1;

e SL(1): surface level at boundary 1 (inlet), in m;

e TR(1,1): tracer 1 at boundary 1 (inlet). Here, it corresponds to water temperature,
in °C;

e TR(1,2): tracer 2 at boundary 1 (inlet). Here, it corresponds to the electrical
conductivity, in uS.cm-%;

e TR(1,3): tracer 3 at boundary 1 (inlet). Here, it corresponds to the indicator of faecal
contamination, when available, in MPN.100mL-1.

¥ osL FILE

$ =tart 2022-08-31 00:00:00

$# end: 2022-09-23 23:00:00

¥ station: La_Villette

T Q(2) SL(l) TR(1,1) TR(1,2)
sec m3/ = m degC us/cm
0.00 -2.18 52.43 185.75 620.67
3600.00 -2. 52.47 21.72 €l2.00
T200.00 -2. 52.48 21.67 612.00
10800.00 -2.28 52.48 21.61 612.67
14400.00 -2.29 52.50 21.56 612.33
185000.00 -2.2%9 52.45 21.52 613.00

Figure 3.16. Example of liquid boundaries file (QSL file)

The previous computation file is a result file of a previous simulation used to initialize a
new computation. The last timestep recorded in this file defines the initial conditions of the
new computation.

In La Villette model, the previous simulation is computed with liquid boundaries data from
three days before the period to be simulated and does not consider the water-atmosphere
heat exchange. It allows to start the new simulated period with a velocity field closer to the
field conditions of La Villette system.

The meteorological data file, also identified as “ASCII atmospheric data file”, contains the
timeseries of the data measured in a meteorological station close to the study site.

The file must present the time of prescribed input values, declared in seconds elapsed from
the start of the simulation (Figure 3.17). The required meteorological data are the wind
magnitude (WINDS, in m.s'!) and direction (WINDD, in degrees), air temperature (TAIR, in
°C), atmospheric pressure (PATM, in hPa or mbar), cloud cover or nebulosity (CLDC, in
octas), cumulated rainfall (RAINC, in mm), and relative humidity (HREL, in %).

For La Villette model, the meteorological data were obtained from the MeteoFrance station
of Roissy (49.015278 N, 2.534444 E), at Charles de Gaulle airport. This is the closest station
with all required data available, located 18 km northeast of the bathing area (Figure 3.18).
All data were downloaded with an hourly time step.

# ASCII METECFILE

# start 2022-08-31 00:00:00

# end: 2022-09-23 23:00:00

# station: 7157

T WINDS WINDD TRIR FATM CLDC RATHC HEEL
sec m/= deg degC hPa octa i i1} %
0.00 16.00 360.00 20.20 1019.10 0.00 0.00 &0.00
3600.00 15.00 10.00 19.40 1019.40 0.00 0.00 63.00
T200.00 17.00 360.00 18.60 101S.30 0.00 0.00 64.00
10800.00 1%.00 10.00 17.60 101%8.00 0.00 0.00 &7.00
14400.00 17.00 10.00 1l&8.80 1019.10 0.00 0.00 T1.00
18000.00 13.00 360.00 15.90 1019.40 1.00 0.00 T73.00

Figure 3.17. Example of meteorological data file (atmospheric data file).
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Figure 3.18. Location of Roissy airport meteorological station, 18 km from La Villette bathing area (base
map from QGIS).

The input files must be declared in both steering files, and the WAQTEL steering file must
be declared in the main steering file (Figure 3.19, black arrows). The output variables
include the 3D water velocity, the water surface level, and the tracers of the liquid
boundaries file (Figure 3.19, blue box).

Geometry file
WAQTEL
steering file
Boundary (waq)
conditions file
Outputvariables
- Main » 3D velocity
Liquid . * Surfacelevel
L steering file -----= >
boundaries file (t3d) * Tracers
* Water temperature
- + Passive tracers
Previous
computation
file
Meteorological
datafile

Figure 3.19. Scheme of input files for TELEMAC-3D modelling coupled with WAQTEL.
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3.5.3. Modelling parameters

The installation of TELEMAC-3D comes with a folder of examples of the available modules
of the software. The model set-up of La Villette system was based on the TELEMAC-3D
examples of “canal” and “heat exchange” without wind and rain influences. The settings and
the activated modules are described on the following paragraphs and all the information is
from the Telemac3D User Manual (2018).

The variables of the 3D computation results are the water elevation, the velocities on the
three axes (ENU axes), and two tracers.

3.5.3.1. Main configuration

3.5.3.1.1. Hydrodynamics configuration

The default initial condition sets the free surface water elevation, the water velocities, and
the tracers equal to zero. In a first moment, to have an initial condition of water velocities
field closer to the field data, a previous 3D computation file is considered.

The previous 3D computation file is a hydrodynamic pre-simulation of three days
immediately before the period of interest to be simulated. It considers the inlet water
elevation and the flow rate at outlet.

The initial conditions of flow rate and the tracers (water temperature and the passive tracer
of each simulation) correspond to field data at the beginning of the simulated period.

Even with the pre-simulation file, some iterations were needed before stabilization of the
tracers. We considered the first 6 iterations (i.e., the 1st hour) of the simulation as the
stabilization period.

The boundary conditions consist of having prescribed water surface elevation (H) and
tracer values at inlet (upstream), and prescribed flow rate (Q) and free tracer values at
outlet (downstream). The outlet flow rate was calculated with the Manning-Strickler
equation from the water level measured at upstream (detailed in section 4.4.1.2.2).

To consider the liquid boundaries file on the computation, the prescription of initial surface
elevation and flow rates values at each boundary are required. The free surface elevation
and the flow rate are initialized with, respectively, the measured and estimated values at
the beginning of the simulated period. Since there is no tidal area on La Villette system, the
setup “TIDAL FLATS” is deactivated.

The friction of the bottom follows the Strickler law. In La Villette system, during summer,
the height of the macrophytes can achieve the water surface (Figure 3.20), configuring a
build-up channel with highly presence of vegetation. The indicated friction coefficient for
this configuration is Ks = 2 m1/3.s-1 (Chow, 1959). The friction on the sidewalls follows the
Nikuradse law, with friction coefficient ks = 0.02 m, representing the size of asperities.
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2: Macrophytes in La Villette system at upstream, point A (left), and downstream, point B

Figure
(right).
The horizontal turbulence model uses a constant viscosity coefficient. The horizontal
diffusion coefficient of velocities is set to 10-6 m2.s-1. The vertical turbulence follows the
Nezu and Nakagawa mixing length model (Equation 3.15).

’ VA
Lm=KZ 1—E 315

With von Karman constant k = 0.41, z the distance to the bed and h the water depth. The
default value for the coefficient for vertical diffusion of velocities is of 10-6 m2.s-1 and the
Viollet model set as damping function.

The advection scheme of velocities follows the method of characteristics. In this method,
advection and diffusion steps are independent. Here, the value of one velocity is equal to its
value in the previous instant traced back on the path taken during the time step. For the
advection of depth, the software automatically selects the conservative scheme.

The mass-lumping rates for depth, diffusion, and velocities are equal to 1.0, resulting in
diagonal mass matrices for those variables. This enables to shorten the computation time
and results in smoothed solutions.

The propagation solver follows a conjugate gradient method, implying that the matrix of the
system to solve is symmetric. The accuracy for propagation and for vertical velocity are both
equal to the default value of 10-6.

The total number of tracers is three: the water temperature, the electrical conductivity, and
an indicator of faecal contamination (FIB). Because the water temperature affects the flow
through the hydrostatic pressure gradient, it is considered an active tracer. The pressure is
the sum of the hydrostatic pressure and the dynamic pressure. The hydrostatic pressure
(pr) is in function of the water density (Equation 3.16).
Zg Ap
pn=pg(Zs —z) + pogf —dz 3.16
z Po
Where p is the water density (in kg.m3), g is the acceleration due to gravity (in m.s2), Zs is
the free surface elevation (in m), z is the vertical space component (in m), p, is the average
water density (1000 kg.m-3 for freshwater), and Ap the variation of water density around
the reference density.

Therefore, the selected density law of the water considers a variation of p according to the
temperature (Equation 3.17).

P = Prep |1 = To(T = Trey) 107 3.17

61



Where p,.r is the reference density of water (999.972 kg.m=3) at the reference water
temperature T;..r = 4 °C, and T,, the water temperature (in °C).

The electrical conductivity and the indicator of faecal contamination are considered passive
tracers.

The initial and prescribed values of tracers were defined as the respective first values of the
input liquid boundary file of the simulated period, and the value of atmospheric pressure is
100 000 Pa.

The coefficient for vertical diffusion of the tracers is 104 m2.s-1, and the maximum number
of iterations for diffusion is 1000.

The water-atmosphere exchanges include the wind effect, variable in time and constant in
space, and take into account the atmospheric pressure and the influence of precipitation or
evaporation.

3.5.3.1.2. Water quality models: WAQTEL module

The model is coupled with the water quality module WAQTEL. To consider the heat
exchange balance with the atmosphere, the thermic process module is activated,
considering the complete balance of exchanged heat fluxes that affects the energy balance.
These fluxes (in W.m-2) are illustrated in Figure 3.21 and are the following:

e Solar radiation (RS)

e Atmospheric radiation (RA)

e Water surface radiation (RE)

e Sensible heat or Conductive heat (CV)
e Latent heat, or evaporation (CE)

Latent heat

. . Water surface
Atmospheric .
radiatil())n radiation (evaporation)
Solar a >
radiation %% ; I

Sensible heat/
Conductive heat

Figure 3.21. Scheme with heat fluxes between atmosphere and water surface (redrawn from Piccolroaz
etal. (2013)).

The complete balance of heat fluxes is calculated at the free surface for water temperature
(Equation 3.18).

oT _RA—RE-CE-CV

0z z=n Pwater CP

3.18

Where K is the coefficient of molecular diffusion in water (in m2s1t), T is the water
temperature (in °C), z is the distance from the bed, 1 is the free-surface elevation, pwater is
the water density (kg.m-3) and Cp is the specific heat of water (4180 ] kg-1.°C-1).

The penetration of solar radiation in the water column depends on the water turbidity. It is
considered in the source term of the advection-diffusion equation of the water temperature
(S) (Equation 3.19).
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. 1 0Q(z,RS)
pwaterCP 0z

Where Q(z, RS) is the residual RS at z.

3.19

The solar radiation (RS) depends on time and location of the site and the cloud coverage
(Equation 3.20).

RS = AA.sin(ang)B8 (1 — 0.65C?)(1 — Alb) 3.20
Where:

e AA (W.m2) and BB (dimensionless) are related to luminosity and sky colour. These
coefficients are chosen with respect of the considered area. The default values are
for a mean pure sky, with A4 = 1080 W.m-2 and BB = 1.22.

e ang (rad) is the angular height of the Sun. It depends on the geographical position
of the site and changes with day and hour.

e (s the nebulosity, in tenths;

e Albis the water albedo for short waves that may vary every month.

The residual solar radiation (W.m2) is calculated from in situ measurements of Secchi depth
(SD, in meters) and is written from Beer-Lambert’s law (Equation 3.21).

1.7(zs — z)) 321

Q(z,RS) = RS.exp <— 5D

Where zs (m) is the free surface elevation.

The atmospheric radiation (RA) is the long wave radiation emitted by the atmosphere like
a black body. It corresponds to the reemission of a part of direct solar energy and are
determined by cloud coverage and albedo at the free surface (Equation 3.22).

RA = (1 — alby,)&4ir0(Tgir + 273.15)*(1 + Nua. C?) 3.22
Where:

e alb,, is the albedo for long radiative waves and is equals to 0.03;

e &, is the air emissivity, and gur = 0.937-10-5(Tar + 273.15)%

e 0 is the Stefan-Boltzmann’s constant, equals to 5.67-10-8 W.m2.K-%;

e (isthe nebulosity, in tenths;

e Nua (dimensionless) represents the type of the cloud. It ranges from 0.04 (Cirrus
cloud) to 0.24 (Stratus cloud). A mean value of 0.17 (Alto Cumulus cloud) is used.

The radiation emitted from a water body (RE) is calculated considering that the water
surface behaves like a grey body (Equation 3.23).

RE = yater0(Tsurface + 273.15)" 3.23

With Tsurface as the water temperature at the surface and ewaeer = 0.85 as the value for water
emissivity in La Villette system. The water emissivity is given with the keywords
COEFFICIENTS FOR CALIBRATING SURFACE WATER RADIATION and depends on the
location and obstacles surrounding the water body.

The latent heat flux (CE) comes from evaporation and is calculated with Equation 3.24.

CE = pairLe(Tsurface)f(uz)(HSwater - HSair) 3.24
With:
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100 Pgem

T t273.15)287 where Pam is the atmospheric
air . .

® pair is the air density, given by pg; =

pressure in hPa;
o Le(Tsurface) (J-kg1) is the latent heat of evaporation at the temperature at the surface.
Le(Tsurface) = (25009 -2.365 Tsurface).los;
e f{uz) is a function of the wind velocity at 2 m high (uz, in m.s'1). In 3D, f(uz) = b(1+
uz). In La Villette system, b = 0.0028;
e aand b are empirical coefficients to be calibrated. Their values are very close, and
the default is 0.0025;
®  HSuaer is the specific humidity of the saturated air at the surface temperature;
e HS,-is the specific humidity of air.
Finally, the sensitive heat flux (CV) corresponds to the heat transfer by convection and is
given by Equation 3.25.

vV = pairCPain(uZ)(Tsurface - Tair)
Where Cp , is the air specific heat equals 1005 J.kg-1.°C-L.

3.25

All the expressions and values were presented on the WAQTEL and TELEMAC-3D Theory
Guide v8p3 (EDF R&D and Telemac3D consortium, 2021c).

The exchanges with lateral boundaries and with the bed are neglected. The effect of the
wind, atmospheric pressure and influence of rain or evaporation are taken into account.

The Secchi depth was defined accordingly to the mean of the field measurements taken
during the simulated or at its closest date.

The summary of the configurations and parameters of the modelling is presented on Table
3.6.

Table 3.6. TELEMAC-3D modelling setup information synthesis

Characteristic Description Values
TELI::MAC-:;D Version for Linux v8p3
version
Input data
Geometry and -
bottom Bathymetry by Fernando Bezerra (2018).
topography
Mesh Horizontal triangles 5 m side

Layers 7 layers

Thickness 0.50 m depth.

Upstream (inlet) Prescribed water surface level
Bounda (H) and tracer.
cary Downstream (outlet) Prescribed flow rate (Q).

conditions

Flow rate (m3s-1)

Side points

Assumed to be the same at inlet and
outlet.

No flow condition information.

Manning-Strickler equation,
from the measured water level
upstream.

Water Timeseries of water temperature at inlet | In situ measurements at mid-
temperature of La Villette system. depth at upstream (point A)
Timeseries of wind magnitude and | Data from Roissy Airport
Meteorological direction, air temperature, air pressure, | station
conditions relative  humidity, nebulosity, and
precipitation.
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Characteristic Description Values
Modelling parameters
Water elevation, velocities, water
3D simulation temperature and passive tracers
results (conductivity, indicator of faecal
contamination).

Prescribed initial
conditions

Tidal flats option
Bottom friction
Sidewalls friction

Horizontal
turbulence

Vertical
turbulence

Number of tracers

Density law

Prescribed tracer
values

Atmospheric
pressure

Coefficient for
vertical diffusion
of tracers
Maximum
number of
iterations for
diffusion

Coupled with

Water quality
process

Water-
atmosphere
exchanges

WAQTEL steering
file

Free surface with constant elevation.
Need to declare initial surface elevation
and flow rate to activate the reading of the
liquid boundaries file.

Deactivated (no tidal area).
Strickler law
Nikuradse law

Constant viscosity coefficient (default).

Coefficient for diffusion of velocities =

Nezu and Nakagawa mixing length model.
Damping function of Viollet.

Coefficient for diffusion of velocities =

An active tracer (water temperature), and
two passive tracers (conductivity and
indicator of faecal contamination).

Variation of density according to the
temperature.

Initial tracer values are the same as the
liquid boundaries file after pre-
simulation of 3 days, when T=262800 sec.

WAQTEL, the water quality module.

Thermal module.

Only heat exchange with atmosphere is
considered (with bed and lateral
boundaries are neglected).

Wind effect, air pressure, and influence
of rain or evaporation are taken into
account.

The Secchi depth is the mean field
measurements of the simulated period,
when available. Otherwise, the default
value is adopted.

Lightness of the sky: mean pure sky.

Water emissivity €water =
Coeff. To calibrate wind velocity b =

Last values of the 3 days pre-
simulation.

Ks=2ml/3 st
ks=0.02m

10-6 m2.s1

10-6 m2.s1

Values in liquid boundaries
file when T=262800 sec.

100 000 Pa

104 m2.s!

1000

Secchi depth (default) = 0.9 m

0.85
0.0028.
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3.5.3.2. First and final configuration

The model configuration evolved during the development of this study. The initial
configuration was developed before the installation of the measuring instrumentation. The
final configuration was established with the validation of the model. A comparison between
the first and the final configuration is presented in this section and summarized in Table
3.7.

The availability of water level at upstream enabled the modification of the boundary
conditions of the original configuration. The previous conditions considered a prescribed
flow rate and tracer at inlet (upstream) and prescribed constant surface level at outlet
(downstream). The new conditions consider a prescribed surface level and tracer at inlet,
and a prescribed flow rate and free tracer at outlet.

To optimize the computation time of the simulation, a sensitivity analysis of the mesh
resolution and the number of horizontal layers was conducted by Maria Jalia Costa
Medeiros (Costa Medeiros, 2021). Grids with elements of 4 m, 5 m, 6 m and 1.2 m size were
compared. The results showed that the mesh with 5 m-sized elements was the minimum
resolution necessary to assure satisfactory results.

Simulations with 3, 5, 7 and 10 horizontal layers were compared. No significant differences
were found among the simulation results of the previous configuration, with 10 layers, and
with 7 layers. Therefore, a number of 7 horizontal layers was adopted for the modified
configuration to reduce computation time.

In the initial configuration, the bottom friction coefficient was 60 m1/3.s-1, the default value
for Strickler law, and no friction on the sidewall was considered. In the modified
configuration, the bottom friction coefficient is 2 ml/3.s-1, representing the elevated
presence of vegetation in the bottom, and the Nikuradse law was applied for the friction on
the sidewalls, with friction coefficient of 0.02 m.

On the heat exchanges between wate and atmosphere of the initial configuration, no wind
effect, atmospheric pressure nor influence of precipitation or evaporation were taken into
account. In the modified configuration, they were all considered. In addition, the water
emissivity for surface water radiation was 0.92 in the first configuration. After calibration,
it is 0.85 in the modified configuration.

These modifications were made with the contribution of two interns of Leesu, Maria Julia
Costa Medeiros (September to December 2021) and Arthur Guillot - Le Goff (February to
July 2022).

Table 3.7. Summary of modification in the model configuration

Initial Final configuration

Parameter . .

configuration
Outlet (downstream). Inlet (upstream).

Boundary 1 Open . boundary with | Open - boundary with
prescribed H (constant) and | prescribed H (variable) and
free tracer (variable). tracer (variable).

Inlet (upstream). Outlet (downstream).

Boundary 2 Open boundary with | Open boundary with

Size of mesh element

Number of horizontal layers

prescribed Q (variable) and
free tracer (variable).

5m

10

prescribed Q (variable) and
free tracer (variable).

5m

7
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Parameter

Initial
configuration

Final configuration

Law of friction and friction
coefficient for the bottom

Law of friction and friction
coefficient for sidewalls

Water-atmosphere
exchanges (wind,
atmospheric pressure and
rain or evaporation effects)

WAQTEL calibration
coefficients

Surface water radiation
Wind velocity

Strickler law
Ks =60 m1/3.s'1 (default)

No friction.

No wind effect, no
atmospheric pressure and no
influence of precipitation or
evaporation taken into
account.

Water emissivity ewater=0.92

Strickler law
Ks=2 ml/3,s1

Nikuradse law.
ks=0.02 m

Wind variable in time,
atmospheric pression and
influence of rain of
evaporation taken into
account.

Water emissivity ewater=0.85
b=0.0028
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Chapter 4. Results

This chapter presents the main results of this PhD thesis. It is divided into four main topics:
(1) the implementation of the field monitoring system and the collected dataset; (2) the
dissolved organic matter characteristics of urban waters from fluorescence analysis; (3) the
estimation of faecal indicator bacteria from fluorescent dissolved organic matter; (4) the
hydro-microbiological modelling outcomes.

4.1. Field monitoring system

This section describes the monitoring system designed and installed on the La Villette study
site, at points A (upstream) and B (downstream). The trends and patterns of the data
collected since August 2020 are presented.

The monitoring system was implemented in two steps. From August 2020 to June 2021, a
Basic monitoring system was deployed. From May 2021 onwards, a more complete
monitoring system was implemented. From May to June 2021, simultaneous measurements
from both systems were recorded to check the data consistency between both systems.
Regular field campaigns were conducted at least once a month, for the maintenance of the
sensors and to validate field sensor data.

The data collected during 32 months, from August 2020 to March 2023, are explored to
illustrate:

(i) in situ validation of field data by comparing the sensor data with measurements
from the reference probes;

(ii) the common types of data alteration, resulting in a non-validation of field
measurements;

(iii)the possible corrections of field data, particularly of water level and conductivity;

(iv) the seasonal and daily thermal regimes of La Villette basin;

(v) the evolution in time and space of conductivity, with an application to estimate the
mean transfer time between upstream and downstream points.

4.1.1. Basic version of the monitoring system

This first version of the monitoring system was deployed from August 2020 to June 2021.

4.1.1.1. Measuring in situ equipment

AtpointA, from 07/08/2020to 10/06/2021, a conductivity and a temperature sensor (NKE
STPS 150 - PR, nke instrumentation) was installed within the cage of the microbiological
measuring station (see Figure 3.2). This multiparameter sensor was fixed at the same depth
as the microbiological probe, at 0.25 m from the surface (Figure 4.1-a). The measurement
timestep was of 5 min.

Downstream, at point By, a sensor line was installed from 01/08/2020 to 03/09/2020. It
was moved to point B (see Figure 3.3) on 11/09/2020. This line was composed by
temperature sensors (NKE SP2T, nke instrumentation) located at three depths: 0.50 m,
1.20 m, and 2.00 m (Figure 4.1-b). The measurement timestep is of 10 min.

The measurements were manually recovered twice a month, during the field campaigns.
This on-site data transfer was carried out via a radio data pencil (point A) and an induction
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data pencil (point B) to a portable computer. The characteristics of the sensors installed
upstream and downstream are presented in Table 4.1.

(a) 3 CTD sensor (b) ‘ mm Temperature sensor |

Figure 4.1. First basic configuration: (a) CTD sensor at point A and (b) temperature sensor at point B.

Table 4.1. Characteristics of the in situ devices of the basic monitoring system.

Equipment CTD sensor Temperature sensor
Model NKE STPS 150 - PR (radio) NKE SP2T (induction)
Fabricant nke instrumentation nke instrumentation
Serial ID: 35013. Surface: 32007 (0.50 m)
number Radio number: 15172 Middle: 32009 (1.20 m)
(0.25 m) Bottom: 28076 (2.00 m)
Point of A (upstream) Bo (bathing area platform)
measure B (Marin d’Eau Douce platform)
Date of 07/08/2020 to 10/06/2021 Point Bo: from 01/08/2020 to 03/09/2020
installation Point B: 11/09/2020 to 20/05/2021
Parameters | Salinity*, temperature, depth** | Temperature, depth**
Timestep 5 min 10 min
Range Salinity*: 2 to 42 g.L-1 at 20°C Temperature: -5 to +35 °C
Temperature: -5 to +35°C
Precision Salinity*: 0.01 g.L1 Temperature:
Temperature: 0.05 °C In range 0 +20°C :0.05 °C

Out of this range: 0.1 °C
* The salinity measurements (in g.L-1) were converted to conductivity at 25°C (in pS.cm-1) based on
the Practical Salinity Scale of 1978 (Lewis, 1982). Equations in Annex [V-a.
** Out of service. Parameter not considered.

4.1.1.2. Collected data from August 2020 to June 2021

The data set obtained from August 2020 to June 2021 was validated against field data.
Profiler probes of reference, SeaBird (SBE) and WiMo (nke), were used to validate the
continuous measurements and to obtain complete vertical profiles (Annex IV-b).

The range of conductivity was between 600 and 900 pS.cm! (Figure 4.2). From 07/08/2020
to 27/09/2020 the measurements were between 600 and 650 pS.cm1. Then, the values
increased almost continuously until the 04/11/2020, where it had stabilized between 800
and 900 pS.cml. Since the end of December 2020, large variations between 600 and
900 pS.cm-! were measured.
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Figure 4.2. Conductivity at point A from 07/08/2020 to 10/06/2021.

Upstream, the water temperature has been measured since 01/08/2020. The data range
was [0.8-26.7] °C. The highest value, 26.7 °C, was measured on 12/08/2020 (Figure 4.3-

top).

Downstream, from 01/08/2020 to 03/09/2020, the water temperature was measured at
point By, immediately upstream the bathing area, on the left bank. The range of the water
temperature was of [18.5-26.9] °C (Figure 4.4). Daily stratification was observed between
05-20/08/2020. The water column mixes every night.

Since 11/09/2020, the water sensors have been moved to point B, on the opposite bank of
the bathing area (see Figure 3.3). Between September 2020 to June 2021, the data range
was of [1.1-21.9] °C. The minimum value (1.1 °C) was measured on the 14/02/2021 and the
maximum value (21.9 °C), on 16/09/2020 (Figure 4.3).
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Figure 4.3. Water temperature at points A (a) and B (b) from 01/08/2020 to 20/05/2021.
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Figure 4.4. Point Bo: water temperature at surface (0.50m), middle (1.20m) and bottom (2.00m) depths,
from 01/08/2020 to 03/09/2020.

Temperature stratification of the water column at point B was observed on late September
2020. Temperature differences from 0.4 to 1.4 °C between the surface and the bottom were
measured during the day. From 23 to 29/09/2020, a drop of the water temperature erased
the stratification, which reappeared at lower temperatures (around 15 °C) at the end of
September (Figure 4.5).
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Figure 4.5. Water temperature at point B, from 12/09/2020 to 02/10/2020.
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4.1.2. Design of the complete monitoring system

Since May 2021, a complete version of the autonomous monitoring system was installed.
The data were automatically transmitted and sent daily to a database on an internal server
at Leesu-ENPC. Similar systems were installed at points A (upstream) and B (downstream).

4.1.2.1. Measuring equipment

4.1.2.1.1. In situ equipment

At each monitoring point, two physical-chemical variables were measured: temperature,
conductivity (specific conductivity at 25 °C). In addition, turbidity and water level were
measured at point A, upstream. The temperature sensor CS225 (Campbell Scientific®) was
used for measuring the water temperature at three depths: at point A, 0.25 m, 0.95 m, 1.75
m and at point B, 0.50 m, 1.20 m, 2.00 m (Figure 4.7).

At point A, the multiparameter probe MS5 (OTT®) was used for measuring conductivity,
water temperature and turbidity at 0.95 m. A water pressure sensor CP5240 3mCE (Hitec®)
was used to measure the water level (Figure 4.7-a). At point B, the multiparameter probe
DS5 (OTT®) was used for measuring conductivity and water temperature at 1.20 m (Figure
4.7-b). The characteristics of all measuring devices are presented in Table 4.2. A synoptic

table of the sensor measurements is presented in Figure 4.6.

Table 4.2. Characteristics of in situ measuring devices

Equipment Multiparameter Multiparameter Temperature Water level
sensor sensor sensor sensor
Fabricant OTT OTT Campbell Scientific Hitec
Model OTT MS5 OTT DS5 CS225 CP5240 3mCE
Monitoring | A (upstream) B (bathing area) A (upstream) A (upstream)
point B (bathing area)
Date of 20/05/2021 05/05/2021 05/05/2021 05/05/2021
installation
Parameters | Conductivity, Conductivity, Temperature Air pressure,
temperature, temperature, water
turbidity pressure
Timestep 20 min 20 min 20 min 20 min
Range Conductivity: 0 to Conductivity: 0 to | -55 to +85°C 0.5to 300 m
100 mS.cm! 100 mS.cm-!
Temperature: -5to | Temperature: -5
50°C to 50 °C
Turbidity: 0 to 3000
NTU
Resolution | Cond.: 0.001 mS.cm- | Conductivity: 0.01°C 0.001m
1 0.001 mS.cm!
Temp.: 0.01 °C Temperature:
Turbidity: 0.1 NTU 0.01°C
Precision Conductivity: #1% Conductivity: Typical: +0.05% of full
of reading; £0.001 *+1% of reading; +0.2°C (-40° to scale

mS.cm!

Temp.: £0.10°C
Turb.:

+1% up to 100 NTU,
+3% from 100-400
NTU,

+5% from 400-
3000 NTU

+#0.001 mS.cm'!
Temperature:
+0.10°C

+85°C), includes
lifetime drift
Worst Case:
+0.4°C (-40 to
+85°C), includes
lifetime drift
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Figure 4.6. Synoptic table of La Villette monitoring system, from August 2020 to March 2023. Data used
in this thesis.
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4.1.2.1.2. Regular field campaigns

Regular campaigns were performed at points A and B for validation of sensor data and for
cleaning and maintenance of the instruments. The follow-up of the field campaigns is
presented in Annex IV-c. In addition, a profiler probe was used to obtain a vertical profile of
the water column. Water temperature and conductivity profiles were measured with a
WiMo (nke Instrumentation®) probe. Water transparency was measured with a Secchi disk
(Table 3.4, section 3.2.2). All the measured profiles are presented in Annex IV-d.

4.1.2.2. Implementation of the monitoring system

At point A, all the instruments were mounted directly on the monitoring station container,
a non-floating point. At 0.50 m from the canal bed, a water pressure sensor was installed to
measure the variation of water level (Figure 4.7-a). At point B, the instruments were
attached to a floating buoy (Figure 4.7-b).

(a) (b)
: ~
((C
T e —ten Marin d’Eau
Douce
0,50 m platform
095 m
1,20 m
1.75m
I 2,00 m
0.50 m
Bl Temperature
[ Multiparameter (conductivity, temperature,
turbidity) El Temperature
Bl Water level 3 Multiparameter (conductivity, temperature)
o | Datalogger o. | Datalogger

Figure 4.7. Configuration of monitoring system of: (a) conductivity, turbidity, temperature, and water
level sensors at point A; and (b) conductivity and temperature sensors at point B.

For the remote data transmission, the system was equipped with a datalogger (CR300
Campbell scientific®), a PMW (Pulse Width Modulation) controller (BlueSolar PMW Light
Charge Controller, Victron energy®), a batterie (AGM 12V 14Ah, Victron energy®), a
photovoltaic panel (PVRPC1201016), a surge protector (SGB3, Campbell scientific®), an
antenna (RM Series, MobileMark®), and a SIM card with GPRS (General Packet Radio
Service) internet subscription (Table 4.3).

Table 4.3. Components of the devices for the data transmission of the autonomous measuring station.

Component Reference Fabricant
Datalogger CR300 Campbell scientific
PMW controller BlueSolar PMW Light Charge Controller Victron energy
Battery AGM 12V 14Ah Victron energy
Photovoltaic panel PVRPC1201016 -

Surge protector SGB3 Campbell scientific
Antenna RM Series MobileMark

SIM card M2M subscription of 5 Mb/month SFR
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Through a Python script, the datalogger triggers the sensor devices to start measuring, it
converts the unit of the measurements, it stores the data in its memory, and it transmits
data by email. In addition to the measured variables, the battery level is also stored. The
datalogger and the probes are powered by a 12V-8AH battery. The battery is powered by a
10W photovoltaic panel of 35.5 x 25 cm.

The power supply of the battery is controlled by the PWM controller. PWM can also be used
to control the power supplied to the data logger, optimising the performance of the battery
and solar panel system. In turn, the datalogger supplies the sensors with 12V DC via a
programmable switch. To protect the battery lifespan, the system enters in a hold mode
when the charge is under 12.2 V, interrupting the measurements and data transmission. The
system was designed to function for three days without battery recharging.

All the electronics are held inside a waterproof box (Figure 4.8-a). Each component is
mechanically assembled on a metal plate fixed to the bottom of the casing (Figure 4.8-b).
The sensors and photovoltaic panel are connected to the casing via cable plugs. Finally, to
ensure that the box is at atmospheric pressure, a membrane made of a waterproof but
breathable material (Gore-Tex®) is fixed to one wall of the box.

nnnnnn
ey

Figure 4.8. (a) Waterproof box and (b) all the electronics fixed inside the box.

During winter, the battery recharging via photovoltaic panel was limited due to the little
sunlight exposure. To reduce battery consumption, the timestep was modified from 10 to
20 min after 24/11/2021 at both points. Nevertheless, the energy recharging was still not
enough to cover the energy consumption during winter. Therefore, periods of more than a
week of missing data were observed every year between November and February.

The data are transferred via a wireless modem and the GPRS internet by email once a day.
The data are received in an email inbox (@enpc.fr) and read by a Python script for format
standardization. They are then registered in a local file server by a Python script in
scheduled times. Once formatted and stored in the server, the data can be visualized and
exported in CSV format via the software Data Base Plot (DB-plot), developed by Philippe
Dubois, metrology engineer at Leesu. The data transfer platform (Figure 4.9) is similar to
the wireless real-time data transfer presented by Khac et al. (2018).
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Figure 4.9. Scheme of data transfer platform

Eventually, the presented autonomous monitoring system was designed to be of easy
implementation. The measurements were taken at fixed depths and the sensors were
activated exclusively for measurements, reducing the energy cost (Le Vu et al,, 2011).

4.1.3. Sensor maintenance and validation of field data

A profiler probe of reference, WiMo (nke), was used to validate the continuous
measurements. The 10 cm-graduated rope of the Secchi disk was used to measure the depth
to be compared with the continuously measured water level (Table 4.4).

Table 4.4. Dates of field campaigns

Secchi Secchi
Date Points Disk WiMo Date Points Disk WiMo
05/05/2021 A,B 15/03/2022 A,B
20/05/2021 A,B 29/03/2022 A,B
10/06/2021 A,B 22/04/2022 A B
22/06/2021 A,B 05/05/2022 A B
28/06/2021 A,B 15/06/2022 A B
05/07/2021 A,B 12/08/2022 A B
16/07/2021 A,B 18/08/2022 A,B
23/07/2021 A,B 09/09/2022 A,B
25/08/2021 A,B 15/09/2022 A,B
19/10/2021 A,B 22/09/2022 A,B
24/11/2021 A,B 14/10/2022 A,B
12/01/2022 A,B 17/10/2022* A,B 4 4
02/02/2022 A,B 09/11/2022 A,B
16/02/2022 AB 11/01/2023 AB

* 4 measurements at each point during the day

A major issue in high-frequency measuring is the reliability of the data and the frequency of
field interventions for sensor maintenance (Tiberti et al., 2021).

Regular cleaning was required to avoid a biofouling formation and assure good quality data.
In La Villette system, one indicator of biofouling formation, and therefore the need of
cleaning, was conductivity. After some weeks, an increasing number of outliers was
observed. They disappeared after cleaning intervention (Figure 4.10). The estimated
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optimal duration was between 6 and 8 weeks, to preserve good quality data and reduce the
quantity of field interventions.
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Figure 4.10. Conductivity outliers (light blue) before and after sensor cleaning (red arrow).

Before the final validation of the field data, some criteria were used for data pre-validation:
(1) verification of the battery level to allow the correct measuring of the sensors; (2)
physical meaning of the data range; (3) realistic values considering the history of
measurements, current season, etc.

Known events that could impact the measured variables (e.g., weather events, such as a
heavy rainfall), are considered to check whether sudden variations in the timeseries are
outliers. Since outliers are more likely to occur after a long period without maintenance, it
is important to consider the maintenance dates in data validation (Mourad and Bertrand-
Krajewski, 2002; Tiberti et al., 2021).

The last step for data validation was based on device redundancy: a profiler probe was used
to measure the same variables as in situ sensors. A discrepancy between both
measurements will detect possible outliers. Moreover, in situ probes can detect a shift in the
sensor timeseries. The required sensor calibration in the laboratory will be performed only
when needed. This avoids unnecessary periods of lack of measurements.

The turbidity sensor data at point A were not validated (Figure 4.11). Therefore, the
measurements were not explored.
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Figure 4.11. Turbidity measured at point A from 20/05/2021 to 12/12/2021, with regular oscillations
from 13/09/2021 (red rectangle).

The sensor data of conductivity and water temperature were validated with the reference
probe, WiMo (nke), once or twice a month, at upstream and downstream, plotting the values
at the same depth (Figure 4.12, Figure 4.13, Figure 4.14).

At points A and B, the conductivity from the reference probe WiMo and OTT sensors was
highly correlated (Figure 4.15, RMSE<8 pS.cmt, R?=0.99). Similarly, at both measuring
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points, the water temperature from WiMo and from Campbell sensors at three depths were

very well correlated (Figure 4.16, RMSE<0.21°C, R?=1).

All the measurements of conductivity and water temperature can be considered as areliable

representation of the real respective values.
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Figure 4.12. Conductivity at points A (top) and B (bottom), measured by nke and OTT sensors and WiMo

probe, from August 2020 to January 2023.
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Figure 4.13. Water temperature on surface, middle and bottom at point A, measured with Campbell
sensors and with WiMo probe (WM), from August 2020 to January 2023.
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Figure 4.14. Water temperature on surface, middle and bottom at point B, measured with Campbell

sensors and with WiMo probe (WM), from August 2020 to January 2023.
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Figure 4.15. Linear regression between reference probe WiMo and OTT conductivity sensors at points A

(left) and B (right).
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Figure 4.16. Water temperature: Linear relationship between reference probe (WiMo) and temperature
sensor (Campbell) measurements at three depths (top, middle, bottom) in points A (left) and B (right).

The water level was validated with the punctual measurements with a 10cm-graduated
rope (Figure 4.17-a). The punctual measurements were considered indicative values, due
to the resolution of the graduated rope (0.05 m), 50 times greater than the resolution of the
water level sensor (0.001 m). All the sensor measurements were within the incertitude
range of the punctual measurements (Figure 4.17-b).
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Figure 4.17. Water level at La Villette upstream (point A). Sensor measurements (in blue) and punctual
measurements with graduated rope (red), from: (a) 05/05/2021 to 16/03/2023, and (b) 08 to

23/09/2022.
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4.1.4. Correction of field data

Tiberti et al.,, (2021) described criteria for data quality control of an automated high
frequency monitoring in a lake. The authors proposed a procedure to remove, correct or
retain values. A similar procedure was adopted in the quality control of the present data.

In our monitoring system, the most common types of data alterations could be divided in
two groups: (1) sudden increase or decrease of value in a short time period; and (2) drifting
of measurements.

A sudden data variation was defined as a variation higher than the equipment precision (EP)
between two time-steps, n-1 (Cn-1) and n (C,). To be considered as an outlier, this variation
should not be present in the following time-step, n+1 (Cn+1). In other words, values of n-1
and n+1 are closer than n-1 with n or n with n+1 (Equation 4.2).

|Cn—q — Cul > |EP|

|Cn - Cn+1| > |EP|
|Cn—1 - Cn+1| < |Cn—1 - Cnl
|Cn—1 - Cn+1| < |Cn - Cn+1|

C,is outlier if 4.1

Some variations are due to field interventions. They can be predicted, such as programmed
interventions for maintenance and cleaning of sensors. In this case, the values are
considered as outliers and removed. The gap can be filled with a linear interpolation
between the consecutive time-steps before and after the intervention.

Another cause related to field interventions is due to a displacement of the sensors. Some
shifts could occur due to unexpected actions, or a problem with the sensor attachment.
When a shift in the vertical position of a sensor is identified, the values should be flagged.

The drifting of data was identified with reference probes measurements. Then, it was
corrected with these reference values or by recalibrating the sensor in the laboratory or by
the fabricant.

4.1.4.1. Outlier treatment

The outliers can be identified by a sudden variation of data in a short time-step. Data from
consecutive time-steps of 20 min were compared. In La Villette system, if the data variation
was higher than the precision of the sensor, it was considered as an outlier. Once identified,
these outliers were flagged for further checking.

In our data, shifts between consecutive time-steps superior to 5 uS.cm-! for conductivity and
0.15 °C for water temperature were flagged and possibly removed. Some examples of outlier
processing are presented in the following paragraphs.

e Variations due to sensor maintenance

All the field campaigns were registered in a follow-up file (Annex IV-c). Cleaning sensors
could last more than one measurement time-step (20 min). Therefore, sensors registered
one measure outside of the water, resulting in a sudden increase or decrease of values
between two time-steps in all chain of sensors (Figure 4.18). All measurements taken during
sensor cleaning were excluded.
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Figure 4.18. Conductivity and water temperature at three depths measured at point B from 15 to
25/10/2021, with field intervention on the 19/10/2021 (red circles).

e Limited disturbance of the timeseries

The disturbance can last several time-steps. The values change in a short period, and
suddenly come back to the similar range of values (Figure 4.19). These variations may result
from biofilm formation or perturbation caused by local small fauna. Thus, a regular cleaning
of the sensors is essential for the acquisition of reliable data.
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Figure 4.19. Conductivity at point A: raw data (light) and validated data (dark), from 01/05/2022 to
01/07/2022.
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o  Shift of the timeseries

At point A, from 20/09/2021 to 19/10/2021, the water temperature at the bottom was
higher than at the surface and the middle of the water column, especially during night
mixing (Figure 4.20). This was due to a fixing problem of the sensor: the attachment of the
bottom sensor broke, and the sensor sank to the canal bed. The sensor was relocated at
1.75m depth in the field intervention of the 19/10/2021. The difference between surface
and canal bed temperatures during the night might be due to the influence of the
macrophyte canopy on the heat flux.
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Figure 4.20. Water temperature at point A at the surface (orange), middle (green) and bottom (blue).

From 20/09/2021 to 19/10/2021 (yellow box), the bottom sensor was not at the right depth (1.75 m),
but on the bed of the canal.

4.1.4.2. Water level correction

On the 23/07/2022, the water level sensor was shifted downwards, increasing the
measured water level. This shift was due to an unexpected action for the maintenance of
other sensors installed in the same place (Fluidion sensors for FIB measurements, Ville de
Paris). The sensor was put back at the right place on the 12/08/2022. From 23/07 to
12/08/2022, the water level was overestimated (Figure 4.21).

For the data correction, we considered the difference between the level measured
immediately before and after the rise of the values (0.123 m), and before and after the
restoration of the sensor depth (0.190 m). The mean of the two values (0.156 m)
corresponds to the sensor displacement. The timeseries was corrected by deducting this
value (Figure 4.22).
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Figure 4.21. Water level measurements at point A before correction (20/05/2021 to 16/03/2023).
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Figure 4.22. Raw and corrected water level data at point A (20/05/2021 to 16/03/2023).

4.1.4.3. Conductivity correction

In January 2022, the multiparameter sensor at point A (MS5 OTT) sensor was defective,
causing an elevated energy consumption. It was sent to the company for maintenance.
Afterwards, the conductivity at point A was lower than at point B and closer to WiMo
reference values (Figure 4.23). Therefore, a correction of the conductivity shift was
necessary. It was computed from the relationship between WiMo reference measurements
and the correspondent OTT timeseries. The final relationship was based on a 13
corresponding data at point A and 10 at point B (Table 4.5).

A good relationship was obtained at both points (R?=1.00, Figure 4.24). The mean difference
between the values of OTTa and OTTg was -18 uS.cm-1, value used for the final correction
(Figure 4.25).
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Figure 4.23. Conductivity at points A and B (11/01/2022 to 31/05/2022) before shift correction.
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Table 4.5. Conductivity measurements from the reference probe (WiMo) and from continuous
measurement sensors (OTT) at points A and B, from 22/04/2022 to 11/01/2023.

Point A Conductivity (uS.cm1) | PointB Conductivity (pS.cm1)
Date WiMo OTT MS5 | Date WiMo OTT DS5
22/04/2022 07:40 770 761 22/04/2022 08:00 771 791
05/05/2022 07:40 749 740 05/05/2022 08:40 750 766
15/06/2022 07:20 686 692 15/06/2022 08:40 694 723
12/08/2022 08:00 596 604 12/08/2022 10:20 597 632
18/08/2022 08:40 593 601 18/08/2022 09:00 575 604
09/09/2022 08:40 586 591 09/09/2022 08:00 586 611
15/09/2022 07:40 661 667 15/09/2022 08:40 647 672
14/10/2022 07:40 685 685 14/10/2022 08:20 693 708
17/10/2022 09:20 689 692 17/10/2022 10:10 692 -*
17/10/2022 11:00 693 692 17/10/2022 11:40 694 -*
17/10/2022 13:20 691 691 17/10/2022 13:40 692 -*
17/10/2022 15:20 693 690 17/10/2022 16:00 693 -*
09/11/2022 16:20 773 773 09/11/2022 17:00 763 778
11/01/2023 09:40 816 - 11/01/2023 11:20 817 820

* Problem with saving and transmission of data.
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Figure 4.24. Relationship between conductivity from WiMo and OTT at points A (blue, OTT4 = 0.93 -
WiMoa + 52) and B (red, OTTs = 0.91 - WiMog + 84).
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Figure 4.25. Conductivity at points A and B (11/01/2022 to 31/05/2022) after data correction.
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4.1.5. Time evolution of the validated timeseries

The trends and patterns of validated timeseries are presented in this section.

4.1.5.1. Water level and Secchi depth

The time evolution of the water level at point A (upstream) was assessed over the studied
period. The water transparency evolution was estimated through Secchi depth data at
points A and B measured during the regular field campaigns.

From May 2021 to July 2022, the mean water level measurement was 1.92 m. From July
2022 to September 2022, it dropped of around 0.10 m (Figure 4.26). From October 2022 to
January 2023, it raised again to 1.85 m. In 2022, in the Ile-de-France region, a drought

period occurred from spring to summer (Météo-France, 2023), which may explain the water
level decrease.

On a daily basis, the water level variation is around 0.20 m. The highest values are usually
measured in the early morning and the lowest values in the afternoon. The regular variation
of water level reflected the fluctuations of the pumping station and the lock operation.
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Figure 4.26. Corrected water level measurements at point A, from 20/05/2021 to 18/01/2023.

The Secchi depth values from August 2020 to March 2023, were very similar at upstream
and downstream (Figure 4.27).
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Figure 4.27. (a) Secchi depths at points A and B; (b) Boxplot of the data from Aug 2020 to Mar 2023.
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4.1.5.2. Thermal stratification

The thermal regime in La Villette basin was assessed at the daily and seasonal timescales.
From August 2020 to March 2023, the temperature range at both monitoring points was
[0.82-26.93] °C (Figure 4.28-a, Figure 4.28-b).

The daily thermal regime is illustrated for a high temperature period, from the 5t to the
23rd of June 2021 (Figure 4.29). At points A and B, the water column was stratified during
the day and mixed every night. At point B, the surface (0.50 m) and middle (1.20 m) water
temperature were very close. This suggested that the temperature gradient is located
between middle (1.20 m) and bottom (2.00 m) layers. To assess with a finer vertical
resolution the stratification of the water column, additional temperature sensors could be
located at 1.00 m, 1.70 m, and 2.50 m.
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Figure 4.29. Water temperature at three depths at points A (a) and B (b): zoom in a period of higher
temperatures, 05 to 23/06/2021.

The amplitude of the thermal stratification was computed as the difference between surface
and bottom water temperature (ATw, Figure 4.30-a, Figure 4.30-b). Between 19/03/2021
and 05/05/2021, the data recorded by the basic monitoring system were not reliable
(Annex IV-e). Therefore, ATw could not be computed.

The greatest amplitude at point A (2.51°C) occurred in 04/06/2022 and, at point B (1.93°C),
in 14/06/2021. The higher amplitudes at point A than at point B might be due to the
position of the surface sensor: at point 4, it is 0.25 m closer to the water surface than at
point B.
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Figure 4.30. (a) Amplitude of thermal stratification at points A (top) and B (bottom), from August 2020

to March 2023; (b) Boxplot of daily maximum positive thermal amplitude at points A and B, from May
2021 to March 2023.

Water temperature monitoring would give information about the long-term thermal regime
in a water course. In La Villette basin, it was possible to record the time evolution of the
water column thermal stratification.

Urban waterbodies can provide different services, such as cooling energy (Fraicheur de
Paris, 2023). In this case, monitoring the water temperature stratification can be useful to
improve the management of the energy system.
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4.1.5.3. Conductivity timeseries

The range of conductivity values was similar at both monitoring points A, upstream, and B,
downstream. (Figure 4.31). From August 2020 to March 2023, the conductivity range in La
Villette basin was [529-890] uS.cm! (Figure 4.32). Higher conductivity was measured
during winter, with a gradual decrease until summer. This annual trend was observed in
2021 and 2022.

Conductivity variations were considered as representative of the environment when they
were greater than 20 pS.cm-l. Particularly, a decrease of conductivity would occur after
rainy events on the upstream watershed (Bhurtun et al., 2019; Halliday et al., 2015). Rainfall
in the upstream watershed of the Ourcq canal would cause the decrease of conductivity in
La Villette basin.

The variations at point A were followed by variations at point B some hours later (Figure
4.33). The inflexion point represented the arrival of a different water mass from upstream.
Therefore, it was used as reference to find the equivalent water mass of point A in point B.
The time-lag between the inflexion points enables a more precise estimation of the mean
transfer time between the upstream monitoring (point A) and the bathing area (point B).

Well-defined inflexion points from June to July 2021 were identified and the transfer time
between points A and B was estimated (Table 4.6). In this period, the range of the transfer
time was [9h30-24h10] (Figure 4.34).

The differences among the time-lags of conductivity evolution between points A and B may
be related to variations in water velocities. Moreover, when the water column is stratified,
the velocity may be different in the surface and the bottom layers.

The mixing of water masses may interfere on the measured conductivity evolution,
flattening the peaks or valleys of the data. For a representative transfer time estimation, the
identified inflexion points should be well-defined at both upstream and downstream.

In conclusion, the high-frequency monitoring of conductivity could be used to detect the
arrival of new water masses, particularly when heavy rainfall occurs in the upstream
watershed. In addition, the conductivity variation between upstream and downstream
points enables the estimation of a mean transfer time between these points. However, one
limitation is caused by the detection of representative inflexion points at both monitored
points.
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Table 4.6. Estimation of transfer time between points A and B. Data from June to July 2021.

Datetime at point A

Datetime at point B

Transfer time between A and B

06/06/2021 17:40 07/06/2021 09:40 16:00:00
09/06/2021 08:50 10/06/2021 06:20 21:30:00
20/06/2021 12:40 21/06/2021 12:20 23:40:00
23/06/2021 13:40 24/06/2021 06:40 17:00:00
26/06/2021 06:40 27/06/2021 06:20 23:40:00
28/06/2021 17:00 29/06/2021 08:00 15:00:00
14/07/2021 22:30 15/07/2021 08:00 9:30:00
15/07/2021 07:50 15/07/2021 18:20 10:30:00
15/07/2021 21:20 16/07/2021 09:20 12:00:00
18/07/2021 09:00 18/07/2021 21:20 12:20:00
19/07/2021 23:00 20/07/2021 11:40 12:40:00

24:10:00

27/07/2021 15:30

28/07/2021 15:40
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Figure 4.34. Distribution of the estimated transfer time (in hours) from points A to B. Data from June to
July 2021.

An autonomous monitoring system was installed in two points, upstream (point A) and
downstream (point B), of the urban La Villette canal. The system is of easy implementation. It
includes a data transfer platform for high-frequency measurements of 20-min time step. The
autonomous system is powered by a photovoltaic panel and battery power system. During
winter, the duration of daily sun exposition is limited, and it is not enough to recharge the
battery.

Three physicochemical variables were measured, validated, and explored: water level,
conductivity, and water temperature at three depths (0.25 m, 0.95 m, 1.75 m at point A, and
0.50 m, 1.20 m, and 2.00 m at point B). The presented data was collected over a 32-month
period, from August 2020 to March 2023.

To assure the data reliability, criteria were adopted for data pre-validation:

1 Verification of battery level and status of sensors;
(ii) Verification of the data range (physically possible and locally realistic);
(iii)  Evaluation of sudden variations considering known events such as hydrological

conditions;
(iv)  Delay since the last sensor maintenance;
(v) Validation with a profiler probe of reference.

The use of reference probes for in situ data validation allowed to detect the need of sensor
calibration.

Regular sensor cleaning is essential to assure good data quality. The increase of conductivity
outliers was found to be an indicator of cleaning need.

High-frequency monitoring enabled to analyse the variations of the physicochemical variables
at hourly, daily, and seasonal timescales.

In La Villette basin, from spring to mid-autumn, a daily thermal stratification occurred,
breaking up during the night. Large conductivity variations could be used to estimate transfer
time between upstream and downstream points.

The observed thermal stratification impacts the transfer time between upstream and
downstream points. In the model, which was implemented to compute La Villette
hydrodynamics, the high-frequency upstream water temperature data can be used as input
values, and the downstream data for the model validation.

The monitoring system was designed to be able to include more sensors. It will improve the
surveillance of the long-term evolution of the measured variables. It will help measuring the
impact of climate change in this urban system in the next years and defining possible solutions
to mitigate climate change impacts. In the short to medium term, the impact of potential
sanitation works on the waterbody could be assessed.
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4.2. Dissolved organic matter characterization of
urban waters from fluorescence analysis

Most results presented in this chapter are part of a paper submitted for publication in
Frontiers in Water, named “Fluorescence spectroscopy for tracking microbiological
contamination in urban waterbodies”, presented in Annex V.

To improve the detection of faecal contamination in a water body, a fast-monitoring
technique is required. A change in DOM can be related to faecal contamination and the
fluorescence spectroscopy can be used to detect microbiological DOM changes (Sorensen et
al,, 2021).

In this chapter, the results of fluorescence spectroscopy for the characterisation of DOM of
different types of urban waters are presented. The variation of fluorescence indices and
PARAFAC components was analysed in an EEM dataset of 414 samples. The components
from PARAFAC model, specific to our dataset, were associated to the reference fluorophores
from Coble (1996), peaks T, M, C and A, for characterization.

Fluorescence data were collected in waterbodies located in Paris metropolitan region,
France. The sampling sites are presented in section 3.1.

The presented results focused on:

(i) Identifying the major fluorescence components in different investigated urban
waters.

(ii) Examining seasonal variation of FDOM components and the impact of local rainfall
episodes in these components.

(iii)Exploring the information provided by FDOM about microbiological water quality
for monitoring purposes and identifying a potential signature of local contamination
due to SN and WWTP outlets or runoff during rainfall events.

In this section, the results concerning the indices HIX, BIX, FI and the PARAFAC components
in La Villette basin, the river Marne, stormwater network outlets (SO-N and SO-S) and
WWTP outlet (WWTP-0) are presented, discussed, and compared to other results in similar
waterbodies.

The land cover in the river Marne and the seasonal variation of fluorescence components in
La Villette basin are also discussed.

4.2.1. Sampling weather conditions in La Villette basin and
the river Marne

In La Villette basin, samples were collected over 29 months (October 2020 to March 2023).
From the total samples (n=183), 54% (n=98) were collected in wet weather, and 46%
(n=85) in dry weather. Wet weather is defined as a rainfall episode higher than 2 mm.day-!
within 3 days (definition given in section 3.3.1).

In the river Marne, a total of 34 sampling campaigns were conducted in four months (June
to September 2022): 18 in VGA (4 in dry and 14 in wet weather) and 19 in SMV points (11
in dry and 5 in wet weather). The campaigns were predominantly conducted during dry
weather (78% of the samples).

The rainfall events associated to wet weather samples have different distribution of
intensities in both watercourses, due to the difference in the length of the sampling periods.
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The distribution of the cumulated precipitation during 72h before sampling in wet weather
in La Villette basin shows 24% of precipitations between 8 and 10 mm. The observed
maximum intensity was of 48 mm in 72h (Figure 4.35-a).

In the river Marne, 27% of the wet weather samples were collected after rainfall between
18 and 20 mm in 72h. The observed maximum intensity was of 26 mm in 72h (Figure 4.35-
b).
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Figure 4.35. Distribution of relative probability of 72h-cumulated precipitation before sampling in La
Villette basin (a) and the river Marne (b).

4.2.2. Fluorescence indices for DOM characterization

4.2.2.1. Comparison of HIX values

Huguet et al. (2009) associated DOM characteristics with a range of values calculated
according to Zsolnay et al. (1999). To find the correspondent range values for Ohno's
expression (2002), which provides values in the range [0 1], better adapted to comparison
between different water bodies, HIX was calculated with both expressions for all samples
(Equation 4.2, Figure 4.36). The proposed conversion between the different HIX scales
allows us to compare the values in a unified way.

The HIX ranges from Huguet et al. (2009) and their DOM characteristics were then
associated with new HIX ranges from Ohno (2002) (Table 4.7). For comparative purposes,
DOM characteristics for HIX and BIX ranges defined by Huguet et al. (2009) are included in
Table 4.7 and presented in Figure 4.37.

4.2
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Table 4.7. DOM characteristics associated with HIX values calculated according to Zsolnay et al. (1999)
and Ohno (2002) expressions. Adapted from Huguet et al. (2009).

HIXzsolnay HIXonno DOM characteristics from | DOM characteristics BIX
HIX from BIX
10-16 0.91-0.94 | Strong humic Low biological activity 0.6-0.7
character/important

terrigenous contribution

6-10 0.86-0.91 | Important humic character | Average / Intermediate | 0.7-0.8
and weak recent biological activity
autochthonous component

4-6 0.80-0.86 | Weak humic character and High biological activity 0.8-1
important recent
autochthonous component

<4 <0.80 Biological or aquatic Biological or aquatic >1
bacterial origin bacterial origin

NOTE: The authors use “biological activity” as equivalent to “autochthonous component”.
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Figure 4.37. DOM characteristics associated with HIX and BIX according to Huguet et al. (2009).

4.2.2.2. DOM character and origin of the water types

The characteristics and origin of DOM can be estimated with the fluorescence indices HIX,
BIX (Figure 4.38, Table 4.8).

Fl was introduced by McKnight et al. (2001) for the source assessment of humic substances,
specifically fulvic acids. FI variability is related to the terrestrial DOM signal (when FI~1.3)
(Marcé etal., 2021).

All the samples had FI>1.8, indicating a predominant microbial or algae contribution on
DOM composition. FI did not provide additional discriminating information about DOM
composition. Therefore, FI was not part of further analysis. Huguet et al. (2009) already
underlined this limitation of FI, affirming that FI is less effective on determining the DOM
predominant source in surface natural waters, where organic material originates from a
variety of sources that can contain significant amounts of non-humic substances.

In La Villette basin (n=183), HIX (0.86%0.08) and BIX (0.90%£0.26) evolution in time
presented values, with lower HIX and higher BIX than the average indicating increases of
microbial activity.

In the river Marne (n=207), HIX (0.87£0.09), and BIX (0.87+0.09) values were very similar
along the stretch, with less variation than in La Villette basin.

The mean HIX values from La Villette basin (0.86) and the river Marne (0.85), were similar
to the ones from the streams (0.86) and rivers (0.85) in Berlin area (Romero Gonzalez-
Quijano etal., 2022). BIX values were greater in La Villette (0.90) and the Marne (0.87), than
in streams (0.73) and rivers (0.79) of Berlin area. This suggested higher biological activity
in La Villette and the Marne than in Berlin watercourses.

In WWTP-0 (n=5), a low variation of indices was observed. HIX values were close to 0.80
and BIX values were higher or equal to 1, indicating a mainly biological origin of DOM.

In SO-N (n=9) and SO-S (n=8), a higher variation of HIX and BIX values were observed, with
similar ranges. HIX values were grouped in dry and wet weather samples, with lower values
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in dry weather, suggesting lower humic character. BIX values were under 1.0, with mean
around 0.7 at both sampling points.

In overall, in La Villette basin and the river Marne, HIX values indicated an important humic
character, and BIX indicated an intermediate biological character. In both SN and in WWTP
outlets, HIX values indicated a very low humic character. In SN outlets, mean BIX indicated
average biological character and in WWTP, high biological character (Figure 4.37).

BIXis associated to the biological activity from first stages (around 2 days) of decomposition
of organic matter. BIX and HIX values are related to the DOM characteristics: HIX and BIX
are complementary and expected to be inversely proportional to each other. Samples with
high bacterial activity should have high BIX and present low humic character, associated to
low HIX, and vice-versa.

In our samples, however, not all HIX and BIX values were compatible with that assumption.
In SN samples, both mean values of HIX and BIX were in the lower range (<0.80 and [0.7-
0.8], respectively). According to Huguet et al. (2009) (Table 4.7), HIX<0.80 indicates
predominant biological activity, and BIX between [0.7-0.8] and average biological activity.

This limitation indicates that using only one of the indices cannot give correct DOM
characteristics. It is necessary to use both indices, HIX and BIX, to estimate DOM
characteristics, with HIX primarily indicating the strength of the humic character and BIX
the strength of recent autochthonous component or biological activity. The definition of BIX
makes it only a partial indicator of biological activity.
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Figure 4.38. HIX and BIX: time evolution in La Villette basin at points A (blue), B (red) and C (green),
from October 2020 to March 2023 (top); distance evolution in the river Marne SMV, from upstream to
downstream of the stretch, with VGA in red. The green arrow indicates the position of WWTP-0 and the
orange arrow the outlet of WWTP-PMA (middle); HIX and BIX values in SO-N, SO-S and WWTP-0
(bottom). Dry weather samples are open markers and wet weather samples are filled markers.
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Table 4.8. Fluorescence indices (mean * SD and range) of the different sampling sites and the total

number of samples (N) per site.

Water type Mean + Sl]-l)lX = Range Mean + Sllg)IX - Range Mean * SlsI 0 Range
E,niilfi;t;; 0.86 £0.08 | [0.55-0.94] | 0.90+0.26 | [0.64-2.19] | 1.97 £0.07 | [1.76-2.28]
(lrjzr(r)l:) 0.85+0.02 | [0.71-0.90] | 0.87 +0.09 | [0.73-1.62] | 2.13+0.08 | [1.90-2.40]

WE/X:T;O 0.76 £ 0.03 | [0.72-0.79] | 1.09+0.08 | [1.00-1.17] | 2.41+0.09 | [2.29-2.53]
(Sr?:g]) 0.77 £0.09 | [0.65-0.86] | 0.76 +0.06 | [0.63-0.82] | 2.25+0.32 | [1.93-2.79]
(Sn(i;) 0.75+0.07 | [0.66-0.85] | 0.74+0.08 | [0.63-0.85] | 2.56+0.15 | [2.30-2.79]

4.2.3. PARAFAC model results

4.2.3.1. PARAFAC function

The creation of a robust PARAFAC model requires a large number of EEMs with great
diversity of DOM sources of diverse chemical quality. However, once the DOM fluorescence
signal is decomposed, new EEMs from the same or similar study site, should not interfere
in the obtained PARAFAC model. Therefore, these new EEMs should fit well in the existing
model (Fellman et al., 2009; Murphy et al., 2011).

In order to obtain the PARAFAC values for future samples collected in the studied
waterbodies, we established a function which can be applied to the previously identified
PARAFAC components. This function provides the new PARAFAC scores, and therefore Cf,
on future samples from the same sampling sites.

With the emission (bjs) and excitation (cxs) modes obtained from the original PARAFAC
model, it was possible to obtain the score a;r and compute Cf values of new EEMs (Fellman
et al,, 2009). To this end, the values of a;f to obtain the minimum squared error &; in the
sample i are computed by Equation 4.3.

2
& = Zle Yik=1 (xije = 2}@=1 ais bjy cier) 4.3

4.2.3.2. PARAFAC components

A model with 7 components was validated by PARAFAC analysis (C1-C7, Figure 4.39). Each
component was associated with similar components from OpenFluor Database (Table 4.9).
The similarity score (Tucker congruence coefficient) of all the components was >0.95 for
emission and excitation spectra loading, with global score >0.90.

C1 to C5 components were identified as humic-like components. C1, C2, C3 and C5 were
identified as terrestrial humic-like components. The maximum loadings of C1, C2 and C5
were associated to peak A. C2 displayed a greater emission wavelength (red-shifted). The
maximum loading of C3 was similar to peak C.

C4 was associated to humic-like substances produced in-situ by phytoplankton and
microbial activity. The maximum loading of C4 was in lower emission wavelengths (blue-
shifted) than peak C and in greater excitation wavelengths than peak M.
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C6 and C7 were identified as protein-like components, close to tryptophan-like fluorescence
(peak T). The maximum loading of C7 has greater excitation wavelength than peak T.
Compared to peak T, C6 corresponds to a larger window of excitation-emission
wavelengths. As the location of the fluorescence peaks can be slightly shifted according to
the water matrix, this facilitates the detection of the fluorescence peak.

C6 was similar to an identified component as the main protein-like fluorophore in WWTP
effluents. In previous studies (Cohen et al,, 2014; Tedetti et al., 2012), C6 displays a high
correlation with biogeochemical parameters, such as organic carbon, phosphates and faecal
bacteria.
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Figure 4.39. EEMs with the loadings of the 7-component PARAFAC model (a) and spectral loadings
results (b).
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Table 4.9. Designation, excitation (Ex) and emission (Em) wavelengths peaks of PARAFAC components,
number of references with matching components from OpenFluor Database (checked on 30/06/2023),
with minimum similarity score (Tucker congruence) of 0.95 for excitation and emission wavelength
loads (Murphy et al., 2014).

PARAFAC
component

Ex

(nm)

Em

(nm)

%C
range

Matches in
OpenFluor

(0.95)

Description and references

C1

Cc2

C3

C4

C5

Cé6

Cc7

250

265

345

330

250

280

305

432

484

450

392

448

352

340

0.0-44.5

3.1-26.8

6.0-25.1

8.6-26.5

0.0-27.6

2.7-36.9

0.0-41.8

79

89

14

44

21

Terrestrial humic-like, similar to peak
A. Frequently found in lentic
freshwater (C4) (Marcé etal., 2021);
widespread in freshwaters (C1)
(Lambert et al., 2017).

Terrestrial humic-like, associated with
high aromaticity and molecular weight
(C1) (Lambert et al., 2016); plant-
derived material (C2) (Yan etal,,
2020); associated mainly with peak A.
Terrestrial humic-like, similar to peak
C, widespread in freshwaters, (C2)
(Lambert et al.,, 2017); associated with
aromatic molecules of high molecular
weight (C3) (Lambert et al., 2016).
Humic-like, low molecular weight,
close to peaks C and M; potentially
related to agricultural catchments (C6)
(Graeber et al.,, 2012); associated to
humic-like substances produced in-situ
by phytoplankton and microbial
activity (C4) (Galletti et al., 2019).
Terrestrial humic-like, estuarine
streams of agricultural catchment (C6)
(Asmala et al., 2018); associated with
peak A (C3) (Lietal, 2015).
Protein-like, similar to peak T.
Indicative of recent autochthonous
production, commonly related to
anthropogenic occupation (C7)
(Lambert et al., 2017) and WWTP
effluents (C1) (Cohen et al., 2014);
aliphatic (non-aromatic) with low
molecular weight (C6) (Lambert et al.,
2016).

Protein-like, close to peak T; might be
associated with sediment-derived or
autochthonous tyrosine, and may be a
potential indicator of eutrophication
(C3) (Ren etal, 2021); indicator of
DOM bioavailability (C4) (Ryan et al.,
2022).

The components C1-C7 were represented by Cf, the fluorescence intensity at the maximum
loading of excitation and emission modes for each component f.

The components were grouped in terrestrial humic-like (C1, C2, C3 and C5), “low” humic-
like (C4), with lower molecular weight, and protein-like (C6 and C7).

The comparison of PARAFAC results among different studies is usually limited by the
correspondence of the obtained components, represented by the Tucker coefficient. Similar
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water types may not present the same characteristic components, as we observed when
comparing our results with similar study sites. This limitation may be overcome when using
the relative abundance of protein-like components and humic-like components.

The mean relative abundance of each component f (%Cf) was calculated for the five water
bodies (Table 4.10). The relative abundance of each component contributes to the
signatures of SN and WWTP outlets and of the watercourses La Villette basin and the river
Marne.

In La Villette basin, terrestrial humic-like composition was predominant in average
(66.0%). The predominant terrestrial humic-like component and with higher variability
was C1 (22.4% * 6.6%), followed by C5 (15.0% * 6.5%). Protein-like components represent
18.5%. The predominant protein-like component was C7 (11.7% % 9.6%). It is more
abundant and more variable than C6 (6.8% * 4.0%). The highest variations of C1 and C7
occurred mostly during wet weather (Figure 4.40).

In the river Marne, terrestrial humic-like composition was predominant (65.1%). The
predominant humic-like component was C5 (20.8% * 1.6%). C1 has the highest variability
(17.8% + 2.7%). The protein-like components represent 20.0%. The predominant protein-
like component was C6 (11.8% * 2.3%). The higher variability was associated to C7 (8.2%
* 4.4%) (Figure 4.40).

In WWTP-0 (Table 4.10, Figure 4.40), terrestrial humic-like components were the most
abundant (52.3%). Protein-like components represented 25.6%. The predominant humic-
like components were C5 (23.2% * 4.2%), terrestrial humic-like, and C4 (21.9% + 2.0%),
“low” humic-like. The predominant protein-like component was C6 (16.5% * 2.1%). The
variability of the components was very low, as evidenced by their standard deviations
(ranging from 0.5 to 4.2%) and narrow %Cf ranges ([0.0-26.5%]).

In both SO-N and SO-S (Table 4.10, Figure 4.40), terrestrial humic-like components were
the most abundant (62.5% and 60.1%, respectively). Protein-like components represented
25.7% and 25.8%, respectively. The predominant terrestrial humic-like component in SO-
N was C1 (24.9% * 17.8%), and in SO-S, C3 (22.5% * 1.6%). The dominant protein-like
component was C6 in both SO-N (23.4% + 11.0%) and SO-S (23.6% + 8.0%). These values
are the highest measured in all samples. The components with the highest variability were
C1 and Cé. Higher values of %C1 and lower %C6 were obtained in wet weather, suggesting
that they could be potentially used as signature of local precipitation.

In La Villette basin and the river Marne, the average of relative abundance of all terrestrial
humic-like components was around 66%, of “low” humic-like component was 15%, and of
protein-like components, 19%. In SN outlets, terrestrial humic-like components
corresponded to 61%, “low” humic-like components to 13%, and protein-like components
to 26%. In WWTP-O, terrestrial humic-like components represented 52% of components
abundance, “low” humic-like component, 22%, and protein-like component, 26% (Figure
4.41).

In SN and WWTP outlets, protein-like components are more abundant than in La Villette
and the river Marne. In WWTP-0 “low” humic-like component was more abundant than in
SN outlets.

Among 9 rivers in Berlin area (Romero Gonzalez-Quijano et al., 2022), two were considered
highly organically polluted due to the presence of WWTP effluents. As in our PARAFAC
model, 7 components were obtained, including two protein-like. Similar to La Villette basin
and the river Marne, the average of protein-like components was between 10% and 20%.
In the two Berlin area polluted rivers, the protein-like components were slightly above 20%,
and the terrestrial humic-like components were around 50%. This was similar to the
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relative abundance of protein-like and terrestrial humic-like components found in WWTP-
0 (25.6% and 52.3%, respectively). From this comparison we can deduce that La Villette
basin and the studied the river Marne stretch are not organically polluted.

Among our study sites, C6 was high in SN and WWTP outlets, corroborating with a previous
study (Cohen et al, 2014). Contrary of what is expected in a stormwater network, a
wastewater contamination probably occurs in the studied SN during dry weather, as
indicated by the higher presence of C6 in dry than in wet weather samples (Figure 4.40).

In lakes, C6 can also be considered as a potential indicator of eutrophication. In Chinese
lakes, a component close to peak T and our C6 was found (Ren et al., 2021). It was associated
to pollutant-degrading activity of microalgae, including cyanobacteria. Therefore, in future
studies, it will be interesting to explore the sensitivity of C6 to eutrophication indices.
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Figure 4.40. Relative abundance of PARAFAC components (%) in La Villette basin points A (blue), B
(blue) and C (bright green), in the river Marne points SMV (orange) and VGA (dark red), in the outlet of
WWTO-0 (dark green) and the outlets from stormwater networks SO-N.

Table 4.10. Relative abundance of PARAFAC components (mean * SD) of the sampling sites (n=number
of samples).

"f;‘;zr %C1 (%) | %C2 (%) | %C3 (%) | %C4 (%) | %C5 (%) | %C6(%) | %C7 (%)
Villette
224 +6.6 13.9+4.1 14.7 + 2.9 15.6 + 3.2 15.0+6.5 6.8+4.0 11.7 £+ 9.6
(n = 183)
Marne
17.8+2.7 115+1.1 15.0+1.0 149 +1.3 20.8+1.6 11.8+2.3 8.2+44
(n=204)
SO-N
249+17.8 8.6 +3.3 16.3 +2.6 119+ 2.3 12.7 + 8.4 23.4+11.0 23+23
(n=9)
SO-S
90+84 6.9+2.7 225+1.6 141 +2.6 21.7+2.6 23.6 £8.0 22+1.2
(n=8)
WWTP-0
0.2+0.5 11.0+ 2.4 179 +1.2 21.9+2.0 23.2+4.2 16.5+2.1 91+3.7
(n=5)
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Figure 4.41. Relative abundance of the PARAFAC components. Components were gathered in three
groups: terrestrial humic-like (orange), “low” humic-like (yellow) and protein-like (green).

4.2.4. DOM composition among water types

The distribution of the relative abundance of PARAFAC components among the different
water types was compared through Kruskal-Wallis test. The average ranks of the median of
each component for each water type was computed. The statistical similarity of each
component among the water types is presented in Figure 4.42.

Overall, the contribution of all PARAFAC components were very similar in SN and WWTP
outlets. The main difference between these groups were the low humic-like component C4
and the protein-like component C7. Both %C4 and %C7 were higher in WWTP-O and
significantly different from the SN outlets. In WWTP-0, %C4 was significantly higher from
the other water types and %C7 was similar to the watercourses.

The highest %C6 values were measured in SN and WWTP outlets. In contrast, %C6 in the
river Marne was greater than in La Villette basin. This may suggest that the outlets which
discharge in the river Marne could be the main source of C6 in the river.

Higher variability in the composition of protein-like components could contribute to the
detection of change in microbial DOM. In the watercourses, the protein-like component with
higher standard deviation and wider range was C7. In SN and WWTP outlets, it was C6
(Table 4.10). This suggests that %C7 could be an indicator of microbial DOM change in La
Villette basin and the river Marne.

The median HIX of La Villette basin (0.89) was greater than in the river Marne (0.86). The
median BIX of La Villette basin (0.80) was lower than in the river Marne (0.86). La Villette
basin and the river Marne HIX medians were significantly different (Figure 4.42), indicating
a potentially higher humification level in La Villette basin.

However, HIX and BIX median values between both watercourses were close enough to be
part of the same category, indicating a DOM composition with an important humic character
and an intermediate biological activity.
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Among the samples from SN and WWTP outlets, HIX was very similar. WWTP-0 samples
presented the highest mean BIX values, being significantly similar from the river Marne
samples.

The differences between the variances in La Villette basin and the river Marne was most
probably due to the different characteristics of the sampling periods of each site. In La
Villette basin, samples were collected for more than two years (October 2020 to March
2023), covering all seasons, and including 38 rainfall events of intensities from [2.6-
48.2mm] in 72h. In the river Marne, samples were collected only during Summer 2022, in
scheduled dates regardless the weather conditions.

A PCA analysis was performed to analyse the patterns of PARAFAC components and
fluorescence indices HIX and BIX among the different water types. It explained 76.4% of the
total variance (Figure 4.43). The first axis, PC1, explained 49.2% of total variance. It
captured the variation between water types. PC1 was defined positively by C1, C3, and by
C6. PC2 explained 27.2% of total variation and was defined positively by C7 and BIX.

The variability of La Villette basin was driven positively by C1, C3 and C6 in axis PC1, and
C7 and BIX in axis PC2. In the river Marne, the variability was mostly defined by axis PC2.
The variability of SO-N and SO-S were defined by similar drivers, C2 and C6. In WWTP-0,
the variability was driven by PC1.

In the plan defined by axis PC1 and PC2, the samples from the watercourses were well
separated from SN and WWTP outlets. The dispersion of La Villette basin samples was
higher than in the river Marne. It can be due to the longer studied periods (two years vs. one
summer). However, both were mostly defined by PC2 and driven by the same components,
with an overlapping of the Marne in La Villette basin values. The variability of SN and WWTP
outlets was mostly defined by PC1.
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Figure 4.42. Kruskal-Wallis mean ranks of median relative abundance of PARAFAC components (in %)
and fluorescence indices HIX and BIX of all water types.
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Figure 4.43. PCA of PARAFAC components, HIX and BIX, with dataset of La Villette basin (blue, n=183),
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4.2.5. Impact of land-use in the river Marne

In the river Marne samples, the influence of land-use on fluorescence components and their
variation along the river stretch, upstream to downstream, were investigated. Samples
collected at the same day were compared. A total of 15 sampling campaigns were conducted
in the main 6 SMV points (SMV1, SMV6B, SMV7C, SMV8B, SMV10 and SMV14B) (Figure
4.44).

Two WWTP outlets are located in the studied stretch. The most upstream, WWTP-O, is
located 7.8 km upstream SMV1. The second, WWTP-PMA, is 1.8 km upstream SMV10. The
distance between the sampling points and their nearest WWTP outlet at upstream was
considered (DW): the distance between WWTP-0 and SMV1, SMV6B, SMV7C, SMV8B; and
the distance between WWTP-PMA and SMV10, SMV14B (Table 4.11).

The mean values of the relative presence of PARAFAC components and the fluorescence
indices were very close among all the sampling points.

Among the terrestrial humic-like components, the distribution of %C1 was not significantly
different among all 6 SMV points, from upstream to downstream.

Regarding the statistical similarity of the protein-like components, some differences
appeared.

%C6 was higher at SMV6B than SMV1 (Figure 4.45). The distance between SMV1 and
SMV6B is the longest among the sampling points (11.8 km). It includes 26 stormwater
network outlets, including SO-N. The higher %C6 level at SMV6B could be due to larger
outlet loading.
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%C6 was also slightly higher at SMV10 than SMV8B (Figure 4.45). Between SMV8B and
SMV10 is located the outlet of WWTP-PMA, suggesting an impact of the WWTP on the
protein-like DOM composition.
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Figure 4.44. Swarm chart of %C1 to %C7 of the main group of 6 SMV sampling points along the river
Marne.
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Figure 4.45. Boxplot of %C6 of the main group of 6 SMV sampling points along the river Marne.
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Table 4.11. Fluorescence indices (mean * SD) in the main group of 6 points along the river Marne.
Distance from the nearest WWTP outlet upstream of each sampling point (DW).

Sampling

(ﬂgilnst/ (ﬁ:) %C1 | %C2 | %C3 | %C4 | %C5 | %C6 | %C7 | HIX | BIX
point)

swvi | 78 | 7g | ita | vz | s1s | s1o | s %7279 oos | s013
SMVB | 196 | L4 | 407 | 207 | son | s08 | s08 |71*%7| so0p | s006
swvre | 213 | 50 | iae | w05 | son | so7 | 09 |71*17| somn | soom
VB | 239 | 10 | uos | 1o | a1z | sts | a3 |°3%57| oo | son
svio | 18 | % | Loy | sos | s05 | sto | 07 |71*M| oot | 003
smvieB | 103 | 50 | 00 | so6 | s09 | eto | s07 |P2*20| w001 | «008

A Principal Component Analysis (PCA) was computed including all seven PARAFAC
components, the distance from the closest upstream WWTP outlet (DW) and the land cover

in the 1km? upstream each sampling point, grouped in “urban green areas”, “natural green
areas” and “impervious areas” (Figure 4.46).

The first two principal axis explained, together, 53.8% of total variance of the dataset. The
first axis, PC1, explained 34.5% of the total variance. It was predominantly defined by the
positive loadings of the PARAFAC components 1 to 6, and the negative loadings of distance
from the nearest upstream WWTP outlet (DW).

PC1 captured the variation of fluorescence components in sampling sites and the distance
from a WWTP outlet.

The second axis, PC2, explained 19.3% of total variance. It positively defined by BIX, C7 and
the impervious areas land-use, and negatively defined by urban green areas and HIX.

Regarding the fluorescence components, C1 to C6 were closely distributed and orthogonally
to C7. C1 to C6 were inversely related to the distance from a WWTP outlet upstream,
suggesting that the lower the distance, the higher the loadings of these components.

The influence of the land use only appeared slightly. It could be suggested that impervious
areas, more related to BIX and C7, may have higher microbial loading, and urban green
areas, more related to HIX, may have higher DOM humification level.

These results are consistent with previous studies. More urbanized areas have a more
microbial fluvial organic matter composition, resulting in higher BIX values, and less plant-
soil-derived character, with lower HIX (Lambert et al., 2017).

The relationship between microbial loading and impervious areas may origin from surface
runoff, composed by different sources of pollution, and from WWTP effluents (Romero
Gonzalez-Quijano et al., 2022).
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Figure 4.46. PCA of the main group of 6 SMV Marne River points with C1-C7, land-use and distance from
the nearest WWTP outlet upstream (DW).

4.2.6. Rainfall impact on DOM composition in La Villette

The seasonal variation of fluorescent DOM was explored during dry and wet events in La
Villette basin. Kruskal-Wallis test was performed for assessing differences among samples
collected over 2.5 years (October 2020 to March 2023), 85 samples during dry weather and
98 during wet weather (n=183).

The relative contribution of the PARAFAC components, HIX and BIX were compared to
identify a potential signature of local contamination due to stormwater network or WWTP
outlets or runoff during rainfall events. No significant differences were observed between
dry and wet weather for %C3, %C5, %C7 and BIX (Figure 4.47).

Significant differences were identified in %C1, %C2, %C4, %C6 and HIX. In wet weather, the
humic-like components %C1, %C2 and HIX were lower than in dry weather. The values of
%~C4, a component related to microbial activity (Galletti et al., 2019), and %C6, a protein-
like component, were significantly higher. The increase of the components C6 and C4
suggests an increase of microbial loadings during rainy events.
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Figure 4.47. Mean ranks of Kruskal-Wallis test of relative PARAFAC components, HIX and BIX, for
comparison between dry (n=85) and wet (n=98) weather samples.

In the period of bathing activities, from the 1st of June to 30th of September, a comparison
between fluorescence components in dry and wet weather samples was conducted. The
results showed a non-significant difference in the protein-like fluorescence components in
dry and wet weather (Figure 4.48).

The results suggested that: either the protein-like components C6 and C7 were not very
sensitive to local runoff during rainfall episodes; or that local runoff does not affect the
microbial loadings in La Villette basin.

%C1 %C2 %C3
dry —— dry dry
wet wet —o—— wet
40 50 60 40 50 60 40 45 50
%C4 %C5 %C6
dry —©S— dry dry
wet —o— wet wet
30 40 50 60 40 45 50 40 45 50
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dry ———6—— dry —— dry ——o——
wet wet wet
40 45 50 40 50 60 40 45 50

Figure 4.48. Mean ranks of Kruskal-Wallis test of relative PARAFAC components, HIX and BIX, for
comparison between dry (n=28) and wet (n=62) weather samples in bathing periods of 2021 and 2022
(from 01-June to 30-September). The significantly different components are in red.

Generally, humic-like fluorescence is strongly controlled by hydrological processes,
whereas protein-like fluorescence is more tightly linked with biological processes,
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depending of water temperature, sunlight intensity, water turbidity, etc. (Fellman et al,,
2010; Meng et al., 2013; Parlanti et al., 2000). However, in urban catchments, local rainfall
may have a significant impact not only in humic composition but also in the protein-like
components.

In rivers, the results are contrasted. In Oubangui River (Central African Republic), the humic
character was compared between dry season, or low-water season, and wet season
(Lambert et al., 2016). Lower humic character was found during wet season.

Higher humic character was found during high-water periods in the catchments of the Seine
River (France) (Nguyen, 2014), the Congo River (Democratic Republic of Congo) (Lambert
et al., 2016) and in Florida Bay (USA) (Fellman et al.,, 2010).

Regarding the protein-like components, in Zhujiang River (China), they were lower during
the rainy season. This lower level was probably due to a dilution effect of higher discharge,
combined to intermittent strong sunlight irradiation causing photodegradation (Meng et al,,
2013).

The impact of local rainy events on DOM composition was measured in karstic aquifers
(Frank et al,, 2018b). An increase of all components was observed.

In La Villette basin, the wet weather samples presented lower humic character (lower HIX
and lower presence of terrestrial humic-like components) and higher microbial loading
(higher BIX and higher presence of protein-like components) than the dry weather samples.

The increase of the protein-like components C6 and C7 in wet weather samples was more
important than the increase of humic-like components, resulting in the increase of the
relative contribution of protein-like components.

[t must be noticed that La Villette basin is a highly controlled hydraulic system, with many
sluices upstream and one sluice downstream. The variation of discharge is very limited,
even during heavy rainfall episodes. The impact of wet weather on humic-like components
is therefore reduced. The loading of protein-like components from direct runoff and close
stormwater networks is dominant. The increase of the protein-like components and of BIX
suggested that these FDOM values, representing microbial loadings in La Villette basin,
were able to detect the impact of local rainy events.

To have an improved assessment of rain impact on FDOM in La Villette basin, it would be
required to sample before and after rainy events every at least 5h, for four days. Rainfall
characteristics (intensity, duration, return time...) would be required in order to be
associated to C6 increase (potential contamination) or decrease (dilution effect). Turbidity
and COD may also be measured to provide additional information to improve the
relationship between FIB and FDOM.
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The origin (terrestrial or microbial) of the main components of the studied urban waters, at
each sampled site, was identified through the analysis of the fluorescence of dissolved organic
matter (FDOM). The validated 7-component PARAFAC model was effective in characterizing
the different types of sampled water.

Components C6 and C7, as well as BIX, were identified as indicative of microbial loadings.
These protein-like components may serve as valuable markers for the assessment of
microbial contamination in urban water samples.

In La Villette basin, the impact of local rainfall on water microbiological quality was
highlighted. The FDOM values demonstrated a significant increase in microbial loading
following rainy periods. FDOM analysis can provide a sensitive technique for detecting
changes in water quality after rainfall events.

In SN and WWTP outlets, component C6 exhibited high values. In agreement with previous
studies, protein-like fluorescence components, such as C6, could be used as effective
indicators for monitoring microbiological water quality. An increase of C6 level would suggest
a microbial contamination and deserves further attention for managing water resources.

Finally, our results illustrated the value of the PARAFAC model in characterizing urban water
types. They highlighted the importance of FDOM analysis for assessing microbial loading and
water quality. The identification of protein-like fluorescence components, especially C6,
provided valuable insights for microbiological water quality monitoring. It may help in the
development of effective strategies for microbiological water quality monitoring.
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4.3. Estimation of faecal indicator bacteria

This chapter presents part of the results of a paper submitted for publication in Frontiers in
Water, named “Fluorescence spectroscopy for tracking microbiological contamination in
urban waterbodies”, presented in Annex V.

4.3.1. Introduction

The estimation of faecal bacteria in waterbodies is of significance importance. Faecal
indicator bacteria (FIB), such as E. coli and intestinal enterococci (IE), are indicators of
potential waterborne pathogens, harmful for humans. Concerning bathing activities, a high
level of FIB in water increases the risk of waterborne diseases. To avoid them, water quality
standards and regulations often include limits for faecal bacteria concentrations in
recreational waters (EU, 2006).

In urban waters, the increase of faecal pollution can be associated with heavy rainfall and
floods, when runoff pollution is washed into the watercourses. In addition, stormwater
network outlets may present problems like infiltration or incorrect connection of
wastewater. Therefore, large volumes of stormwater can increase the discharge of
combined sewage systems outlets and corrupted stormwater network outlets, discharging
diluted wastewater into the watercourse (EEA, 2018).

Predictive models help regulatory agencies and bathing area managers make informed
decisions based on real-time (nowcasted) and forecasted FIB levels. Preventing measures,
such as frequent testing, targeted beach closures, or improved waste management
practices, would contribute to sanitary risk management of the bathing area.

To that mean, two approaches were explored for FIB estimation: (1) nowcasting through
fluorescence components and (2) forecasting through hydrometeorological variables.

The first approach focused on a specific type of component potentially related to faecal
contamination, the protein-like fluorescence components. The results of the relationship
between E. coli and the PARAFAC protein-like fluorescence components of section 4.2 are
presented

The second approach focused on the increase of FIB during and after heavy rainfall events.
The relationship between FIB and the hydrometeorological variables flow rate,
precipitation and duration of dry weather were explored.

In this section, the information provided by FDOM about microbiological water quality for
monitoring purposes is explored. Also, a potential signature of local contamination due to
stormwater network (SN) and WWTP outlets or runoff during rainfall events is identified.
A link between protein-like components and FIB concentrations from the dataset of La
Villette basin (point C), the river Marne (VGA), SN outlets (SO-N and SO-S) and WWTP outlet
(WWTP-0) is presented.

Finally, the relationship between FIB and hydrometeorological aspects to predict FIB
concentration in La Villette basin ss presented. To that mean, FIB data from La Villette basin
at point C was related to daily mean values of flow rate, precipitation and duration of dry
weather.
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4.3.2. FIB data

The enumeration of FIB, E. coli and IE, was performed in samples from all water types. The
sampling points were La Villette basin point C (n=10), the river Marne VGA (n=18), WWTP-
0 (n=5), SO-N (n=9) and SO-S (n=8). The same sampling protocol was applied to all samples
(n=50). The logio-transformed values are presented in Figure 4.49.

As described in section 3.3, dry and wet weather samples were collected in all sampling
points. In La Villette basin, wet weather samples were collected during the first day of a
rainy event and during the two following days. In the river Marne, wet weather samples
were collected during the rainy event and the three following days. In WWTP and SN outlets,
the wet weather samples were collected during the first day of the rainy events.

The order of magnitude of the FIB values varied among the sampling sites. For E. coli, in La
Villette basin, it varied by a factor between 2 and 3, in the river Marne VGA, between 2 and
4,in WWTP-O, between 4 and 5, in SO-N, between 5 and 6, and in SO-S, between 5 and 7.

The order of magnitude of IE, in La Villette basin, it varied by a factor between 0 and 2, in
the river Marne VGA, between 0 and 3, in WWTP-0O, between 3 and 4, in SO-N, between 4
and 5, in SO-S, between 4 and 6. In WWTP-O, higher FIB values were observed in wet than
in dry weather (Table 4.12).

In SO-N and SO-S, however, higher E. coli values were observed in dry weather than in wet
weather, suggesting a constant contamination on the network (sewage infiltration), with
dilution in wet weather. In both sites, the difference between IE values in dry and wet
weather samples was less marked.

Among all samples, E. coli and IE had a strong relationship (R?=0.88, p-value<0.001) (Figure
4.50). This result reinforced the use of FIB as indicators of faecal contamination.
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Figure 4.49. (a) log-10 transformed FIB dataset in MPN.100mL-! of the samples from: La Villette basin
point C, the Marne River VGA, WWTP-0, SO-N and SO-S; (b) zoom-in in SO-N and SO-S E. coli data.
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Table 4.12. FIB range, median values for all samples, for dry weather samples and for wet weather
samples, and sampling period of samples collected in the five sampling sites.

(o2}

Iogm(E.coIi)
N

R?=0.88
- p-value < 0.001

Sampling Median E. coli (MPN.100mL-1) Median IE (MPN.100mL1)
site Sampling Dry Wet Range All Dry | Wet
(dry+wet period Range All s. S. S. S. S.
weather s.) S
La Villette 30/06/2021 98 - 1400 405 129 465 0-180 215 | 16.1 | 235
basin point to
C (n=2+8) 22/09/2021
Marne River | 15/06/2022 41-13000 | 2750 | 1007 | 3950 | 0-1900 375 | 285 | 605
VGA to
(n=4+14) 20/10/2022
WWTP-0 30/06/2021 3900 - 170 4 230 1400 - 3 1400 | 11
(n=3+2) to 230000 000 400 000 14 000 700 300
04/10/2021
SO-N 04/05/2022 370000 - 1 1 690 74 000 - 360 | 380 360
(n=4+5) to 2900000 000 200 000 590 000 000 | 000 000
09/09/2022 000 000
SO-S 19/09/2022 510 000 - 3 6 865 11 000 - 230 | 215 315
(n=4+4) to 12000000 | 400 450 000 1400000 | 000 | 000 000
07/11/2022 000 000
8 ] . T I * T J
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Figure 4.50. Relationship between log10-transformed E. coli and IE (n=50).

4.3.3. Fluorescent dissolved organic matter components as
indicators of faecal contamination in urban waters

4.3.3.1. Relationship between fluorescent dissolved organic
matter and faecal indicator bacteria

The correlation between log10-transformed FIB and PARAFAC components was explored
using all FIB data (n=50). We expected to obtain a good relationship with the relative
abundance of protein-like components, C6 or C7.

A significant relationship with log19(C6) with both FIB, E. coli (R*=0.72, Figure 4.51-A) and
IE (R*=0.61, Figure 4.51-B), was obtained (p-value<0.001).

According to this relationship, considering the E. coli threshold for sufficient bathing water
quality (900 MPN.100mL1), an indicative warning level could be based on C6<0.13 RU.
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The relationships between C7 and both FIB were not significant (p-value>0.5). Therefore,
they were not considered.
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Figure 4.51. Linear relationship between log10(C6) and: (a) logio(E. coli) (n=50), (b) log10(IE) (n=50).

In 2023, additional Marne River samples were collected (n=16), close to SMV8B (point IMP).
The samples were collected from 25/05-03/07 /2023, following the same sampling protocol
as in point VGA (24-hour integrated samples during dry and wet weather). C6 values were
obtained from the PARAFAC function presented in section 4.2.3.1. The relationship between
E. coli and C6 was applied for E. coli estimation (Figure 4.52-a).

The median of E. coli of 2023 samples was 1500 MPN.100mL-!. The estimated E. coli median
was 1378 MPN.100mL1, very close to the observed. The distribution of observed and
estimated E. coli was very similar (Figure 4.52-b). This result contributes to the relationship
validation.

The observed E. coli values can be used to determine the overpassing of the bathing
threshold (900 MPN.100mL-1). From 25/05 to 03/07/2023, 11 out 16 occurrences (68%)
were consistent, either higher or lower than the threshold. Of the five incorrect estimations,
three overestimations were found and two underestimations.
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Figure 4.52. (a) E. coli and C6 relationship with 2023 additional values superimposed (black x);
(b) Estimated E. coli from C6 values and observed from additional samples (n=16).

4.3.3.2. Estimation of FIB concentrations from fluorescence
intensity

The relationship between FIB concentration and the protein-like PARAFAC component C6
enabled a rapid estimation of E. coli. As an application example, the temporal evolution of E.
coli in La Villette canal was estimated using fluorescence values obtained during regular
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field campaigns from June to September 2021 and 2022 (Figure 4.53). The values were
compared with the range of Fluidion observations, measured 28/06 to 21/08 in 2021 and
2022.

In summer 2021, 22 samples were collected between 07/06 and 22/09/2021. In this
period, 5 of the estimated E. coli overpassed the threshold of 900 MPN.100mL-?,
representing 22.7% of the total samples. During the period of Fluidion daily measurements,
8 samples were collected. In all of them, the estimate E. coli was within the range of observed
E. coli from Fluidion before and after fluorescence sampling. Particularly, on the
16/07/2021, a threshold exceeding was detected by both estimated and observed E. coli.

In summer 2022, 17 samples were collected between 15/06 and 27/09/2022. In this
period, 7 of the estimated E. coli overpassed 900 MPN.100mL-, representing 41.2% of the
total samples. During the period of Fluidion measurements, 6 samples were collected. The
E. coli from the relationship were overestimated in relation to the observed Fluidion values.
In three samples, the upper limit of estimated E. coli exceeded 900 MPN.100mL-1, while the
three daily Fluidion values before and after the sampling were lower.

In overall, the variability of the daily observed values from Fluidion were covered by the
upper and lower values of estimated E. coli. It is important to highlight that estimated and
observed E. coli were obtained from samples taken in different times. The time between
samplings limits the comparison of the obtained E. coli.
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Figure 4.53. La Villette canal: evolution of estimated E. coli from protein-like PARAFAC component C6
(green) and observed E. coli from Fluidion sensor (orange) at point A (upstream), in summer 2021 (top)
and summer 2022 (bottom).

4.3.3.3. Discussion

The link between E. coli and protein-like components identified as peak T has been explored
for several years. The type and accuracy of the obtained relationships were very variable
according to the study sites (Table 4.13).

The matrix composition of water in each sampling site may change among different
catchment areas. Since humic-like fluorescence may mask peak T fluorescence intensity at
low levels (Ward et al,, 2021, 2020), the use of peak T is more suitable to assess moderate
to high levels of faecal contamination. In addition, other compounds can emit peak T
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fluorescence, increasing the uncertainty of peak T as a proxy of bacterial concentrations
(Baker et al., 2007; Bedell et al.,, 2022; Sorensen et al., 2016).

In six rivers in South Africa, Baker et al. (2015) obtained a relationship between E. coli and
peak T, expressed in ppb tryptophan (n=136, r=0.75). In two urban rivers, one major river
and one sewage treatment effluent in UK, Cumberland et al. (2012) obtained a relationship
between E. coli and peak T, expressed in Arbitrary Units (AU) (n=46, r=0.87).

The use of PARAFAC analysis to find the characteristic components to our study sites
allowed to identify a protein-like component very close to peak T, the component Cé6. It was
possible to obtain a local relationship between C6 and E. coli, associated to our study sites
(n=50, r=0.85). More data of FIB and C6, with different FIB levels, will allow to have more
statistically reliable relationship, particularly for higher levels of contamination.

This relationship was applied to additional samples from the river Marne, collected in 2023.
The distribution of estimated and observed E. coli were close (Figure 4.52). This result
opens the way to the application of relationship between C6 and E. coli to determine, from
FDOM measurement, the overpassing of the E. coli threshold (900 MPN.100mL-!) for
bathing. It would be useful as a complementary method to provide additional data for the
development of bathing water profiles, for example.

Table 4.13. Summary of previous studies with relationships between E. coli and tryptophan-like

fluorescence (peak T), including the present study. The relationship type “binary classification” is
established for the overpassing of a defined threshold.

Correlation

Water type n Relationship type factor/ accuracy Reference
River and sewage 46 Linear r=0.87 (Cumberland et
treatment effluent al, 2012a)
(West Midlands, UK)
River (KwaZulu Natal, | 136 Linear r=0.75 Baker et al,,
South Africa) (2015)
Karst aquifer springs n1=96 | Rank correlation I'spearman1= 0.58 (Franketal,
(Vorarlberg, Austria) nz=50 I'spearman2=0.08 2018b)
n3=45 I'Spearman3:0.16
Water points (wells 162 Rank correlation I'Kendall=0.59 (Nowicki et al.,
and borehole, Kwale 2019)
County, Kenya)
River (Colorado, USA) | 298 Binary classification 83% accuracy (Bedell et al,,
for E. coli >10 (95% CI: 78% - 2022)
CFU*.100mL! 87%)
River, SN and WWTP 50 Linear r=0.85 Present study
outlets (Ile-de-France,
France)

*CFU: colony forming units, comparable to most probable number (MPN).

4.3.4. Faecal indicator bacteria estimation with hydro-
meteorological variables

Runoff and storm water overflows are known to be one of the main sources of

contamination in urban rivers. In this section, the relationship between hydro-

meteorological variables, such as rainfall and flow rate, were compared with the E. coli
dataset of La Villette basin at point C in order to predict faecal contamination.
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4.3.4.1. Hydro-meteorological variables from La Villette basin

Forecasting FIB concentrations for the following day to three days after the present day is
of interest of this study. Therefore, a relationship between E. coli and predictable variables,
such as rainfall, were explored.

In a first moment, a linear regression model was used to find a relationship between E. coli,
the flow rate of Chouy station and precipitation from Le Bourget meteorological station,
located in around 9 km in the northeast from La Villette basin (Figure 4.54).

E. coli dataset was from point C of La Villette basin (n=10), with the values logio-
transformed. Precipitation was also logio-transformed. A comparison between daily values
and daily mean values of two to three days were compared to find the most suitable
variable.

La Villette canal is one of the downstream branches of Ourcq canal. Its flow rate is highly
regulated by navigation locks over many kilometres upstream. The closest flow rate station
where the river is still under influence of rainfall variations due to watershed catchment is
at Chouy.

Chouy station is located at around 100 km upstream La Villette system (Figure 4.54).
Assuming a mean velocity of 0.20 m.s! on the canal (Vanhalst, 2018), the transfer time from
Chouy station to La Villette system is on the order of 6 days. Therefore, the flow rates
adopted for the further analysis include the daily mean measures at Chouy station from 4
to 9 days before the sampling at La Villette basin (named Q4 and Qo, respectively).
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The dataset from 10/06/2021 to 25/09/2021 was used (Figure 4.55). Comparisons
between the individual relationships between E. coli and daily precipitation and E. coli and
mean daily flow rate were made. The most promising variables were then chosen to be part
of the linear model relationship with E. coli. The obtained relations were visually compared,
as well as their R
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Figure 4.55. Dataset of E. coli at La Villette basin (point C, n=10), rainfall at Le Bourget and flow rate at
Chouy, from 10/06/2021 to 25/09/2021).

4.3.4.2. Relationship between E. coli and hydro-meteorological
parameters

Linear relationships between logio-transformed E. coli and logio-transformed of different
precipitations were compared. Herein, “P;” and “P.;” correspond, respectively, to the logio-
transformed of the daily precipitation “i” days after sampling at La Villette, and the mean

daily precipitation from “i” to “j” days before sampling (in mm.d-1).

The precipitations from day 1 to day 4 before the sampling were considered, as well as the
combinations of daily means of two and three days of duration (Table 4.14). The best
relation was with the mean precipitation of 1 to 3 days before the sampling (P:-3), with
R? = 0.74 and p-value < 0.01 (Figure 4.56).

Table 4.14. Results for linear relationship between logio(E. coli) and logio-transformed precipitations.

Precipitation

logio-transformed R? p-value
P1 0.11 0.35
P2 0.27 0.12
P3 0.24 0.15
Ps 0 0.86
Po-1 0.13 0.31
Po-2 0.25 0.15
Po-3 0.58 0.01
P12 0.42 0.04
P23 0.39 0.05
P34 0.20 0.20
P13 0.74 <0.01
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Figure 4.56. Linear relationship between logio(E. coli) and logio(P1-3).

The same method was used with flow rates from day 5 to day 9 before sampling (Table
4.15). The best relationship was with Qs, with R* = 0.19 and p-value = 0.21 (Figure 4.57). It
is therefore not significative.

Table 4.15. Results for linear relationship between log1o(E. coli) and mean daily flow rates, in m3s-1,

Flow rate R? p-value T;)t‘g R? p-value
Qa 0.12 0.33 Qas 0.12 0.33
Qs 0.12 0.34 Qse6 0.11 0.35
Qe 0.09 0.40 Qz-6 0.11 0.34
Q7 0.02 0.72 Qe-7 0.09 0.41
Qs 0.19 0.21 Q78 0.10 0.38
Qo 0.01 0.77 Qs-8 0.15 0.27
Q1o 0.14 0.28 Q79 0.04 0.60

3.5 ; :
log, o(E.coli) = 2.96 -0.31 * Q,
x R?=0.19
3p RMSE = 0.34 units
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Figure 4.57. Linear relationship between logio(E. coli) and flow rate Qs.

A multivariate analysis was performed to explore the relationships between E. coli, flow rate
and rainfall. The initial relationship followed the Equation 4.4.

logyo(E. coli) = By + f1- Qg+ B2 log1o(P1—3) + B3 - DDW;_3 4.4
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Where:

e Qg is the mean flow rate at Chouy 8 days before E. coli measurement (m>s-1)
e Pi3isthelogl0-transformed daily mean precipitation from 1 to 3 days before E. coli
measurement (mm.d-1)
e DDWi.; = duration of dry weather before precipitation Pi.3 (days)
The p-value of each variable was calculated. A new relationship was established excluding

one of the variables from the equation. The R? and the global p-value, and the Bayesian
Information Criteria (BIC) relative to only one variable were calculated (Table 4.16).

Table 4.16. Statistical results for E. coli linear relationship between flow rate, precipitation, and duration
of dry weather.

Variables R? BIC p-value
Qs Q=0.20
P13 0.81 -2.92 P =0.05 Global = 0.014
DDW1i-3 DDW = 0.48
Qs ] Q=025 B
Pis 0.79 4.33 P =0.003 Global = 0.004
P13 0.75 -4.59 P=0.0013 Global = 0.001

The best relationship, ie, with lower BIC, was the one with only the rainfall as the
dependent variable and presented satisfactory results, with R? = 0.75 and p-value = 0.001
(Equation 4.5).

loglo(E. COli) = 2.014+0.80- loglo(Pl_g) 4.5
This relationship represents the increase of E. coli only after rainfall events. Therefore:

e itdoes not consider the immediate E. coli increase during a local rainfall and

e it is valid only for wet weather, defined as a rainfall episode with precipitation
height higher than 5 mm.day-! within 3 days. When this condition is not achieved,
10g10(P1.3) =0.

This expression is mostly useful to predict the exceeding of the E. coli threshold for bathing
activities, and less precise when predicting E. coli values of the bathing area.

In further studies, we recommend including water temperature and solar radiation on the
forecasting model to study their relevance on the E. coli. In addition, in order to have more
representative values rainfall that impact the upstream watershed from La Villette canal,
data of more meteorological upstream stations should be considered.

4.3.4.3. Estimation of E. coli concentration from hydro-
meteorological variables

The estimation of faecal bacteria from hydro-meteorological variables enables to forecast
the level of faecal contamination for the within 1-3 days. This information would guide the
decision-making on the risks of opening the bathing area after a rainy event. To that mean,
the relationship between E. coli and precipitation P1.3 (Equation 4.5) can be used to estimate
E. coli and identify when the bathing threshold of 900 MPN.100mL-! would be exceeded.

In this section, E. coli values obtained from Ville de Paris and estimated with the Equation
4.5 were compared. Two types of observed values were used. The first was the
bacteriological activity measured with ColiMinder sensor at La Villette basin every hour,
during summer 2019. The measurements took place at point C, from 02/07/2019 to
03/10/2019, with a time step of 30 minutes on the first day and 1 hour on the rest of the
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period. On the first part of this section, the daily average of ColiMinder activity was
compared to the estimated E. coli.

The second type was the E. coli values measured with Fluidion sensor. The sensor was
installed at the inlet of La Villette canal (point A) during summer, from 2019 to 2022. The
measurements took place three times per day at 19h, 20h and 21h (Paris local time, CEST),
in the following periods:

e 23/061t010/09/2019
e 15/06to30/08/2020
e 28/06to21/08/2021
e 01/07to21/08/2022

The daily average of the three measurements is used as guidance on the decision-making of
opening the bathing area the following day. Therefore, the daily averages were compared
with the estimated E. coli on the second part of this section.

a) Comparison with ColiMinder observations

In the period of ColiMinder measurements in summer 2019, 10 rainfall events were
observed between 02/07 and 03/10/2019 (Table 4.17, Figure 4.58).

In the rainy events from 18/07 to 30/07/2019, the increase of ColiMinder activity occurred
earlier than the increase of the estimated E. coli. A peak of ColiMinder activity occurred on
the 26/07, on the same day of a 3 mm.day! precipitation. As previously described, the
Equation 4.5 for E. coli estimation does not consider an increase at the same day of rainfall
event, being not valid at this scenario.

After the peak of 26 /07, ColiMinder activity decreased on the 27-28/07 and increased again
from 29-31/07/2019. The estimated E. coli peak, however, occurred on the 28-29/07/2019,
detecting only the second increase of ColiMinder activity one day before it occurs.

Nevertheless, in the rainy events between 06/08 to 29/09/2019, an increase of both
estimated E. coli and ColiMinder activity were observed. The ColiMinder activity peaks of
11/08 and 18/08, and the activity increase of 23-30/09/2019 were detected by the
estimated E. coli.

The 01/10/2019 was classified as a dry weather day, and the estimated E. coli decreased on
that day. However, it increased on the 02/10, recovering a similar evolution of the
ColiMinder activity in time. The continuous increase of ColiMinder activity on the 01/10
may be due to local impacts of the rainfall of the 01/10.

Arelationship between estimated E. coli and ColiMinder activity was explored (Figure 4.59).
When all dataset is considered (n=89), a weak relationship could be established (R*=0.29,
p-value<0.001). However, all dataset includes weather conditions that do not correspond
to the validity of E. coli estimation, so only wet weather conditions should be considered. In
this case, when considering only values in wet weather conditions (n=26), no significant
relationship was obtained (R?=0.01, p-value=0.56).

Table 4.17. Rainy events during ColiMinder measurements in summer 2019.

Duration = Total precipitation Activity increase after rainfall

Rainy event period

(days) (mm) ColiMinder | Estimated E. coli
18-20/07/2019 3 8.5 Not clear No
27/07/2019 1 20.6 No Yes
06/08/2019 1 10.9 Yes Yes
09/08/2019 1 20.7 Yes Yes
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) ) Duration = Total precipitation Activity increase after rainfall
Rainy event period . . .
(days) (mm) ColiMinder Estimated E. coli
12/08/2019 1 18.5 No No
17-18/08/2019 2 19.7 Yes Yes
22/09/2019 1 9.5 Yes Yes
24/09/2019 1 10.4 Yes Yes
27/09/2019 1 12.7 Yes Yes
01/10/2019 1 53 Yes Yes
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Figure 4.58. Evolution of estimated E. coli from precipitation relationship and ColiMinder activity, with
daily precipitation, from 01/07/2019 to 04/10/2019.
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Figure 4.59. Relationship between E. coli estimated from precipitation P13 and ColiMinder activity
considering only wet weather values (n=26).
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b) Comparison with Fluidion observations

During summer, Fluidion sensor is installed for the daily assessment of microbiological
water quality in La Villette basin. The average of three measurements at the same day is
used to define whether the bathing area in La Villette should be opened or not. In the
following paragraphs, the observations from 2019 to 2022 are presented and compared
with the E. coli estimation from the relationship with precipitation P13 (Equation 4.5).

In 2019, 6 rainy episodes were observed between 23/06 and 11/09/2019 (Table 4.18,
Figure 4.60-a).

In 2020, 3 rainy episodes were observed between 15/06 and 01/09/2020 (Table 4.18,
Figure 4.60-b). The intensity of all episodes was low, with daily precipitation between 5.6
and 6.5 mm. In this period, both observed and estimated E. coli were lower than the
threshold.

In 2021, 5 rainy episodes were observed between 28/06 and 21/08/2021 (Table 4.18,
Figure 4.60-c). During this period, in the rainy episode of 12-14/07/2021, both observed
and estimated E. coli overpassed the threshold. Fluidion observations exceeded the
threshold from the 14 to 17/07. The estimated E. coli exceeded the threshold from the 14-
16/07/2021, but underestimated E. coli on the 17/07 /2021, where a second increase of E.
coli was observed four days after the most intense rainfall 13/07/2021. This rainfall, of
42.7 mm.day-}, has a return period of 50 years (Brigode et al., 2020), and was considered as
an extreme event (Infoclimat, 2021). The second peak of the 17/07 /2021 may be related to
a late arrival of an upstream water contaminated due to this extreme event.

In 2022, two rainy episodes were observed between 01/07 and 21/08/2022 (Table 4.18,
Figure 4.60-d). The daily precipitation of the episodes was 6.8 mm on the 20/07 and 9.9 mm
on the 16/08/2022. In this period, both observed and estimated E. coli were lower than the
threshold of 900 MPN.100mL-1.

From 2019 to 2022, a relationship between estimated E. coli from precipitation and
measured with Fluidion sensor during wet weather was explored. The considered wet
weather periods during Fluidion measurements started at the day after the first rainfall of
the episode. On the 17/07/2021, the E. coli increase measured with fluidion sensors was
most probably related to the extreme rainfall event 4 days before and was not considered
in the relationship. A significant relationship between observed and estimated E. coli was
obtained (Figure 4.61, n=51, R*=0.58, p-value<0.001).

In the daily assessment of La Villette basin, when E. coli threshold is exceeded, the bathing
area should be closed. The occurrences of closures according to Fluidion observations and
to the E. coli estimation with precipitation P13 (Equation 4.5) were compared (Figure 4.60).

In the studied period, 5 closures were identified: one in 2019, and four in 2021. In 2019, the
closure occurred during dry weather. In 2021, the four closures occurred after the rainfall
event of 12-14/07/2021. These four closure events could be compared.

The E. coli estimation with precipitation was able to correctly predict the first three closures
of the bathing area, from 14-16/07/2021. On the 17/07/2021, however, the relationship
with P13 underestimated E. coli. This difference between estimated and observed E. coli is
probably due to the extreme rainfall event of 13/07/2021.
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For further studies, it would be recommended to:

e C(Collect integrated daily mean samples for E. coli measurements from the day before

the first day of precipitation to five days after the end of the raining event.

e Monitor E. coli not only rainfall events during summer but also include spring and
autumn, when precipitation can be higher.
e Include solar radiation and water temperature for a multivariable analysis with
E. coli.
e (Consider the mean precipitation of the studied zone upstream the bathing area
(using RADAR, for example).

These measures may improve the detection of closure events related to the consequences
of precipitation upstream the bathing area, such as runoff and stormwater network
overflow, for a larger rainfall range.

Table 4.18. Rainy events during Fluidion measurements from 2019 to 2022.

Year Rainy event Duration 'I_‘o_tal . E. coli thr_'eshold overp assing
. . precipitation during the episode
period period (days) (mm) Fluidion Estimated
Summer | 18-20/07/2019 | 3 8.5 No No
2019 27/07/2019 1 20.6 No No
06/08/2019 1 10.9 No No
09/08/2019 1 20.7 No No
12/08/2019 1 18.5 No No
17-18/08/2019 | 2 19.7 No No
Summer | 12/06/2020 1 6.5 No No
2020 27/06/2020 1 5.6 No No
28/08/2020 1 5.8 No No
Summer | (04/07/2021 1 19.1 No No
2021 12-14/07/2021 | 3 69.8 Yes Yes
26-27/07/2021 | 2 16.7 No No
03/08/2021 1 6 No No
07/08/2021 1 6.7 No No
Summer | 20/07/2022 1 6.8 No No
2022 16/08/2022 1 9.9 No No
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Figure 4.61. Relationship between E. coli estimated from precipitation P1.3 and observed from Fluidion,
considering only values in wet weather conditions and without value from 17/07/2021 (n=51).
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Figure 4.62. Daily rainfall evolution (in mm.day-1) and indication of closure (red) and opening (green)
of the bathing area according to E. coli estimation (light) and E. coli Fluidion observation (dark).

4.3.4.4. Discussion

A relationship between faecal contamination and hydro-meteorological variables could be
useful on FIB forecasting (Seis et al., 2018). Flow rate and precipitation is a known factor
that may affect microbiological water quality (EEA, 2018; Herrig et al.,, 2019). However,
some obstacles may limit the obtention of a significant correlation with FIB. These
limitations may include low sampling frequency, low precipitation intensities and low
occurrences of high precipitation (Ordulj et al., 2022).

An increased flow rate can be transporting the contamination related to an important
precipitation upstream (EEA, 2018) or can resuspend sediments (Wilkes et al., 2011), which
may increase faecal bacteria levels.

Seis et al. (2018) tested nine model equations for implementing early warning systems
based on statistical modelling. The variables of the best relationship included the average
flow rate of one to two days prior to sampling for E. coli measurements (Qi-2); the log-
transformed average daily precipitation from one to four days prior to sampling (P1-4); and
WWTP daily sum discharges (WWTP1.4) one to four days prior to sampling.

The results in La Villette basin corroborate with Seis et al. (2018). The differences between
both relationships can be explained by the particularities of La Villette basin, where flow
rate variation is not significant and the closest WWTP discharge is 20 km upstream, also
being affected by the navigation locks. In addition, Seis et al. (2018) used spatial averages
of 15 rain gauges, considering a wider watershed. This would explain the longer period of
the precipitation average (four days, P1.4) than in La Villette basin (three days, P1.3).

In the bathing water plan of La Villette basin (SAFEGE, 2017b), the relationship between
FIB and daily precipitation from two meteorological stations were explored. The first
station was Roissy Charles-de-Gaulle (49.015278 N, 2.534444 E), 18 km northeast
upstream of the bathing area. The second, Changis (48.964722 N, 3.011944 E), 47 km east-
northeast from the bathing area, upstream the watershed.

With precipitation at Roissy, no relationship was found. The relationship between the
precipitation at Changis and E. coli was strong (n=53, rpearson=0.86). However, the rainfall
with the strongest correlation was at the same day as the sampling in La Villette basin.

128




This result is contradictory because the meteorological station is far upstream the bathing
area. The canal is 75 km long from Changis to La Villette basin. The mean water velocity of
the canal is 0.20 m.s! (SAFEGE, 2017b), resulting on a transport time of at least 4 days.
Therefore, the best correlation was expected to be with rainfall from around 4 days before
sampling.

Finally, to improve the reliability of the relationship between E. coli and P1.3 in La Villette
basin, a more robust dataset should be added. Nevertheless, its application, even if limited
to wet weather conditions, can contribute on reinforcing the microbiological water quality
assessment of the bathing area.

In La Villette basin, the estimation of FIB was explored in two approaches: nowcasting
through  protein-like fluorescence components and forecasting through
hydrometeorological variables.

The FIB estimation was possible through the PARAFAC component Cé6. [t was the protein-
like component with the strongest relationship with both E. coli and IE. C6 could be used
as effective indicator for monitoring microbiological water quality in both dry and wet
weather.

The relationship between flow rate and E. coli was not significant. The reason may be
that, in La Villette basin, the variation of the flow rate is very limited. The flow rate is
strongly regulated by a series of navigation locks upstream.

The forecasting of FIB was possible through the mean rainfall, measured in a
meteorological station located 9km northeast of La Villette basin, from one to three days
before sampling (Pi3). It was the hydrometeorological variable with the strongest
relationship with E. coli.

The E. coli estimation from P1.3 presents some limitations. It does not consider immediate
E. coli increase related to local runoff. It cannot predict a further increase after storm
overflow due to heavy rainfall in a more distant catchment. Nevertheless, it indicated that
the impact of a heavy precipitation may last at least for three days.

Finally, E. coli relationship with C6 may help effective strategies for microbiological
water quality monitoring. E. coli relationship with P1.3 could be used for microbiological
forecast.
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4.4. Hydro-microbiological modelling

In this chapter, the results of the implementation of a 3D hydrodynamic model in La Villette
study site are presented.

Part of the results were published in the proceedings of Telemac User Conference (TUC) of
2021 and 2022 (Angelotti et al., 2022, 2021), and of Novatech International Conference of
2023 (Angelotti et al.,, 2023).

This chapter presents the results on hydro-microbiological modelling in our study site, the
La Villette basin. A three-dimensional hydrodynamic model, TELEMAC-3D, was used to
compute the time and space distribution of water temperature, velocity, and contamination
tracer. A thermal module (WAQTEL) was activated to reproduce the thermal stratification
on the basin.

The timeseries of water temperature and conductivity measured with in situ sensors
installed upstream were used for model input, and measured at the bathing area were used
for model validation of thermal stratification and transfer time. Episodes of hot weather
with thermal stratification (10-22 June 2021 and 13-23 July 2022) and rainy events with
large conductivity variation (01-10 June 2021 and 03-23 September 2022) were simulated.

Then, the model was used to predict spatiotemporal distribution of E. coli from the
upstream measurement point to the bathing area. E. coli values were inferred from the two
relationships presented in chapter 4.3 established for La Villette basin. To have a few-hour
forecast of the sanitary risk at the bathing area, real-time fluorescence data from the
upstream point, the component C6, was used as an input (12-24 September 2021 and 20-
30 June 2022). To have a few-days forecast, daily precipitation from an upstream
meteorological station was used as an input (10-22 June 2021 and 10-20 July 2021).

4.4.1. Model implementation

4.4.1.1. Inputvariables

The simulations of TELEMAC-3D require two steering files. The first one is the main steering
file (“t3d”) and corresponds to the 3D hydrodynamic computation. The second is the
WAQTEL steering file (“waq”) and corresponds to the computation of the thermal processes
in the study site.

Two input files are also required: the geometry file and the boundary conditions file
(detailed in section 3.5.2). The geometry file contains the bathymetry and the mesh grid of
La Villette system in Lambert projection coordinates. The boundary conditions file contains
the definition of all boundaries of the simulation domain. The two liquid boundaries are also
defined in this file:the inlet as Boundary 1 and the outlet as Boundary 2. These files remain
the same among simulations and do not require any modification.
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In the main steering file, the declaration of three other input files and four additional
variables are required in every simulation (Table 4.19). The input files are the PREVIOUS
COMPUTATION FILE, the LIQUID BOUNDARIES FILE, and the ATMOSPHERIC DATA FILE.

The PREVIOUS COMPUTATION FILE corresponds to a simulation of three days,
ending immediately before the beginning of the period of interest. This previous
simulation aims to set the velocity field of the studied domain without considering
the thermal exchanges with the atmosphere.

The LIQUID BOUNDARIES FILE contains the inlet values of water surface level,
water temperature and tracers (p.e. conductivity or FIB), and outlet values of flow
rate. This file includes data from the previous simulation and simulated periods in
an hourly timestep, with hourly mean values.

The ATMOSPHERIC DATA FILE contains the following meteorological conditions of
the simulated period: wind magnitude and direction, air temperature, atmospheric
pressure, nebulosity, rainfall, relative humidity, and visibility. It is necessary on the
computation of thermal exchanges with the atmosphere. The data is obtained from
the nearest upstream meteorological station with all required data: Roissy airport
station, at an hourly timestep.

The input variables are the ORIGINAL DATE OF TIME, TIME STEP, NUMBER OF TIME STEPS
and INITIAL VALUES OF TRACERS.

The ORIGINAL DATE OF TIME indicates the year, month, and day of the beginning
of the pre-simulated period, three days before the period of interest.

The TIME STEP indicates the duration of the computation time step, in seconds. In
all simulations, the time step was 20 s.

The NUMBER OF TIME STEPS indicates the quantity of time steps will be computed.
[t determinates the simulated period. It is calculated as the ratio between the total
duration of the simulated period and the time step, both in seconds.

The INITIAL VALUES OF TRACERS indicates the initial values of the tracers (water
temperature, conductivity, and E. coli). It corresponds to the values of all the
computation domain at the beginning of the simulation.

In the WAQTEL steering file, the declaration of one additional variable is required in every
simulation: the Secchi depth (Table 4.19).

Table 4.19. Input files and variables of TELEMAC-3D steering files

Steering | Input Filename Description
file
Main Geometry file | Villette_lambert.slf File with bathymetry and mesh grid of La
(t3d) Villette system in Lambert projection
coordinates.
Same file for all simulated periods.
Boundary Villette_BC_ File with the types of each boundary
conditions file | HinQout.cli (liquid or solid).
Same file for all simulated periods.
Previous r3d_presim_ 3D result file from previous simulation of
computation YYYYMMDD_3d.slf 3 days before the beginning of the present
file simulation. In this pre-simulation, the
thermic process is not considered.
Liquid gsL File with the surface level and tracers
boundaries YYYYMMDD_Xd.gsl values at inlet and flow rate values at
file outlet boundary in the simulated period,

at an hourly timestep.
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Steering | Input Filename Description
file
ASCII meteo_7157_ Meteorological data from Roissy
atmospheric YYYYMMDD_Xd.txt meteorological station in the simulated
data file period, at an hourly timestep.
Original date - Date corresponding to the beginning of
of time the pre-simulation period.
Input format: YYYY;MM;DD.
Time step - Time step of the computation, in seconds.
Same value for all simulated periods.
Number of - Number of time steps to be computed.
time steps Indicates the total duration of the
simulation.
Initial values - Initial values of the tracers: water
of tracers temperature, conductivity, and, when
available, E. coli.
Water quality | waq_11.cas WAQTEL steering file with water quality
module parameters for thermic process
computation.
Same file for all simulated periods.
WAQTEL | Geometry file | Same as from main steering file.
Boundary Same as from main steering file.
conditions file
Secchi depth - Mean value of Secchi transparency field
measurements during the simulated
period. If not available, mean value of
equivalent period in a different year.
4.4.1.2. Calculation of flow rate

The hourly average flow rate, in m3.s-4, is one of the inputs of the hydrodynamic model. In
La Villette basin, no flow rate is measured in situ. Two methods of flow rate calculation are
presented: from a balance of the daily outlet volumes and from Manning-Strickler equation.
The inflow rate is assumed to be equal to the total outlet flow rate. A validation between the
two methods is presented.

4.4.1.2.1. Flow rate estimation from daily outlet volumes

The daily outlet volumes (in 10°.m>.day-!) were obtained from Service des Canaux (Ville de
Paris), from January 2020 to December 2022. The two outlets of La Villette basin are the
navigation locks to St. Martin canal (Vne), and the pumping station of non-potable water
from Eau de Paris (Vps).

From January 2020 to December 2022, the daily outlet volumes from the pumping station
of the following months were not available: August, October, November and December
2020, March 2021, and June and July 2022 (Figure 4.63). When both V4 and V,s were
available, volumes from the pumping station (V,s) were greater than the volumes from the
navigation locks (Vnav), with Vs representing, in average, 94% of the total volume.
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Figure 4.63. Daily outlet volume of La Villette basin. Volumes from pumping station (blue) and from
navigation locks (orange), from January 2020 to December 2022.

The total outflow rate in La Villette basin (Qv) is the sum of the daily mean flowrate of the
navigation locks (Qnav) and of the pumping station (Qps) (Equation 4.6).

Qv = Qnav + st 4.6

With Qnav = Viar/86400 and Qps = Vys/86400.

From January 2020 to December 2022, the mean flow rate of La Villette basin was of 2.12 +
0.30 m3.s71, in the range [0.73-3.16] m>.st (Figure 4.64).
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Figure 4.64. Daily mean flow rate of La Villette basin computed from daily outflow volumes, from January
2020 to December 2022.

4.4.1.2.2. Manning-Strickler equation

Since May 2021, the water level was measured upstream at point A. The hourly flow rate
was calculated from the upstream water level (h). The Manning-Strickler equation was
applied to estimate the average flow rate on a free surface canal at the same time step than
field measurements (Equation 4.7).

2
Q(h) = K. Spor- Ry3.i 4.7

Where K is the coefficient of Stricker, Sw: is the cross-sectional area of the flow, Ry is the
hydraulic radius and i the hydraulic slope. Ks, S:: and Rx can be expressed as a function of
the water level.

The Strickler coefficient, K, is the inverse of Manning coefficient and represents the channel
roughness. For build-up channels with vegetal lining, Ks can be between 2 and 33 m/3.s-1.
With unfinished concrete, Ks can be between 50 and 71 m1/3.s-1 (Chow, 1959).
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The bed vegetation in La Villette basin can be higher than 2 m, as observed during field
campaigns. Also, the walls of the canal are very weathered. Therefore, Ks, = 2 m!/3s-1 was
adopted for the bottom of the canal and Ks, = 50 m!/3.s1 for the walls of the canal.

To find the equivalent Strickler coefficient Ks, the composite roughness coefficient for two
different Strickler coefficients was calculated (Equation 4.8).

P P, B,
32 - w32 w3 4.8
Ks Ks, Ks,)

Where P is the total wetted perimeter, P is the wetted perimeter of the bottom and P, the
wetted perimeter of the walls. The three wetted perimeters can be expressed in function of
the water level h:

e P=2h+1L
[ szL
e P,=2h

When replacing P, P, and P, in the Equation 4.8, the expression of Ks(h) is obtained
(Equation 4.9).

2/3

Ks(h) = | 2h+ L/L L 2h 4.9

3773 /
2 2
K? K

The total cross-sectional area of the flow, S:, is the sum of the rectangular cross-sectional
area with the canal dimensions and the cross-sectional area at the bottom of the canal,
Spottom. The dimension of the rectangular area is L x h, where L is the width of the canal
(25 m), and h is the water level (Equation 4.10). Spotom has an irregular geometry and was
estimated from the bathymetry of La Villette canal (Figure 4.65).

Stot(h) = Spottom + L. h 4.10

0.74 m %

25.00 m

Sbottom

Figure 4.65. Scheme of the cross-sectional area of the flow in La Villette canal

The hydraulic radius, R#, is the ratio between the total cross-sectional area of the flow and
the total wetted perimeter (Equation 4.11).

S +L.h
Ry (h) = Zbettom = ™ 7 411
2h + Pbottom

Where Spottom = 6.16 m? and Ppottom = 25.07 m.

The initial value of the hydraulic slope, ig, was calculated as the ratio between the difference
of surface levels of the canal bed upstream, Zysmeam, at the inlet of the canal, and
downstream, Zgownstream, at the outlet of the canal, divided by the canal length L,, (Equation
4.12).
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] Zupstream — Ziownstream
iy = 412
Lz

Where Zipsiream = 49.00 m, Zjownstream = 48.92 m, and Laz = 800 m, resulting in ip = 10-* m.m-1.
The surface level of La Villette canal bed were obtained from the bathing area plan of La
Villette basin (SAFEGE, 2017a).

The flow rate was computed for each water level measurement. The daily mean was
computed and compared to the flow rate estimation from daily outlet volumes, presented
in the following section.

The hydraulic slope, i, is the only constant variable of Manning-Strickler equation. A
calibration of i was performed with the available data from May 2021 to November 2022,

The final value of the hydraulic slope was i = 1.36:10-4 m.m-L. The comparison between both
flow rates is presented in the following section (4.4.1.2.3).

4.4.1.2.3. Validation of flow rate calculation

The daily mean flow rate obtained with the Manning-Strickler equation (Equation 4.7) was
validated by comparison to the daily mean flow rate computed from the outlet volumes of
La Villette basin (Equation 4.6).

The calibration of the hydraulic slope, i, of Manning-Strickler equation was conducted. With
i=1.36-10*m.m}, a good agreement with both flow rates calculations was observed (Figure
4.66-a, RMSE = 0.33 m3.s-1, R? = 0.58). The average difference between daily flow rates from
May 2021 to November 2022 was -0.06 + 0.32 m3.s1 (Figure 4.66-Db).

Hourly mean values from Manning-Strickler equation were used as input of the model
(Figure 4.67). From May 2021 to March 2023, the mean flow rate of La Villette basin was of
2.08 £ 0.09 m3.s'1, with range [1.78-2.29] m3.s-1.

(a) Daily mean flow rate in La Villette basin

Manning-Strickler (QMS) Outlet volumes (QOV)
I

Jul 2021 Oct 2021 Jan 2022 Apr 2022 Jul 2022 Oct 2022
(b) 15—
3
o '
(2]
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’ | |
0 .|ll.|.|.|i||lll|l|| hl 1 [ N | I | li
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Figure 4.66. (a) Daily mean flow rates computed by Manning-Strickler equation (Qus, in blue) and from
the daily outlet volumes of La Villette basin (Qov, orange). (b) Difference between Qus and Qov. Data from
January 2021 to December 2022.
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Figure 4.67. Daily mean flow rate of La Villette basin computed from water level measurements, from
May 2021 to March 2023.

4.4.2. Model configuration

The hydrodynamics and thermal exchange with the atmosphere of La Villette system were
simulated using the hydrodynamic model TELEMAC-3D and the thermal module WAQTEL,
with main configuration as detailed in section 3.5.3.1 and summarized in Table 4.20.

The two-dimensional mesh with the bathymetry of the domain of the study site was
presented in Figure 3.15. The 3D mesh is composed by 7 horizontal parallel layers of 0.50 m
depth. Each layer is composed of 3932 nodes and 7289 horizontal triangular elements of
5 m side.

The vertical turbulence is computed through Nezu and Nakagawa mixing length model. The
coefficient for vertical diffusion of tracers is 10-4 m2.s-1. The horizontal turbulence uses a
constant viscosity coefficient. The coefficient for horizontal and vertical diffusion of
velocities is 10-¢ m2.s-1,

In of La Villette system, the bottom friction follows the Strickler law, with Ks = 2 m!/3.s-1,
indicated for build-up channels with highly present vegetal lining (Chow, 1959). The friction
on the sidewalls follows the Nikuradse law, with ks = 0.02 m, representing the size of
asperities.

The water-atmosphere heat exchange model considers the complete balance of exchanged
heat fluxes that affects the energy balance. The required inputs are the timeseries of wind
magnitude (in m.s!) and direction (in degrees), air temperature (in °C), atmospheric
pressure (in hPa), relative humidity (in %), nebulosity (in octas) and precipitation (in
mm.s1), as well as constant values for Secchi depth (in m) and the lightness of the sky.

The meteorological data was obtained from the MétéoFrance meteorological station at
Roissy airport (49.015278 N, 2.534444 E), located roughly 18 km from La Villette canal
(Figure 3.18). The Secchi depth was obtained from field measurements (presented in
section 4.1.5). The lightness of the sky was considered as mean pure sky.

The effect of wind, atmospheric pressure and influence of rain or evaporation are taken into
account.

The time-step of the input data from the meteorological station and of the liquid boundaries
(surface level, flow rate, water temperature, conductivity and E. coli) is of 1 h. The time-step
of the model computation is of 20 s. The results are given in time-step of 10 min.

MATLAB® R2022b (MathWorks®, USA) was used for the preparation of input data and
processing of simulation results.
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Table 4.20. Parameters of TELEMAC-3D model configuration declared in the hydrodynamic steering file
(t3d) and the thermal process steering file (WAQTEL)

Parameter Description Values
3D mesh Triangular elements.
Elements per layer: | 7289
Horizontal layers: | 7
Depth between layers: | 0.50 m

Vertical turbulence
model

Horizontal turbulence
model

Bottom roughness

Lateral solid boundaries
roughness

Water-atmosphere heat
exchange model inputs

Nezu and Nakagawa mixing length
model.

Constant coefficient

(default).
Friction law of Strickler

viscosity

Friction law of Nikuradse

Timeseries of meteorological data:
Secchi depth (SD):
Lightness of the sky:

Dy=10%m?2s1
Dy=10¢mz2s1?

Ks=2m!/2s1
ks=0.02 m

from Roissy station.
SD from field data.
mean pure sky.

data: | 1h
liquid

Input data time-step Time-step of the input
meteorological data and

boundaries conditions data.

Computation time-step Computation time-step of the | 20s
simulation.
Results time-step Time-step of the simulation results | 10 min

output.

4.4.3. Model validation

A total of seven simulated periods are presented to illustrate: the validation of the model
regarding the heat exchange with the atmosphere and the mean flow velocity, and the
spatiotemporal distribution of a faecal contamination from upstream (Table 4.21).

For the validation of the model ability to simulate water temperature and thermal
stratification, two hot weather periods were simulated. The first was in June 2021 (10-
22/06/2021) and the second on July 2022 (13-23/07/2022).

For the validation of the mean flow velocity, two periods of large variations of electrical
conductivity were simulated. The first was in June 2021 (1-10/06/2021) and the second in
September 2022 (03-23/09/2022). The transfer time from upstream (point A) to
downstream (point B) was estimated through the lag time of conductivity variation
between both points.

The position of the water column at point B corresponds to the node 3311 at layer 1, the
bottom layer. The simulation results of the correspondent nodes at layers 3, 5 and 6 were
compared, respectively, with field data at 2.00 m (bottom), 1.20 m (middle) and 0.50 m
(surface).

The model performance was assessed through two indicators, root mean square error
(RMSE) and R-squared (R?) between simulation results and field data at point B.
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Table 4.21. Synthesis of the simulated periods.

Short name of Simulated period Output variables of interest Secchi depth
period

Early June 2021 01to10/062021 Conductivity 1.5m
Mid-June 2021 10to 22/06/2021 Water temperature 1.5m

July 2022 13t023/07/2022 Water temperature 09 m
September 2022 03 to 23/09/2022 Conductivity 09m

4.4.3.1.

Thermal stratification in water column

The validation of the water temperature and thermal stratification is illustrated by two
simulated periods: June 2021 (10-22/06/2021) and July 2022 (13-23/07/2022). The
difference between the water temperature at surface and bottom layers (ATw) is
considered an indicator of the stratification intensity.

e June2021 (10-22/06/2021)

From 10/06/2021 to 22/06/2021 (12 days), the air temperature was higher than 15 °C
during the evening and raised up to 30 °C during the day between the 14t and the 17t of
June (Figure 4.68).

The range of the simulated and measured water temperatures was from 21.1 to 25.5 °C
(Figure 4.69). The simulated temperatures are close to the field measurements, with a RMSE
of 0.38 °C at the surface, 0.39 °C at the middle and 0.36 °C at the bottom. A good agreement
is obtained between model results and field data at the three depths (R*>20.87, Figure 4.70).

The water column is stratified during the day and mixes at night (Figure 4.71). The thermal
stratification begins at the same time for both field data and model results. However, the
mixing of the water column in the night occurs earlier in the model, around 2h to 7h before
the observations. In addition, the model underestimated the difference between surface and
bottom water temperature (ATw): field data thermal amplitudes were between 0.8 °C and
1.9 °C, while simulated amplitude was between 0.1 °C and 0.7 °C. The lower ATw of the
model could be the reason of the lower duration of the stratification: once the temperature
at the surface starts to decrease, it takes less time to mix the water column.
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Figure 4.68. Air temperature measured at Roissy meteorological station, used as input on the simulation
from 10 to 22/06/2021.
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Figure 4.69. June 2021: Measured (dotted) and simulated (line) water temperature in surface (red),
middle (green) and bottom (blue) layers. Data from 10 to 22/06/2021.
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Figure 4.70. June 2021: Relationship between simulated and measured water temperature at surface
(orange, left), middle (green, middle) and bottom (blue, right) layers. Data from 10 to 22/06/2021.
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Figure 4.71. June 2021: Difference between surface and bottom temperatures (ATw) of field data (red)
and simulation results (blue), at point B. Data from 10 to 22/06/2021.

July 2022 (13-23/07/2022)

From 13/07/2022 to 23/07/2022 (10 days), the air temperature was higher than 15°C
during the evening and raised up to 40°C during the day between the 17t and the 20t of
July (Figure 4.72).

10Jun 11 Jun 18Jun  19Jun  20Jun 21 Jun

The range of the simulated and measured water temperatures was from 23.1 to 26.2 °C
(Figure 4.73). The simulated temperatures are close to the field measurements, with a RMSE
of 0.27 °C at the surface, 0.32 °C at the middle and 0.21 °C at the bottom. A good agreement
is obtained between model results and field data at the three depths (R*>0.70, Figure 4.74).
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The water column is stratified during the day and mixes at night (Figure 4.75). The thermal
stratification of the water column begins and ends at the same time for both field data and
model results. However, the model underestimated the difference between surface and
bottom water temperature in 6 out of 10 days of simulation. The field data thermal
amplitudes were between 0.3 °C and 1.4 °C, while simulated amplitude were between 0.2 °C
and 1.0 °C.
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Figure 4.72. Air temperature measured at Roissy meteorological station, used as input on the simulation
from 12 to 23/07/2022.
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Figure 4.73. July 2022: Measured (dotted) and simulated (line) water temperature in surface (red),
middle (green) and bottom (blue) layers. Data from 13 to 23/07/2022.
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Figure 4.74. July 2022: Relationship between simulated and measured water temperature at surface
(orange, left), middle (green, middle) and bottom (blue, right) layers. Data from 13 to 23/07/2022.
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Figure 4.75. July 2022: Difference between surface and bottom temperatures (ATw) of field data (red)
and simulation results (blue), at point B. Data from 13 to 23/07/2022.

In both hot weather periods of June 2021 and July 2022, the water temperature range was
from 21 to 26°C. The water column was stratified during the day, with a difference between
surface and bottom temperatures of up to 1 °C. At every night, the water column was mixed.

The evolution of the simulated and measured water temperature at the three depths is very
close. A good agreement between field data and simulation results of water temperature
was obtained in both periods (RMSE<0.4°C; R*>0.7).

In June 2021, the duration of the daily thermal stratification of the water column of the
model results was shorter than the field measurements. On the other hand, in July 2022, the
duration of the thermal stratification in field and simulated data were identical. In both
simulated periods, the thermal amplitude between surface and bottom water temperature
was underestimated by the model.

These differences between field data and simulation results may be due to the
meteorological input data. Roissy station is 18 km northeast the study site, and the
meteorological conditions such as air temperature, relative humidity, local rainfall and wind
conditions may by significantly different. These differences impact the results of the heat
fluxes between water surface and atmosphere. The atmospheric radiation flux, for example,
in greatly impacted by the air temperature, a variable raised to power 4, and the nebulosity,
raised to power 2. A reliable conclusion would deserve a detailed sensitivity analysis on the
meteorological forcing.

Nevertheless, the results are within the incertitude of the field equipment (around 0.2 °C
between our different instruments, as presented in section 4.1.3) and can be considered
satisfactory.

In order to better characterise the thermal stratification, it may be necessary refine the
vertical resolution of the water column, in particular near the probable thermocline zone,
between 1.00 and 2.00 m depth. In addition, a calibration of the vertical diffusion coefficient
of the tracers may contribute to correctly reproduce the thermocline. The use or the
development of an algorithm for coefficient calibration is recommended.

4.4.3.2. Transfer time between upstream and downstream

The validation of the velocity and transfer time between upstream and downstream points
is illustrated by two simulated periods: June 2021 (01-10/06/2021) and September 2022
(03-23/09/2022). The results are presented in this section. It is important to highlight that,
when the WAQTEL thermal module is not activated, the transfer time is almost constant,
around 15h.
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o June2021 (01-10/06/2021)

The first simulated period is from 01/06/2021 to 10/06/2021 (9 days), where a rainfall of
37.9 mm in 24 h was observed on the 3rdof June at Le Bourget meteorological station, 9 km
northeast the study site (Figure 4.76-a).

The range of the measured and simulated conductivity at the bathing area (point B) is
between 600 and 800 pS.cm! (Figure 4.76-b). The same range was observed at upstream
measurements (point A). At the beginning of the simulated period, the conductivity is
around 780 pS.cml. Following the rainfall event, a continuous decrease was observed,
dropping to 610 pS.cm! in three days. Afterwards, the conductivity increased continuously
to 760 pS.cm-! for also three days.

The conductivity variation observed at point B was well reproduced. The simulation results
and the field data show a good agreement (RMSE=9 uS.cm-1, R*=0.99, Figure 4.77).
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Figure 4.76. June 2021: (a) Daily rainfall from Le Bourget station. (b) Measured conductivity at point A
(upstream, purple) and measured (light blue) and simulated (red) conductivity at point B
(downstream). Data from 01 to 10/06/2021.
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Figure 4.77. June 2021: simulated and measured conductivity at mid-depth. Data from 01 to
10/06,/2021.
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o September 2022 (03-23/09/2022)

The second simulated period is from 03/09/2022 to 23/09/2022 (20 days), where a rainfall
of 12.6 mm in 24 h was observed on the 5% of September, followed by a second rainfall
episode of 9.3 mm in 48 h between the 7th and the 8t of September (Figure 4.78-a, data from
Le Bourget station).

The range of the measured and simulated conductivity at the bathing area (point B) is
between 580 and 680 pS.cm-! (Figure 4.78-b). The same range was observed at upstream
measurements (point A). During the simulated period, variations greater than 20 pS.cm-!
were observed, with marked local peaks and valleys. In the beginning of the simulated
period, the conductivity was around 600 pS.cm- at both points A and B. After the first
rainfall event, the conductivity decreased to 580 pS.cm! for three days, increased for one
day and then decreased again after the second rainfall event. Afterwards, it increased for
three days and then oscillated between 620 and 670 pS.cm! until the end of the simulated
period.

The conductivity variation observed at point B was well reproduced. The simulation results
and the field data show a good agreement (RMSE=3 uS.cm-1, R%=0.99, Figure 4.79).
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Figure 4.78. September 2022: (a) Daily rainfall from Le Bourget station. (b) Measured conductivity at
point A (upstream, purple) and measured (light blue) and simulated (red) conductivity at point B
(downstream). Data from 03 to 21/09/2022.
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Figure 4.79. September 2022: simulated and measured conductivity at mid-depth. Data from 03 to

23/09/2022.

The conductivity variation at upstream was observed at downstream hours later. The time-
lag between nine well-defined local peaks and valleys at both points A and B were used to
estimate the transfer time (Figure 4.80-a) and validate the mean velocity field between both
points (Figure 4.80-b).

The values estimated from the model results are close to the field data, with similar ranges
(Table 4.22). The range of the transfer time from field data was [11h40-20h00], and [11h30-
22h20] from the model. The mean velocity range from field data was [1.4-2.6] cm.s'1, and
[1.3-2.6] cm.s ! from the model.

The results indicated that the mean velocity field between points A and B was well
reproduced. Considering the 9 values corresponding to the inflexion points of the
conductivity evolution, a good agreement between field data and model results was
observed for both time lag (RMSE=33min, R?=0.97) and, consequently, mean velocity
(RMSE=0.07 cm.s1, R*=0.97).
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Figure 4.80. September 2022: (a) Mean transfer time and (b) mean velocity obtained from the time-lag
of well-defined conductivity peaks at points A and B, from field data (blue) and from simulation results
(red). Data from 03 to 21/09/2022.
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Table 4.22. Transfer time and mean velocity estimation at mid-depth from inflexion points of
conductivity evolution observed in field data and simulation results, in September 2022 (03-

23/09/2022).
Datetime of conductivity inflexion Tra(lll:;ff;ntli)nle Mea(l(rzln:.esl-?)dty
Point A Point B Sim. result Field Sim. Field Sim.
data data
vono e B a0 1m0 | 26 26
(1)573;/;)(?/2022 83:/20(?/2022 82{00(?/2022 13:40 | 14:20 22 2.1
12;/;)(?/2022 (1)1:/20(?/2022 (1);:/20(?/2022 13:40 | 14:40 22 2.0
ez uaftapa0az IO g0 2000 14| 13
L0002z 18092022 IS/9/2022 e ass0 19 19
T e v e I LU U BT IR
146;;/4?(?/2022 (1);:/00(?/2022 (1)1{5():/2022 14:20 | 1410 | 2.1 2.1
(1);/(;):/2022 %;{53/2022 ;1/}30(;3/2022 17:00 | 16:50 1.8 1.8
32{2()(;9/2022 341;;/20(?/2022 (2)41}:/30:/2022 20:00 20:10 1.5 1.5

In both simulated periods of June 2021 and September 2022, the conductivity was very well
reproduced by the model at downstream. A very good agreement was obtained in both
periods (RMSE<8 uS.cm-1, R?=0.99).

In September 2022, nine local well-defined peaks and valleys at both points A and B were
identified. Their time lag from upstream to downstream was used to estimate the mean
transfer time and the mean velocity between points A and B. The model was able to correctly
simulate the conductivity evolution to track water quality changes after a rainfall episode
in the catchment upstream La Villette system.

4.4.4. Distribution of faecal contamination after rainy
events

In order to illustrate the aptitude of the model to simulate a faecal contamination in the
bathing area after a rainy event, four periods were simulated (Table 4.23). In all simulations,
the indicator of faecal contamination used as input was E. coli.

The estimation of E. coli was obtained from two expressions. The first, from the relationship
with FDOM, where E. coli can be inferred from measurement of the fluorescence component
C6. This relationship (R?=0.65, p-value<0.001) was established through the data set of the
10 samples collected between June and September 2021 in La Villette basin (Equation 4.13).
The range of E. coli data was from 98 to 1400 MPN.100mL-1. The range of C6 data was from
0.08 to 0.53 RU.

[E.coli] = 2177 - C6 4.13
Where [E. coli] is given in MPN.100mL-! and C6 in RU.
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The second expression comes from the relationship with precipitation, where E. coli can be
estimated from the mean precipitation of one to three days before the day of interest P1-3
(presented in section 4.3.4).

The estimation of E. coli from C6 fluorescence measurements was applied to two simulated
periods. The first was in September 2021 (12-22/09/2021), with a total rainfall of 31.3 mm
over 48h on September 14t and 15t The second was in June 2022 (20-30/06/2022), where
a total rainfall of 10.5 mm occurred on June 20t and 3.2 mm on June 23rd, with an increase
of the fluorescent component C6 on the 23rd. The C6 values were linearly interpolated at an
hourly time-step to be used as model input.

The estimation E. coli from precipitation P1.3 was applied to the other two simulated periods.
The first was in June 2021 (01-10/06/2021), with a total rainfall of 47.4 mm over 48h on
June 3rd and 4t. The second was in July 2021 (10-20/07/2021), where a total rainfall of
49.2 mm occurred in 24h on the July 13th.

The expression representing bacterial decrease considers a decay rate (Equation 2.3 from
section 2.4.2.1). However, to exclusively assess the effect of thermal stratification on the
spatiotemporal distribution of faecal contamination, no decay rate (k=0) was considered in
the following simulations.

The position of the water column of point B corresponds to the node 3311 at layer 1, the
bottom layer with bathymetry information. The position of the water column of point C
corresponds to the node 459 at layer 1.

The simulation results of the correspondent nodes at layers 3 (bottom) and 6 (surface) were
associated, respectively, with field data at 2.00 m (bottom) and 0.50 m (surface).

Table 4.23. Synthesis of simulated periods with E. coli for faecal contamination simulation.

Short name of Simulated period Output variables of interest Secchi depth
period

June 2021 01to10/062021 E. coli from P1-3 relationship 1.5m

July 2021 10to 20/07/2021 E. coli from P1.3 relationship 09 m
September 2021 12to 24/09/2021 E. coli from C6 relationship 09m

June 2022 20 to 30/06/2022 E. coli from C6 relationship 1.2m

4.4.4.1. Estimation of E. coli from FDOM measured at upstream

In this section, fluorescence measurements were used to estimate E. coli input on the
simulations of faecal contamination in the bathing area after a rainy event.

The E. coli input was estimated from the relationship with C6 established for La Villette
system (Equation 4.13). To provide the upstream input, C6 data was linearly interpolated
at an hourly time step.

Two periods were simulated: September 2021 (12-24/09/2021) and June 2022 (20-
30/06/2022). These periods were chosen in function of the availability of daily C6 data from
upstream (point A). The simulation results are presented in the following paragraphs.

o September 2021 (12-24/09/2021)

From 12/09/2021 to 24/09/2021, a rainfall of 31.3 mm in 48 h was observed between the
14t and 15t of September at Le Bourget meteorological station (Figure 4.81).

The simulated E. coli was compared to field data measured at point C (Figure 4.82), for a
first validation of the combined use of the model and the expression for E. coli estimation.
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All the field data were within the 95% confidence interval of the simulation results
(RMSE=339 MPN.100mL-1, R?=0.43, p-value=0.16).
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Figure 4.81. September 2021: Daily rainfall at Le Bourget station.
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Figure 4.82. September 2021: E. coli simulation results at point C (Crimée bridge, outlet of canal) on
surface layer (red), bottom layer (blue) and the confidence interval (grey), with the bathing threshold
0of 900 MPN.100mL-! (dashed line). Data from 12 to 24/09/2021.

At the bathing area, E. coli increased from 160 to 1300 MPN.100mL-! between the 16t and
17t of September. Then, it decreased to 920 MPN.100mL-! between the 17t and the 21st
and dropped to 180 MPN.100mL! on the 22nd (Figure 4.83-a).

According to the simulation results, E. coli threshold for bathing (900 MPN.100mL-1) was
overpassed between 16/09 at 11h00 and 21/09 at 12h00. Thus, the bathing area would
have been closed from 16 to 21/09/2021, reopening on the 22/09/2021 (Figure 4.83-b).

At the moment of threshold overpassing, the water column was stratified (Figure 4.83-a, in
yellow). In the surface, the threshold was exceeded 3h earlier than in the bottom. When
E. coli values decreased at point B, the values were uniform on the water column.
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Figure 4.83. September 2021: (a) E. coli simulation results at point B (bathing area) on surface layer
(red), bottom layer (blue) and the confidence interval (grey). The period of thermal stratification at the
overpassing of E. coli threshold (dashed line) is highlighted in yellow. (b) Indication of opening (green)
and closure (red) days of the bathing area, according to simulation results. Data from 12 to 24/09/2021.

e June 2022 (20-30/06/2022)

From 20/06/2022 to 30/06/2022, a rainfall of 12.3 mm in 72 h was observed between the
22nd and the 24t of June at Le Bourget station (Figure 4.84-a).

According to the simulation results at the bathing area (point B), E. coli increased from 180
to 630 MPN.100mL! between the 22/06 and the 24/06. However, considering the
confidence interval of E. coli estimation, the maximum value was of 1450 MPN.100mL-! on
the 24/06 at 2h50, gradually decreasing to 460 MPN.100mL-! on the 25/06 at 6h20 (Figure
4.84-b).

E. coli threshold for bathing (900 MPN.100mL-1) was overpassed between 23/06 at 7h00
and 24/06 at 17h00. Thus, the bathing area should have been closed on the 23/06 and
24 /06, reopening on the 25/06/2022 (Figure 4.84-c).
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Figure 4.84. June 2022: (a) Daily rainfall at Le Bourget station. (b) E. coli simulation results at point B
(bathing area) on surface layer (red), bottom layer (blue) and the confidence interval (grey) , with the
bathing threshold of 900 MPN.100mL-1 (dashed line). (c) Indication of opening (green) and closure (red)

days of the bathing area, according to simulation results. Data from 20 to 30/06/2022.

The lateral heterogeneity of E. coli distribution at the basin area is illustrated on Figure 4.85.
On the 23/06/2022, at 12h30, similar distribution is observed in left and right banks.
However, at 14h30, the stratification at La Villette basin was more accentuated. At the
bottom layer, higher concentration reached earlier the left bank, where the bathing area is

located.
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Figure 4.85. June 2022: Spatiotemporal distribution of E. coli on the surface (top) and bottom (bottom)
layers on 23/06/2022 at 12h30 (left) and 14h30 (right).

The use of the model to compute the transfer of a bacterial contamination consecutive to a
rainfall episode allowed to better understand its distribution in time and space. Also, it was
possible to estimate the closure duration of the bathing area.

The model results of June 2022 showed that faecal contamination may arrive at the bathing
area first from the bottom of the water column. The samples for FIB measurement are
collected at the surface, so a contamination from the bottom would not be detected. Also,
the lack of UV radiation at the bottom favours the preservation of faecal contamination and
active pathogens. Finally, once the water column is mixed, the contamination at the bottom
will be present on the surface, exposing the bathers to sanitary risks.

Therefore, to better understand the transport of faecal contamination revealed to be
essential on the decision-making to prevent sanitary risks. For that, a modelling tool capable
of simulating continuous concentrations of FIB plume concentrations in time and space is
of great importance, as already pointed out by Van et al. (2022).

4.4.4.2. Estimation of E. coli from precipitation during summer
2021

In this section, the rainfall measurements from Le Bourget meteorological station were used
to estimate E. coli input on the simulations of faecal contamination in the bathing area after
arainy event.

The E. coli input was estimated from the relationship with Pi.3, the mean daily rainfall of 1
to 3 days before the day of interest (Equation 4.5, section 4.3.4.2). This equation is intended
to be used as a support of the decision-making of the closure of the bathing area from
forecasted rainy events.
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Two periods were simulated: June 2021 (01-10/06/2021) and July 2021 (10-20/07/2021).
These periods were chosen in function of the observed rainfall intensity during summer.

e June2021 (01-10/06/2021)

From 01/06/2021 to 10/06/2021, a rainfall of 37.9 mm in 24 h was observed on the 3rd of
June at Le Bourget station (Figure 4.86-a).

According to the simulation results in the bathing area (point B), E. coli increased from 100
to 1005 MPN.100mL! between the 02/06 and the 05/06, overpassing the bathing threshold
(900 MPN.100mL-1) between the 05/06 at 10h20 and the 06/06 at 20h30 (Figure 4.86-b).

However, considering the confidence interval of E. coli estimation, the bathing threshold
was exceeded between the 05/06 at 00h20 and 08/06 at 01h00, with maximum value of
1820 MPN.100mL! on the 05/06 at 18h30. Therefore, the bathing area should have been
closed on the 05/06, reopening on the 08/06 (Figure 4.86-c).
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Figure 4.86. June 2021: (a) Daily rainfall at Le Bourget station. (b) E. coli simulation results at point B
(bathing area) on surface layer (red), bottom layer (blue) and the confidence interval (grey) , with the
bathing threshold of 900 MPN.100mL-! (dashed line). (c) Indication of opening (green) and closure (red)
days of the bathing area, according to simulation results. Data from 01 to 10/06/2021.
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o July2021(10-20/07/2021)

From 10/07/2021 to 20/07/2021, a rainfall of 49.2 mm in 24 h was observed on the 13t of
July at Le Bourget station (Figure 4.87-a).

According to the simulation results in the bathing area, E. coli increased from 100 to
1247 MPN.100mL! between the 12/07 and the 15/07, overpassing the bathing threshold
(900 MPN.100mL-1) between the 14/07 at 07h20 and the 16/07 at 20h00 in the surface
layer and at 21h20 in the bottom (Figure 4.87-b).

However, considering the confidence interval of E. coli estimation, the bathing threshold
was exceeded between the 13/07 at 22h20 and 17/07 at 05h20, with maximum value of
2465 MPN.100mL! on the 15/07 at 17h20. Therefore, the bathing area should have been
closed on the 14/07, reopening on the 17/07 (Figure 4.87-c).
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Figure 4.87. July 2021: (a) Daily rainfall at Le Bourget station. (b) E. coli simulation results at point B
(bathing area) on surface layer (red), bottom layer (blue) and the confidence interval (grey), with the
bathing threshold of 900 MPN.100mL-! (dashed line). (c) Indication of opening (green) and closure (red)
days of the bathing area, according to simulation results. Data from 10 to 20/07/2021.

The obtained E. coli values should be considered qualitatively, as an indicator of whether
the bathing threshold of 900 MPN.100mL-! was exceeded.

Nevertheless, the combined use of the model and the estimation of E. coli from the rainfall,
a predicted variable of easy obtention, proved to be of great interest. It can be applied to
anticipate the need of closure of the bathing area after heavy rainfall events, and when it
could be reopened. It has the potential to be a valuable decision-making support tool on the
closure/opening of the bathing area.
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The evolution of water temperature was well simulated (RMSE<0.4°C; R*>0.7) in both
studied periods. The daily thermal stratification and the nightly mixing of the water column
were well reproduced. However, the thermal amplitude between surface and bottom
layers was underestimated by the model. It can be caused by the different weather forcing
used as input and the local conditions. A reliable conclusion would deserve a detailed
sensitivity analysis.

To better characterise the thermocline in the water column, a more refined vertical
resolution between 1 m and 2 m depth and a calibration of the vertical diffusion coefficient
of the tracers would be necessary.

The conductivity evolution from upstream to downstream was very well simulated
(RMSE<8 pS.cm1; R?=0.99) in both studied periods. The transfer time estimation with field
data and with simulation results was very close (RMSE=33min; R?=0.97), indicating a good
estimation of the mean flow velocity ([1.4-2.6] cm.s1), corresponding to transfer time
between 11h and 22h.

An episode when field data of E. coli concentration were available was simulated. The
transfer of E. coli was correctly assessed. The simulation provided the duration of the
overpass of the regulatory threshold for bathing activities at the bathing area.

These results show the capability of TELEMAC-3D hydrodynamic model to simulate the
impact of hydro-meteorological conditions on the spatiotemporal distribution of
contaminants. Combined with a continuous monitoring station, it could be implemented as
an early warning system for decision making and sanitary risk attenuation.
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Chapter 5. Conclusion and perspectives

Urban bathing helps mitigate urban heat island effects in metropolitan areas and reduce the
impact of heatwaves on the local population. However, open water swimming can expose
bathers to a risk of waterborne diseases. To control these risks, the concentration of faecal
indicator bacteria (FIB), such as E. coli, is used to classify the microbiological water quality,
and a threshold of satisfactory water quality for bathing activities is established. The
reference method for enumerating FIB has a long response time, of over 24 hours.

To determine whether a bathing area in a watercourse should be closed, the analysis of
microbiological water quality is conducted upstream of the area, taking into account the
transfer time between the sampling site and the bathing area. However, hydro-
meteorological conditions, such as variations in flow rate and thermal stratification, can
affect the spatiotemporal distribution of FIB and, consequently, the transfer time. Thus, the
arrival time and duration of contamination at the bathing area can vary.

An indicator of faecal contamination of fast response time is necessary to increase the
frequency of monitoring. A real-time indicator would reduce the risk of undetected
contamination between measurements and improve the accuracy of decision making for
determining whether or not to close or reopen a bathing area.

In this context, two research lines have been developed in this PhD thesis, aiming to propose
a system for monitoring and forecasting the microbiological quality of bathing areas in
urban watercourses. The first involves the implementing a 3D hydrodynamic model for
velocity field data and water temperature computation. The second focuses on defining a
FIB proxy for faster microbiological water quality assessment.

The specific objectives of this study are: (i) implementing the 3D hydrodynamic model
TELEMAC-3D, coupled with the WAQTEL thermal module; (ii) designing and installing a
monitoring system to collect field data that can be used as input for and validation of the
hydrodynamic model; (iii) investigating the impact of thermal stratification on the spatial
and temporal distribution of faecal contamination; (iv) identifying a fast method for
measuring FIB.

La Villette study site (Paris, France) was equipped with an autonomous monitoring system
with two monitoring points: upstream (point A) and at the bathing area (point B). The
system was of easy implementation and equipped with a data transfer platform for high-
frequency measurements of 20-min time step. The data collected for 20 months was
explored. The autonomous system is powered by a photovoltaic panel and battery power
system.

The measured physicochemical variables were water temperature at three depths,
conductivity (specific conductance at 25 °C) at mid-depth and water level. All variables were
validated with reference probes, with R? > 0.99 for all sensors and RMSE < 0.21 °C for
temperature sensors and RMSE < 8 pS.cm-! for conductivity sensors.

To assure data quality and the reliability of readings, the autonomous system requires
regular field campaigns for sensor cleaning and measurement validation. In our system, a
regular frequency of once a month, increasing to twice a month during summer due to the
higher biofilm formation, proved to be enough. The need of sensor cleaning could be
detected with the increase of noise of the conductivity readings.

High-frequency monitoring allowed the observation of hourly, daily, and seasonally
variations of the measured physicochemical variables. In La Villette basin, from spring to
mid-autumn, a thermal stratification of the water column occurs in a daily basis, breaking
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up during the night. The greatest amplitude of thermal stratification was around 2 °C. Large
conductivity variations with well-defined inflexion points could be used to estimate transfer
time between upstream and downstream points.

The implemented monitoring system was designed to be able to include more sensors. It
will improve the surveillance of the long-term evolution of measured variables. It will help
measuring the impact of climate change in this urban system on the next years, and possible
solutions to mitigate climate change impacts.

A fast method for measuring FIB was explored through the analysis of fluorescence of
dissolved organic matter (FDOM). In the collected samples, La Villette basin presented very
few elevated E. coli values. Other sampling sites were included in the study to cover a wider
range of urban waters: the river Marne, two stormwater networks (SN) outlets and one
wastewater treatment plant (WWTP) outlet.

The FDOM analysis of the sampling sites resulted in a validated 7-component PARAFAC
model, which proved to be effective in characterizing the different types of studied waters.
Components C6 and C7, identified as protein-like, as well as a biological index (BIX), were
identified as indicative of microbial loadings. These components may serve as valuable
markers for the assessment of microbiological contamination in urban waterbodies,
particularly after heavy rainfall events.

In SN and WWTP outlets, component C6 exhibited high values. In agreement with previous
studies, protein-like fluorescence components, similar to C6, could be used as effective
indicators for monitoring microbiological water quality. An increase of C6 level would
suggest a microbial contamination and deserves further attention for managing water
resources.

The results highlighted the importance of FDOM analysis for assessing microbial loading
and water quality. The identification of protein-like fluorescence components, especially C6,
provided valuable insights for microbiological water quality monitoring. It may help in the
development of effective strategies for microbiological water quality monitoring.

In further studies, measurements of additional parameters such as dissolved organic carbon
(DOC) or ammonium could indicate wastewater contamination and therefore could validate
the relationship with Cé.

In La Villette basin, a fast-measuring proxy for E. coli estimation was identified through the
protein-like component C6. To confirm that C6 can be an effective indicator for monitoring
microbiological water quality, more E. coli data in both dry and wet weather are necessary.

For a short-term (3 days) forecast of E. coli level, three hydro-meteorological variables were
considered: a “natural” flow rate upstream to the entrance of the canal (100 km upstream),
rainfall height, and duration of dry weather. The strongest relationship with E. coli was with
the mean rainfall over one to three days before sampling (Pi.3), measured at the
meteorological station Le Bourget (9 km northeast).

The E. coli estimation from P13 gives a daily mean concentration. It does not consider
immediate E. coli increase related to local runoff. It cannot predict a further increase after
storm overflow due to heavy rainfall in a more distant catchment. Nevertheless, it indicated
that the impact of a heavy precipitation may last at least for three days. Also, it was able to
detect the overpassing of E. coli bathing threshold.

Water temperature and solar radiation should be included in the forecasting model to study
their relevance on the E. coli decay rate. In addition, in order to have more representative
rainfall values that impact the upstream watershed from La Villette canal, additional
upstream meteorological stations should be considered. This would also enable to track
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upstream contamination related to stormwater outlets discharges after a heavy rainfall
event at an upstream watershed.

Both expressions of E. coli estimation are based on alow range of concentrations ([98-1400]
MPN.100mL-1). The validation of these relationships would require a larger range of values.
To include the estimation and validation of decay rates, E. coli measurements at upstream
and downstream should be conducted considering the transfer time between both points.
According to field data, the samples should be collected every 5h to 10h.

In addition, higher sampling frequency would enable a better characterisation of E. coli
evolution after a rainfall episode, capturing its increase and decrease. E. coli measurements
during heavy rainfall events should be conducted outside the summer period to have a
wider range of precipitation intensities and better characterize the effects of rainfall in
microbial water quality.

The use of high-frequency field data, combined with E. coli estimation, was essential to test
and validate the implementation of the hydrodynamic model TELEMAC-3D, coupled with
the WAQTEL thermal module. It also enabled to investigate the impact of thermal
stratification on the distribution of faecal contamination.

The spatiotemporal distribution of faecal contamination is affected by variations in current
velocity caused by flowrate and thermal stratification. Additionally, thermal stratification
may influence E. coli decay rate due to the heterogeneity of water temperature and UV
radiation in the water column.

Our results showed the capability of TELEMAC-3D hydrodynamic model to simulate the
impact of hydro-meteorological conditions on the spatiotemporal distribution of
contaminants. Combined with a continuous monitoring station, it could be implemented as
an early warning system for decision making and sanitary risk attenuation. The evolution
of water temperature was well simulated (RMSE<0.4°C; R?>0.7) in both studied periods.
However, the thermal amplitude between surface and bottom layers was underestimated
by the model. It can be caused by the different weather forcing used as input and the local
conditions. A reliable conclusion would deserve a detailed sensitivity analysis.

In a stratified water column, an upstream contamination may first arrive at the bathing area
either by the surface layers, but also by bottom layers. The worst scenario is when
contamination arrives first by the bottom because: (i) as the samples for FIB measurement
are collected below the surface (generally 30 cm), a contamination at the bottom would not
be detected; (ii) the lack of UV radiation at the bottom would decrease the decay rate of
faecal bacteria and pathogens; and (iii) once the water column is mixed, the contamination
at the bottom will be redistributed to the surface.

The mean velocity field was validated through the conductivity evolution from upstream to
downstream. It presented excellent results (RMSE < 8 pS.cm-1, R? = 0.99). A variation of the
transfer time between upstream to downstream was observed. It highlights the importance
of a hydrodynamic model, which can be used to better estimate the sanitary conditions at
the bathing area with some hours in advance.

Further studies should include the calibration of E. coli decay rate, from WAQTEL water
quality module. For model validation with field data, E. coli frequent measurements at
upstream and downstream during and after rainfall events are required.

This work highlights the relevance of a 3D hydrodynamic model for the computation of
contaminant transport and the estimation of sanitary conditions in an area of interest in a
river. Combined with a continuous monitoring station, it could be implemented as an early
warning system for decision making and sanitary risk attenuation.
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I. Complementary information of the bioreactor of
ALERT system

The ALERT system instrument is a cylindrical body of 25 cm of diameter and 40 cm of
length, weighing 9.3 kg (Guérin-Rechdaoui et al., 2017). It has seven individual bioreactors,
each one with a glass sampling vial with an effective volume of 25 mL pre-filled with 1 mL
of liquid bioreagent (Figure A.1).

The vial is encased by an aluminium sleeve and a foam thermal insulation. It contains a
flexible heater temperature sensor and an optical sensor ring. This ring contains three LEDs
for measuring the fluorescence (385 nm excitation), the absorbance (at 430 nm) and the
turbidity (at 610 nm). It also contains a photodiode coupled to a low-pass optical filter that
blocks the UV excitation light, a primary signal amplification, and an incubator temperature
control electronics with the main control circuitry, the microprocessor and the memory, the
three of them located on separated electronic boards (Angelescu et al., 2019).
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Figure A.1. ALERT system and bioreactor scheme (Angelescu et al., 2019).

e Measure principle

The bioreagent is composed by a mixture of growth medium, 4-methylumbelliferyl-3-D-
glucuronide (MUG) and ortho-nitrophenyl-3-galactoside (ONPG), being MUG a standard
substrate specific to the enzymes of E. coli and ONPG to Total Coliforms.

The B-glucuronidase is an E. coli enzyme that hydrolyzes the MUG compound into a
fluorescent one known as 4-methylumbelliferyl (MUF). The ONPG is metabolised by all
types of coliforms (Total Coliforms) and is transformed into ortho-nitrophenol (OP), which
has a yellow colour.

When the sampling command is initiated, the new sample is drawn into the next available
bioreactor and, in the vial, mixed with the bioreagent and incubated. The incubation is at 37
to 38 °C, the ideal temperature for the growth of E. coli. It is a highly selective method to



their cultivation because other organisms do not grow so fast. During this selective culture
step, the bacterial metabolism progressively transforms MUG into MUF, generating
fluorescence, with the emission peaking around 460 nm.

The appearance of these compounds is monitored over time by spectrophotometric and
fluorescence measurements at periodic intervals, typically from 2 to 5 min. The
fluorescence signal suffers a slight decrease immediately after the sampling, having a point
of inflexion as a valley just before the appearance of fluorescence (Figure A.2). These slightly
interferences with fluorescence measurement are mainly given because of the development
of turbidity from bacterial growth and of yellow colour from OP. These inferences, however,
do not influence the detection of the sharp fluorescence increase.
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Figure A.2. ALERT system E. coli detection by fluorescence signal (Angelescu et al., 2019)

The appearance time of fluorescence is correlated with concentrations of E. coli in Colony-
forming Units per 100 ml (CFU 100 mL-!) and it ranges from 2 h to 12 h. After calibration,
for a concentration of 1000 MPN 100mL-1, it takes around 9 h to have the results, as shown
in Figure A.3 (Guérin-Rechdaoui et al,, 2017).
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Figure A.3. Initial curve calibration for the Seine river (Guérin-Rechdaoui et al., 2017).



II. Physical processes in water bodies: thermal
stratification

Thermal stratification consists in the formation of horizontal layers of water with different
densities. The water density is a key variable of the stability of stratification, because of the
currents that density differences can drive on the water bodies. The most common
mechanism leading to stratification is thermal, due to the density variation with
temperature (Boehrer and Schultze, 2008).

Besides temperature, other factors that contribute to density differences in water are
dissolved substances, suspended materials and pressure (Boehrer and Schultze, 2008). For
a shallow freshwater water body, the temperature affects density the most.

The variation of density with temperature is not linear. The density increases from 0 °C until
its peak at 3.98 °C, and then decreases. (Greenwood and Earnshaw, 1997). Equation Al is
used for density (p) calculation for water bodies of low salinity (< 0.6 psu), for a
temperature range from 0 to 30 °C and pression from 0 to 180 bars (Chen and Millero,
1986):

p(g.cm™3) =9.998395-10"1 + 6.7914- 1075 T — 9.0894 - 1076 T2 + 1,0171
107773 —-1.2846-10"°T* +1.1592-10711 7> - 5.0125 Al
1071 T + (8.181-107*—3.85-107°T + 4.96- 1078 T?)S

The density for pure water (S = 0) at sea level using Chen and Millero (1986) formula is
illustrated on Figure A.4, indicating the maximum density at 4 °C.
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Figure A.4. Density variation of pure water as a function of the temperature, with S =0 and p = 1 atm
(Hutter et al., 2011).

The water temperature is mainly affected by the thermal contact of the surface with the
atmosphere. Boehrer and Schultze (2008) list some processes that contribute to heat
transfer through the surface. They include “solar radiation, long-wave radiation of
atmosphere and surface waters, sensible heat exchange, and heat flux connected with
evaporation and precipitation”. Other factors that influence the thermal stratification are
wind energy, currents, and morphometry (Wetzel, 1983).



Thus, the daily and seasonal variation of incoming solar radiation and wind affects thermal
stratification. In addition, the measurements of heat transfer require the measurement of
air temperature, air humidity (to estimate the evaporation from the surface) and air
pressure (Boehrer and Schultze, 2008).

The surface water layer is exposed to the major sources of heat: solar radiation, heat-loss
by longwave radiation and thermal contact with the atmosphere. The layers of a deeper
level of the water body are shielded from those sources, which can lead to thermal
stratification.

In a stratified water body, the surface layer is called epilimnion. The layer beneath, with
higher density, is the hypolimnion. The temperature gradient in the contact zone between
both layers is the thermocline. When the temperature of the surface layer falls enough so
both layers are mixed, the homogenized one-layer is called mixolimnion (Boehrer and
Schultze, 2008).



III. Governing equations of hydrodynamic modelling

This section is based on the theoretical aspects of the book “Hydrodynamics of free surface
flows. Modelling with the finite element method”, from ]J-M. Hervouet, editor John Wiley &
Sons, Ltd, 2007 (EDF R&D and Telemac3D consortium, 2018).

TELEMAC-3D solves the three-dimensional Navier-Stokes equations, a system of partial
differential equations that describes the motion of a viscous fluid. This system expresses the
conservation of mass and momentum for a control volume in a Newtonian fluid, with the
pressure in terms of depth.

The considered hypothesis includes a free surface changing in time. Water is considered an
incompressible fluid, with negligible density variation in mass conservation. Pressure at a
given depth is the sum of the air pressure plus the weight of the overlying water (hydrostatic
pressure hypothesis). Finally, the density variations are only considered as buoyant forces
(Boussinesq approximation).

The equations A2 to A5 are solved by TELEMAC-3D with the hydrostatic pressure
hypothesis.
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Where:

e U,Vand W are the 3D components of velocity (m.s);

e X, yand z are the 3D space components (m);

e tistime (s);

e gisthe acceleration due to gravity (m.s2);

e Zsis the free surface elevation (m);

e v is the cinematic viscosity (m2.s1);

e F,and F, are the source terms, denoting the wind, the Coriolis force and the bottom
friction (m.s2);

e pistotal pressure;

®  Dam is atmospheric pressure;

e pois the reference density;

e Apisthe variation of density around the reference density

The tracer transport is computed with Equation A6.
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With:

e Tis the tracer (passive or active);
e vuris the tracer diffusion coefficients (m2.s-1);
e (Qistracer source or sink.



IV. Monitoring system

IV-a. Conversion between salinity and conductivity (Practical
Salinity Scale of 1978)

The Practical Salinity Scale (PSS) is based upon electrical conductivity measurements. The
equations and constants from PSS of 1978 (Equations A7 to A11) compute salinity from in-
situ conductivity measurements. Similarly, they can be used to obtain conductivity from
salinity data. The equations are valid for water temperatures between -2°C and 35°C.

_ C(ST.P) 7
~ €(35,15,0)
Ry = R A8
T r(+a)
AP + A,P? + A3P3
a= A9
1+ B,T + B,T? + B3R + B,TR
rr =cCo+ 1T + ;T2 4+ ¢c3T3 + ¢, TS A10
1 3
S(%O) SN + CllRTz + azRT + a3RT§ + a4,RT2 + a5RT5/2
(T —15) 1 3 ’ A1l
m{bo + blRTz + bzRT + b3RT2 + b4,RT
+ bsRr>/%

Where:

S is the salinity, in %.o.

T is the water temperature, in °C.
P is the pressure, in decibars.
R is the ratio between in situ conductivity C(S,T,P) and the conductivity of reference

C(35,15,0).

C(S,T,P) is the in-situ conductivity, in mS.cm-1.
C(35,15,0) =42.914 mS.cm'!, conductivity at 35 ppt, 15 °C and O pressure.

With the constants:

Ay =2.070-107°
Ay, = —6.370-1071°
A; =3.989-1071°

a, = 0.0080
a, = —0.1692
a, = 25.3851
as = 14.0941
a, = —7.0261

as = 2.7081

e B, =3426-1072
e B,=4464-107*
e B;=4215-10"1
e B,=-3107-1073
e by =0.0005

e b, =-0.0056

e b, =-0.0066

e by =-0.0375

e b,=0.0636

co = 6.766097 - 101
c; = 2.00564 - 1072

c, = 1.104259-107*
c3 = —6.9698 - 1077
¢, = 1.0031-107°

k =0.0162



IV-b. Validation of field data from basic monitoring system

From 07/08/2020 to 10/062021, the converted conductivity and the temperature
measurements from the CTD (nke instruments) sensor installed at sub-surface at point A
were compared with the punctual mean values at depths between 0.15 m and 0.35 m
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Figure A.5. Conductivity and water temperature measurement from nke sensor (continuous), and from
references probes SeaBird (SB) and WiMo (WM), at point B, from 07/08/2021 to 10/06/2021.

A comparison between the reference probes, SeaBird and WiMo, was done. At point A, the
conductivity and temperature measurements from SeaBird and the nke continuous
measurements presented a good relationship, with RMSE = 0.06 °C for water temperature,
RMSE = 4 pS.cm! and R?=1.00 for both conductivity and water temperature measurements
(Figure A.6 and Table A.1).
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Figure A.6. Water temperature and conductivity: nke and SeaBird measurements at point A.



Table A.1. nke and SeaBird at point A

Point Equipment | Variable N. of points Equation R? RMSE
A Nke and Water 4 Twsnke = 1.00 * Twssg 1.00 | 0.06
surface | SeaBird temperature

(Y
A Nke and Conductivity | 4 Csnke = 0.97 * Cssp 1.00 | 4.06
surface | SeaBird (uS.cm1)

At point B, the temperature measurements of the sensors were compared with the mean at
the depth of the sensor + 0.10 m for each of three defined depths (Figure A.7).
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Figure A.7. Water temperature measurement from nke sensor (continuously), and from references

probes SeaBird (SB) and WiMo (WM), at point B, from 01/08/2021 to 05/05/2021.

The relationship between the water temperature measurements from nke sensors and
SeaBird probe at the middle and bottom depths were good, with RMSE < 0.1 °C and R*=1.00
(Figure A.8 and Table A.2). At surface, the relationship was not good (RMSE = 1.46 °C, R? =

0.39).
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Figure A.8. Water temperature between nke sensors and SeaBird probe measurements at point B.




Table A.2. Relationship between nke and SeaBird measurements at point B.

Point Equipment | Variable N. ?f Equation R? RMSE
points

B Nke and Water 4 TwsSnke = 0.87 * Twssg 0.39 | 1.46
surface | SeaBird temperature (°C)

B Nke and Water 4 Twmnke = 1.01 * Twmsg | 1.00 | 0.06
middle SeaBird temperature (°C)

B Nke and Water 4 Twbnke = 1.00 * Twbsp 1.00 | 0.08
bottom | SeaBird temperature (°C)



IV-c. Follow-up of field campaigns



Written on the 06/08/2020
revised on the 06/11/2023

Site: La Villette basin, Paris 19e
Coordinates: Point A (cage amont)  Point BO (baignade)  Point B (marin d'eau douce - ancient point C)
Latitude (N) 48.891732 48.885805 48.885841
Longitude (E) 2.3855 2.373751 2.373831
Altitude (m) 51.9 51.68 51.39
Source: https://www.geoportail.gouv.fr/carte
Pression: Paris (75) Paris Saint-Germain-des-Pres (75)

https://www.meteociel.fr/temps-reel/obs villes.php?code2=2&jour2=9&mois2=11&annee2=2020

Name Initials Name Initials Period in LEESU
Participants: Natalia Angelotti NA Francesco Piccioni FP 2019-2021
Philippe Dubois PhD Guilherme Calabro GC 2020-2022
Mohamed MS Amanda Tolentino AT Jun-Sep 2021
Brigitte Vingon-Leite BVL Maria Julia MJ Sep-Dec 2021
Arthur Guillot-le goff AG Fev-Juil 2022

Page 1



Suivi des interventions a la Villette

Point C (Pont de Crimée)

Point B (Marin d'eau douce)

Point A (amont/cage)

Jour Heure Heure Secchi D. Secchi D.
Date semaine  début fin Participants |Mesures effectuées Mesures effectuées (m) Prof (m) |Mesures effectuées (m) Prof (m) |Commentaires
Installation de la ligne de capteurs au Point BO avec 3 capteurs de température: surface (nke SP2T 32007), milieu (nke
06/07/2020 lun 10:00  11:00 PhD, FP, NA - - - SP2T 32009 - avant modif du 04/09: 32007), fond (nke SP2T 28076). Pas de temps = 10 min.
03/08/2020 lun 19:00 19:30 NA - - - Récupération des données de température au Point BO
PhD, NA, M.
Service des Installation du capteur de conductivité (nke 35013, num. radio 15172) au Point A. Profondeur=0.25m. Pas de temps = 5
06/08/2020 jeu 11:45  12:45 Canaux Temperature, salinity - 2.05 min.
24/08/2020 lun 20:00 20:30 NA Temperature, salinity - - Nettoyage des capteurs. Tout semblait intouché.
Temp, salinity, Nitrate, Waterwatch réalisé au niveau de la cage fluidion. Vie aquatique: un pécheur a peché un poisson de taille moyenne (un
28/08/2020 ven 15:00  16:00 BVL, NA, MS Phosphate, Transparence 0.8 1.95 palme) a coté de la cage fluidion. Il y a eu une orage entre 15h40 et 15h50.
Récupération de la ligne de capteurs de la baignade (fin Paris Plage, le ponton sera enlévé). Le 04/09: MAJ du n. de
03/09/2020 jeu 17:30  18:30 FP,NA - - - série du capteur du milieu (32009 au lieu de 32007)
Installation de la ligne de capteurs au Point B avec 3 capteurs de température: surface (nke SP2T 32007), milieu (nke
11/09/2020 ven 17:30 18:30 NA, MS 0.9 2.75 SP2T 32009), fond (nke SP2T 28076). Pas de temps = 10 min.
21/09/2020 lun 09:00  10:30 NA, FP Temperature Temp., Salinity
Temp., FluoroProbe, Temp., salinity, FluoroProbe,
échantillon (fluospectro, échantillon (fluospectro, Forte présence de macrophytes. Les échantillons pour les spécto ont été prélevé avec un sceau plongé a mi
12/10/2020 lun 09:00  10:30 NA, Samuel spectrophoto) 1.2 2.75 spectrophoto) 1.25 2.00 profondeur.
Pluie intense a la veille. Macrophytes entremelées dans les capteurs de surface et de milieu au Point B. César (Marin
Temp., échantillon Temp., salinity, échantillon d'Eau Douce) a fourni son numéro pour confirmer les horaires d'ouverture a la veille des interventions
26/10/2020 lun 10:30  11:20 NA (fluospectro, spectrophoto) (fluospectro, spectrophoto) (06.51.56.35.14).
Temp., FluoroProbe, Temp., salinity, FluoroProbe,
échantillon (fluospectro, échantillon (fluospectro,
09/11/2020 lun 09:40  11:20 NA, Samuel spectrophoto) 1.90 2.80 spectrophoto) 1.2 2.00 FreshWater Watch: Point A: NO3=5mg/L, PO4=0. Point C: NO3 entre 5 et 10 mg/L, PO4=0.
Temp., FluoroProbe, Temp., salinity, FluoroProbe,
échantillon (fluospectro, échantillon (fluospectro, FreshWater Watch: Point A: NO3=5-10 mg/L, PO4=0, Turb<14NTU. Petite couche de graisse au point A causé par des
26/11/2020 jeu 09:50  12:00 NA, Samuel spectrophoto) 2.2 2.8 spectrophoto) 2 2 dechets de nourriture en amont. Mesures au point B ont été faites vers le centre du canal car un bateau genait I'acces.
FreshWater Watch: Point A: NO3>10mg/L, PO4 entre 0.05 et 0.1mg/L, Turb<14NTU. Point C: NO3 entre 5 et 10 mg/L,
ADCP + Temp., FluoroProbe, Temp., salinity, FluoroProbe, PO4 entre 0.05 et 0.1mg/L, Turb<14NTU. Niveau de |'eau bas.
NA, MS, GC, SeaBird, échantillon SeaBird, échantillon Récupération des données de la sonde de surface au point B a été un échec: la sauvegarde a été du point A. Perte des
09/12/2020 mer 09:30  11:45 Samuel (fluospectro, spectrophoto) 1.65 2.65 (fluospectro, spectrophoto) 1.2 1.85 données du 26/11 au 9/12 du capteur de la surface au point B.
Temp., FluoroProbe, Temp., salinity, FluoroProbe,
échantillon (fluospectro, échantillon (fluospectro, FreshWater Watch: Point A: NO3>10 mg/L, PO4 entre 0.05 et 0.1 mg/L, Turb = 17 NTU. Point B: NO3 entre 5 et 10
07/01/2021 jeu 09:30  11:00 NA, GC spectrophoto) 0.9 2.85 spectrophoto) 0.5 2 mg/L, PO4 entre 0.02 et 0.05 mg/L, Turb = 14 NTU. Présence de bcp d'oiseau en arrivant au point B.
ADCP + Temp., FluoroProbe, Temp., salinity, FluoroProbe,
SeaBird, échantillon SeaBird, échantillon FreshWater Watch: Point A: NO3>10 mg/L, PO4 < 0.2 mg/L, Turb = 14 NTU. Point B: NO3 entre 5 et 10 mg/L, PO4 < 0.2
28/01/2021 jeu 10:00  12:00 NA, Duong (fluospectro, spectrophoto) 1 3 (fluospectro, spectrophoto) 0.6 2.00 mg/L, Turb < 14 NTU. Beaucoup de vent direction amont. A la surface, |'eau semble aller vers I'amont.
FreshWater Watch: trop froid pour faire NO3 et PO4. Turb = 15 NTU (Point C). Il a neigé pendant la nuit et il y avait
Temp., FluoroProbe, Temp., salinity, FluoroProbe, encore de la neige. Probléme avec la récupération des données des capteurs nke: L'ordinateur était trés lent et il s'est
SeaBird, échantillon SeaBird, échantillon mis en veille trés rapidement. Besoin de le mettre en charge pour continuer au point C. On n'a pas réussi a supprimer
10/02/2021 mer 10:40  13:40 NA, MS (fluospectro, spectrophoto) 0.7 2.9 (fluospectro, spectrophoto) 0.5 2 les données du capteur nke du fond au point C. Les données de ce capteur ont été conservées.
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Temp., salinity, échantillon
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FreshWater Watch: Point A: NO3 entre 5 et 10 mg/L, PO4 entre 0.02 et 0.05 mg/L, Turb = 16 NTU. Point B: NO3 entre 5
et 10 mg/L, PO4 entre 0.05 et 0.1 mg/L, Turb < 14 NTU. Test de la sonde WiMo. Au point A, une petite béte était dans
le capteur de salinité (un "mini crabbe blanc"). Le capteur était a I'exterieur de la cage.

FreshWater Watch: Point A: NO3 entre 5 et 10 mg/L, PO4 entre 0.02 et 0.05 mg/L, Turb < 14 NTU. Point B: NO3 entre 5
et 10 mg/L, PO4 entre 0.05 et 0.1 mg/L, Turb < 14 NTU. Au point A, une famille de petite bétes était dans le capteur de
salinité (des 'mini crevettes blanches'). Le capteur était a I'exterieur de la cage encore une fois. Tous les capteurs
étaient trés sales (+1 mois depuis le dernier passage)

FreshWater Watch: Point A et B: NO3 entre 5 et 10 mg/L, PO4 < 0.02 et 0.05 mg/L, Turb < 14 NTU. Au point A, deux
mini crevettes blanches étaient encore dans le capteur de salinité. Tous les capteurs étaient trés sales.

Installation des modules de transmission automatiques aux points A (matinée) et B (aprés-midi). M. Mareschal nous a
donné une clé pour ouvrir la cage. Changement d'emplacement du point B, maintenant a coté de I'échelle. FLUO3D:
échantillons ont été surgélés pendant la nuit. Mesure faite le lendemain.

Récupération des capteurs nke au point B. FreshWater Watch: Point A et B: NO3 entre 5 et 10 mg/L, PO4 entre 0.05 et
0.1 mg/L, Turb < 14 NTU. Au point A, des mini crevettes blanches étaient encore dans le capteur de salinité et la sonde
multiparameétres MS5. SPECTRO: cuvette étaient un peu bleue (?). Résultats peuvent étre touchés par ¢a.

FreshWater Watch: Point A et B: NO3 entre 5 et 10 mg/L, PO4 entre 0.02 et 0.05 mg/L, Turb < 14 NTU. Prise échantillon
Point A a 19h35 et Point B a 20h00. Conservation des flacons au frigo, emballés au papeir aluminium. Mesures de
fluorescence a 10h le landemain, échantillons a la température ambiente (24C)

Récupération du capteur CTD nke au point A. FreshWater Watch: Point A: NO3 entre 1 et 2 mg/L, PO4 entre 0.02 et
0.05 mg/L, Turb < 14 NTU. Point B: NO3 entre 2 et 5 mg/L, PO4 entre 0.05 et 0.10 mg/L, Turb < 14 NTU. Prise
échantillon Point A a 10h15 et Point B a 11h30. Mesures de fluorescence a 14h le méme jour, échantillons a la
température ambiente (26.6C). Pas de circulation de bateaux (aucun type) la matinée a cause de l'installation des
bouées jaunes de la baignade (plongeurs sur place pour attacher les cables - info donnée par Marin d'eau douce). Les
algues fixes sont si grandes que MED ont fermé |'espace réservé aux bateaux pour les enfants.

Annonce d'orage vers 23h. Prise échantillon Point A a 20h45 et Point B a 21h05. Conservation des flacons au frigo,
emballés au papier aluminium. Mesures de fluorescence a 16h le landemain (appareil pris le matin), échantillons a la
température ambiente (28.4C)

Prise échantillon Point A a 9h00 et Point B a 9h20. Conservation des flacons au frigo. Mesures de fluorescence a 14h
(appareil pris le matin), échantillons a la température ambiente (28.4C)

FreshWater Watch: Point A et B: NO3 entre 5 et 10 mg/L, PO4 entre 0.1 et 0.2 mg/L, Turb < 14 NTU. Prise échantillon
Point A a 10h25 et Point B a 11h10. Mesures de fluorescence a 16h le méme jour, échantillons a la température
ambiente (24.0C). Installation preleveur au pont Crimée, avec prise d'échantillon a 13h35 et 13h40, avec forte pluie.
Algaetorche: 2 mesures de profil au point A et 2 au point B (doute du bon fonctionnement de I'équipement)
FreshWater Watch: Point A: NO3 entre 2 et 5 mg/L, PO4 entre 0.2 et 0.5 mg/L, Turb < 14 NTU. Point B: NO3 entre 5 et
10 mg/L, PO4 entre 0.05 et 0.1 mg/L, Turb < 14 NTU. Prise échantillon Point A a 10h35 et Point B & 11h40. Mesures de
fluorescence a 14h30 le méme jour, échantillons a la température ambiente (25.0C). Accompagnement de l'installation
fluidion. Pas de souci avec notre équipement.

Mesure de fluorescence: Pont de Crimée (nouveau point C) a la Villette, Sortie de la Station St-Thibault (Point TS) et
entrée de la station St-Thibault (Point TEf et TEb: eau filtré et eau brut). Echantillons récupérés ce matin, vers 8h30-
9h00. Mesure a 14h.

FreshWater Watch: Points A et B: NO3 entre 5 et 10 mg/L, PO4 entre 0.1 et 0.2 mg/L, Turb < 14 NTU. Prise échantillon
Point A a 9h45 et Point B a 10h45. Mesures de fluorescence a 13h30 le méme jour, échantillons a la température
ambiante.

FreshWater Watch: Point A: NO3 entre 2 et 5 mg/L, PO4 entre 0.05 et 0.1 mg/L, Turb < 14 NTU. Point B: NO3 entre 2 et
5mg/L, PO4 entre 0.1 et 0.2 mg/L, Turb < 14 NTU. Prise échantillon Point A a 10h00 et Point B a 11h40. Mesures de
fluorescence a 13h30 le méme jour, échantillons a la température ambiante (24.0C).
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Prise échantillon Point A a 11h40 et Point B a 10h40 (Paris). Mesures de fluorescence a 14h00 le méme jour,
échantillons a la température ambiante (24.5C). Installation de I'ADCP proche de la plateforme Marin d'Eau Douce, a
coté de la bouée en phare, appelé point TB-D (transect Baignade rive Droite). Secchi = 0.85m, total = 2.65 m + profil
avec SeaBird.

Mesure de fluorescence: Pont de Crimée (nouveau point C) a la Villette, Sortie de la Station St-Thibault (Point TS) et
entrée de la station St-Thibault (Point TEf et TEb: eau filtré et eau brut). Echantillons récupérés ce matin, vers 8h20-
8h40. Mesure a 11h. Température ambiante = 27 °C

Prise échantillon Point A a 11h45 et Point B a 10h10 (Paris). Mesures de fluorescence a 14h00 le méme jour,
échantillons a la température ambiante (28.5C). Essai de récuperer I'ADCP proche de la plateforme Marin d'Eau Douce,
a coté de la bouée en phare, appelé point TB-D (transect Baignade rive Droite), mais sans succés. A coté du point A, il y
avait un oiseau mort sur l'eau.

Prise échantillon Point A a 12h45 et Point B a 11h15 (Paris). Mesures de fluorescence a 14h00 le méme jour,
échantillons a la température ambiante (26.3C). Essai de récuperer I'ADCP au point TB-D (transect Baignade rive
Droite) avec un aimant, mais sans succes.

Prise échantillon Point A a 9h40 et Point B a 10h10 (Paris). Mesures de fluorescence a 11h20 le méme jour,
échantillons a la température ambiante (24.4C).

WiMo ne demarrait pas. Prise échantillon Point A a 10h25 et Point B a 11h25 (Paris). Mesures de fluorescence a 14h00
le méme jour, échantillons a la température ambiante (25.8C).

Changement de panneau solaire au point A, avec orientation vers le sud. Equipements fluidions déja enlevés.
Renforcement d'attachement des sondes CTD dans leur corde respective aux points A et B.

Préleveur point C: Nettoyage le 02/09/2021 avec eau de javel + eau robinet.

Prise échantillon Point A a 10h20 et Point B a 10h35. Conservation des flacons au frigo. Mesures de fluorescence a 13h,
échantillons a la température ambiente (27.4C)

Prise des échantillons journaliers moyens du pont de Crimée et de St-Thibault. Mesures fluo3d et absorbance realisées
a partir de 13h. Dilution des échantillons de St-Thibault: d5 et d10, entrée et sortie.

Prise des échantillons journaliers moyens de St-Thibault. Mesures fluo3d et absorbance realisées a partir de 13h.
Dilution des échantillons de St-Thibault: d5 et d10, entrée et sortie, d2 sortie.

Pigeons se baignaient au point A, avec liquide blanc en surface. Prise échantillon Point A & 10h30 et Point B & 10h55.
Mesures de fluorescence a 13h, échantillons a la température ambiente (24.9C). Blanc EUP a eu de l'interference.
Forte chance que la cuve aille des traces des échantillons de St-Thibault. Nettoyage avec acetone pour les échantillons
de demain. Prélévement au point A a 20h25 et point B a 21h00.

Prise des échantillons journaliers moyens du pont de Crimée et de St-Thibault. Mesures fluo3d et absorbance realisées
a partir de 12h. Dilution des échantillons de St-Thibault: d10 entrée et d5 sortie. Mesures a la température abiente de
25.7C

Prise échantillon Point A a 8h20 et Point B a 9h00. Mesures de fluorescence a 13h, échantillons a la température
ambiente (26.4C). Prise échantillon point C a 8h30. Pluie constante toute la journée. Probléme avec la cuve s'est
reproduit.

Prise échantillon Point A a 8h45 et Point B a 9h10. Mesures de fluorescence a 11h, échantillons a la température
ambiente (25.9C). Prise échantillon point C a 8h30. Dilution des échantillons de St-Thibault: d10 entrée et d5 sortie.
Probléme avec prélévement a St-Thibault: les échantillons regus sont passés a la centrifuge a Créteil avant.

Prise échantillon Point A a 8h45 et Point B a 9h00. Mesures de fluorescence a 11h, échantillons a la température
ambiente (25.8C). Prise échantillon point C a 8h10.

Prise échantillon Point A a 9h50 et Point B a 11h10. Mesures de fluorescence a 12h, échantillons a la température
ambiente (24.8C). Prise échantillon point C a 10h30. Prélévement point C de 8h a 8h, du 19 au 20/09.

Prise échantillon Point A a 10h et Point B a 11h10. Mesures de fluorescence le lendemain, échantillons stockés au frigo.
Prélévement point C de 9h20 a 9h20, du 20 au 21/09.

Prise échantillon Point A a 8h50 et Point B a 10h00. Mesures de fluorescence a 11h30 (y compris les échantillons
d'hier), échantillons a la température ambiante (21.2C). Prélévement point C de 9h30 a 9h30, du 21 au 22/09.

Prise des échantillons journaliers moyens de St-Thibault. Mesures fluo3d et absorbance realisées a partir de 12h,
échantillons a la température ambiante (21.6C). Dilution des échantillons de St-Thibault: d5 sortie et d10 entrée.
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Prise échantillon Point A a 11h40 et Point B a 12h40. Mesures de fluorescence a 15h, échantillons a la température
ambiante (24.5C). Colliers en plastique des capteurs de température au point A étaient cassés. Les capteurs du milieu
et en surface étaient au fond de I'eau. Remise d'autres colliers. Besoin de voir altérnative, car les colliers en plastique
se cassent trés fréquemment a la Villette. Prevoir une cordelette pour attacher les capteurs de température.

Remplacement de batterie au point A. Changement pas de temps de mesure aux points A et B: passé de 10 min a 20
min pour cet hiver. Mesure pH, conductivité spécifique et turbidité au labo. Point A: pHA = 8.00, condA = 801 uS/cm
turbA = 8.00 NTU ( moyenne entre 8.05 et 7.96 NTU); Point B: pHB = 8.02, condB = 801 uS/cm, turbB = 6.37 NTU (2
mesures égales). Prise échantillon Point A a 10h50 et Point B a 11h45. Mesures de fluorescence a 14h, échantillons a la
température ambiente (19.6C). Fermeture Marin d'Eau Douce: du 01/12/21 au 01/03/22.

Remplacement des batteries (neuves) et installation de régulateurs entre batterie et panneaux solaires aux points A et
B. Remplacement du panneau solaire au point A (puissance 20 W a la place de 10 W). MAJ du programme pour
envoyer la valeur de la mesure seulement quand une mesure est faite, avec batterie > 12.2V. Prise échantillon Point A
a 11h05 et Point B a 13h35. Mesures de fluorescence a 12h, échantillons a la température ambiante (20.7C).

Prise échantillon Point A 4 18h10 et Point B & 18h30. Mesures de fluorescence le 02/02, avec les échantillons du méme
jour. Vérification de la tension des batteries. Point A = 11.1V, LED indiquant batterie complétement déchargée. Point B
=12.5V, LED vert (ok). Panneaux solaires bien placés.

Prise échantillon Point A a 10h40 et Point B a 11h15. Mesures de fluorescence a 13h30 (y compris les échantillons du
31/01), échantillons a la température ambiante (24.2C). Récupération de la sonde OTT MS5 du point A pour mesurer sa
consommation de batterie au labo. Mise d'un capteur nke (température et salinité) a sa place, a 0.50m. Le LED
panneau solaire était vert clignotant (panneau en cours de production d'énergie).

Prise échantillon Point A a 11h00 et Point B a 11h50. Mesures de fluorescence a 14h00, échantillons a la température
ambiante (24.4C). Remplacement de la batterie au point A. Recuperation des donnees du capteur nke et des mesures
de niveau d'eau et temperature pas transmises (mesures jusqu'au 30 janvier). WiMo pas utilisée car le dispositif
d'activation n'était pas dans le casier (on a trouvé un aimant dans le bureau de NA qui peut remplacer le dispositif pour
I'instant). Presence d'une dizaine de mouettes au point A a notre arrivée (une personne était en train de les alimenter).
Prise échantillon Point A 3 09h20 et Point B a 10h00. Mesures de fluorescence a 11h30, échantillons a la température
ambiante (24.6C). Liquide blanchatre huileux a la surface du point A. Mesure de turbidité au labo. Secchi n'a pas été
mesuré et les données de salinité du point A n'ont pas été récupérées (Secchi et datapencil utilisé a la campagne du lac
de Champs). Toutes les sondes ont été nettoyées.

Prise échantillon Point A a 09h10 et Point B a 10h20. Mesures de fluorescence a 12h00, échantillons a la température
ambiante (24.3C). FreshWater Watch: Points A et B: NO3 entre 5 et 10 mg/L, PO4 entre 0.02 et 0.05 mg/L (point A) et
entre 0.05-0.1 mg/L (point B), Turb < 14 NTU. Pas de vent en amont ni en aval. Mesure de turbidité en terrain et au
labo. Toutes les sondes (sauf température point A) ont été nettoyées.

Prise échantillon Point A a 9h30 et Point B a 10h00. Mesures de fluorescence a 11h, échantillons a la température
ambiante (23.3C). Liquide huileux en surface au point A.

Prise échantillon Point A a 9h30 et Point B a 10h00. Mesures de fluorescence a 11h, échantillons a la température
ambiante (23.3C).

Prise échantillon Point A a 9h50 et Point B a 10h30. Mesures de fluorescence a 11h, échantillons a la température
ambiante (21.6C).

Prise échantillon Point A a 10h00 et Point B a 10h20. Mesures de fluorescence a 11h, échantillons a la température
ambiante (21.8C).

Prise échantillon Point A & 14h30 et Point B a 14h50. Mis au frigo. Mesures de fluorescence le lendamain, avec les
nouveaux échantillons.

Prise échantillon Point A a 10h00 et Point B a 10h20. Mesures de fluorescence a 11h, avec les échantillons d'hier.
Echantillons a la température ambiante (24.3C)

Prise échantillon Point A a 19h00 et Point B a 19h20. Mis au frigo. Mesures de fluorescence le lendamain, avec les
nouveaux échantillons.

Prise échantillon Point A a 10h40 et Point B a 11h10. Mesures de fluorescence a 12h, avec les échantillons d'hier.
Echantillons a la température ambiante (23.1C)

Prise échantillon Point A & 14h10 et Point B a 14h00. Mis au frigo. Mesures de fluorescence le lendamain, avec les
nouveaux échantillons.

Prise échantillon Point A a 09h50 et Point B a 10h10. Mesures de fluorescence a 11h, avec les échantillons d'hier.
Echantillons a la température ambiante (23.8C)

Prise échantillon Point A a 9h20 et Point B a 09h40. Mesures de fluorescence a 11h, échantillons a la température
ambiante (24.4C).
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Installation de la sonde CTD au point A (MS5 OTT). Pas de temps reste a 20 min. La sonde nke reste sur place.
Nettoyage de tous les capteurs et de la cage.

Prise échantillon Point A a 9h20 et Point B a 10h00. Mesures de fluorescence a 12h, échantillons a la température
ambiante (23.3C). FreshWater Watch: Point A: NO3 entre 5 et 10 mg/L, PO4 entre 0.02 et 0.05 mg/L,Turb < 14 NTU;
Point B: NO3 entre2-5 mg/L et PO4 entre 0.05-0.1 mg/L, Turb < 14 NTU. Mesure de turbidité au labo.

2 profils avec WiMo et SeaBird ont été faits aux 2 points, sans interruption de mesure. Prise échantillon Point A a 9h30
et Point B a 10h20. Mesures de fluorescence a 12h, échantillons a la température ambiante (23.6C). Turbidité faite au
labo apres X jours (appareil était pris)

Prise échantillon Point A a 18h50 et Point B a 19h10. Mesures de fluorescence le lendemain, échantillons stockés au
frigo. Mesures a 9h00, température ambiante (27.1C)

Récupération de la sonde nke au point A. Cdte par rapport a la berge: ptA = 2.72 m. Profondeur amont pont Crimée =
2.30 m (3.80m jusqu'a la berge). Profondeurs en aval (sortie du bassin): rive droite = 2.78 m; milieu = 2.62m; rive
gauche écluses = 2.10m. Prise échantillon Point A a 9h50 et Point B a 10h30. Mesures de fluorescence a 12h,
échantillons a la température ambiante (28.6C).

Prise échantillon Point A a 10h00 et Point B a 10h30. Mesures de fluorescence a 12h, échantillons a la température
ambiante (27.9C).

Prise échantillon Point A 3 09h10 et Point B a 09h30. Mesures de fluorescence a 11h, échantillons a la température
ambiante (28.4C).

Prise échantillon Point A a 08h50 et Point B a 09h10. Mesures de fluorescence a 10h, échantillons a la température
ambiante (26.8C). Beaucoup de déchets en surface de I'eau le long du canal et du bassin (féte de la musique hier soir).
Prise échantillon Point A a 09h50 et Point B a 10h20. Mesures de fluorescence a 12h, échantillons a la température
ambiante (28.8C).

Prise échantillon Point A & 10h00 et Point B a 10h20. Mesures de fluorescence a 12h, échantillons a la température
ambiante (28.4C).

Prise échantillon Point A a 09h30 et Point B a 09h50. Mesures de fluorescence a 12h, échantillons a la température
ambiante (30.2C).

Prise échantillon Point A & 10h00 et Point B a 12h20. Mesures de fluorescence a 15h, échantillons a la température
ambiante (30.5C). Intervention au point A: réparation de la hauteur du capteur de niveau d'eau et réparation de la
fixation du boitier imperméable. Les tendeurs se sont cassés vers le 20/07. Une fixation provisoire a été faite par les
agents de Fluidion entretemps.

Prise échantillon Point A a 09h20 et Point B a 09h40. Mesures de fluorescence a 11h, échantillons a la température
ambiante (27.5C).

Prise échantillon Point A & 10h20 et Point B a 10h40. Mesures de fluorescence a 12h, échantillons a la température
ambiante (28.1C).

Prise échantillon Point A & 10h30 et Point B a 11h00. Mesures de fluorescence a 14h, échantillons a la température
ambiante (29.5C).

Prise échantillon Point A a 9h10 et Point B a 9h45. Mesures de fluorescence a 14h, échantillons a la température
ambiante (27,1C).

Analyseurs Fluidion retirés le 23/08/2022.

Début au point B. ion des capteurs avec Manel aux points B et A. Réglage hauteur sonde de
niveau d'eau avec le disque Secchi. Un serre-cable a été mis pour empécher le capteur de glisser vers le fond. Besoin
des éponges et de la brosse rouge pour nettoyer les capteurs de conductivité pour la prochaine campagne. Vent
trés présent, direction amont. Prise échantillon point A a 10h40 et Point B a 10h00. Mesures de fluorescence a 14h,
échantillons a la température ambiante (23.2C).

Récupération des données des capteurs de Manel. Prise échantillon Point A a 9h45 et Point B a 10h50. Mesures de
fluorescence a 14h, échantillons a la température ambiante (22,5C). Absence de vent (quelques brises vers I'aval).
Prise échantillon Point A a 10h20 et Point B a 10h50. Mesures de fluorescence a 13h, échantillons a la température
ambiante (19.5C).

Prise échantillon au Point A a 9h50, pas de vent et environ une dizaine de pigeons prés du point A. Prise échantillon au
Point B a 10h50, vent trés léger direction aval. Mesures de fluorescence a 14h, échantillons a la température ambiante
(20.5C).

Prise échantillon Point A a 8h50 et Point B a 10h40, vent trés léger direction aval. Copie de clé pour Manel. Mesures
de fluorescence a 14h30, échantillons a la température ambiante (17.0C).

Prise échantillon Point A a 9h38 et Point B a 10h15. Mesures de fluorescence a 14h, échantillons a la température
ambiante (18.7C).
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Prise échantillon Point A a 11h00 et Point B a 11h45. Mesures de fluorescence le jour 18/10/2022 10h00, échantillons a
la température ambiante (23.0C).

Prise échantillon Point A a 13h00 et Point B a 13h35. Mesures de fluorescence le jour 18/10/2022 10h00, échantillons a
la température ambiante (23.0C).

Prise échantillon Point A a 15h10 et Point B a 15h45. Mesures de fluorescence le jour 18/10/2022 10h00, échantillons a
la température ambiante (23.0C).

Prise échantillon Point A a 17h07 et Point B a 17h40. Mesures de fluorescence le jour 18/10/2022 10h00, échantillons a
la température ambiante (23.0C). Prise de 2 flacons pour comparer deux mesures d'un méme échantillon..
Remplacement des batteries (neuves) aux points A et B. Arrivée a La Villette en fin d'aprés-midi. La batterie au point A
était déchargée (12.1 V). La batterie au point B était chargée (quand nous sommes arrivés), avec 12.6 V. Pas de Secchi:
trés sombre (manque de lumiére solaire).

Prise échantillon Point A & 10h00 et Point B a 11h30. Mesures de fluorescence le jour méme, échantillons a la
température ambiante (18.5C). Changement des batteries, et nouvelles configuration du cablage PMV (régulateur) et
mode C, au deux points. Vérification avec pdt de 1min des mesures effectuées. Remplissage des bidons avec un sceau
et ringage avec |'eau du canal. Faire attention a I'état des vis pour ouvrir le boitier.

Pas de nettoyage des capteurs, démontage de la station au point B pour révision sonde OTT et ajout capteur de
profondeur. Prise échantillon Point A a 09h30 et Point B a 10h30. Mesures de fluorescence le jour 17/02/2023 13h30,
échantillons a la température ambiante (21.0C).

Prise échantillon Point A a 09h50 et Point B a 10h20. Mesures de fluorescence le jour 08/03/2023 13h30, échantillons a
la température ambiante (21.0C).

Prise échantillon Point A a 19h50 et Point B a 20h20. Mesures de fluorescence le jour 09/03/2023 13h00, échantillons a
la température ambiante (21.0C).

Prise échantillon Point A & 10h15 et Point B a 10h50. Mesures de fluorescence le jour 09/03/2023 13h00, échantillons a
la température ambiante (21.0C).



IV-d. Vertical profiles in La Villette system
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1. WiMo profiles

09/03/2023
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230309 A Villette

O o
-0.5 -0.5 -0.5
-1 -1 -1
-1.5 -1.5 -1.5
L]
-2 -2 -2
6 7 8 6 8 10 12 14 60 80 100 120
Tw (°C) 02 (mg/L) 02 sat (%)
0 0 0
-0.5 -0.5 -0.5
-1 -1 -1
-1.5 -1.5 -1.5
-2 -2 -2
400 600 800 500 600 700 800 8 10
Conductivity (uS/cm) Conduct 25°C (uS/cm) pH
Point B-11:00 (UTC)
0 230309 B Villette
-1 -1 -1
-2 -2 2
!
-3 -3 -3
6 7 8 6 8 10 12 14 60 80 100 120
Tw (°C) 02 (mg/L) 02 sat (%)
0 0 0
-1 -1 -1
-2 -2 % -2
-3 -3 -
400 600 800 500 600 700 800 8 10
Conductivity (pS/cm) Conduct 25°C (uS/cm) pH



08/03/2023 - a.m. and p.m.
Point A - 09:50 (UTC)
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0 230308 B-am Villette

Point B - 20:20 (UTC)
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230217 A Villette
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Point A - 09:30 (UTC)
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At the same day, measurement at Joinville (Marne), point SMV7C, at 13:30 (UTC):
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Point B - 16:56 (UTC)
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0221017 A Villette 11h
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0221017 A Villette 15h
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0221017 B Villette 11h

0 0
-1 -1 -1
-2 -2 -2
-3 -3 -3
13 14 15 16 4 6 8 10 12 60 80 100 120
Tw (°C) O2 (mg/L) O2 sat (%)
0 0 0
-1 -1 -1
-2 -2 -2
-3 -3 -3
400 600 800 500 600 700 800 6 8 10
Conductivity (pS/cm) Conduct 25°C (uS/cm) pH
221017 B Villette 13h
0 0 0
-1 -1 -1
-2 -2 -2
-3 -3 -
13 14 15 16 4 6 8 10 12 60 80 100 120
Tw (°C) O2 (mg/L) O2 sat (%)
0 0 0
-1 -1 -1
-2 -2 -2
-3 -3 -3
400 600 800 500 600 700 800 6 8 10
Conductivity (uS/cm) Conduct 25°C (uS/cm) pH

12



0221017 B Villette 15h
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14/10/2022
Point A - 07:45 (UTC)
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Point P - 08:20 (UTC) - Station de pompage
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15/09/2022 - Thermal stratification (B)?
Point A - 07:36 (UTC)
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Point B - 08:45 (UTC)
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Point B - 07:55 (UTC)
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Point B - 09:08 (UTC)
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12/08/2022 - Thermal stratification (B)
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Point B - 10:30 (UTC)
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Point B - 08:30 (UTC)
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Point B - 08:27 (UTC)

220505 B Villette
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22/04/2022 - return of pH sensor (maintenance nke)
Point A - 07:25 (UTC)
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Point B - 08:07 (UTC)

220422 B Villette
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Point B - 08:33 (UTC)

220329 B Villette
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15/03/2022 - pH sensor in maintenance (nke)
Point A - 08:20 (UTC)
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Point B - 09:00 (UTC)

220315 B Villette
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Point B - 10:10 (UTC)
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Point B - 12:20 (UTC)

220112 B Villette
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24/11/2021
Point A - 10:05 (UTC)
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Point B - 10:38 (UTC)

211124 B Villette
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19/10/2021 - Thermal stratification (B)
Point A - 09:27 (UTC)
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Point B - 10:28 (UTC)

211019 B Villette
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23/07/2021
Point A - 09:38 (UTC)

210723 A Villette
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Point B - 08:00 (UTC)

210723 B Villette
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16/07/2021
Point A - 09:30 (UTC)
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Point B - 08:20 (UTC)
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05/07/2021
Point A - 07:52 (UTC)
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Point B - 08:42 (UTC)
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28/06/2021 - Thermal stratification (A and B)
Point A - 08:27 (UTC)

210628 A Villette
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22/06/2021 - Higher Tw at the bottom
Point A - 08:12 (UTC)
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Point B - 09:06 (UTC)

210622 B Villette
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10/06/2021 - Thermal stratification (B)

Point A - 08:03 (UTC)
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20/05/2021
Point A - 08:02 (UTC)
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Point B - 09:15 (UTC)

210520 B Villette
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05/05/2021 - pH stops working

Point A - 11:00 (UTC)
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Point B - 14:25 (UTC)

210505 B Villette
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29/04/2021
Point A - 07:55 (UTC)
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03/03/2021 - Thermal stratification (A and B)

Point A - 09:25 (UTC)

210303 A Villette
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Point B - 10:50 (UTC)
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2. SeaBird profiles
05/05/2022
Point A - 07:20 (UTC)
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16/02/2022
Point A - 10:00 (UTC)
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12/01/2022
Point A - 09:50 (UTC)
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23/07/2021
Point A - 09:36 (UTC)
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16/07/2021
Point A - 09:30 (UTC)
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Point TBD - 07:58 (UTC)
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Point B - 09:20 (UTC)
210622 point B
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Point B - 09:15 (UTC)
210610 point B

Temperature 0 Oxygen Oa(ygen saturation
E 4 E 4 E 4
= = =
o -2 o -2 o -2
Q Q Q
-3 -3 -3
21 22 6 8 60 80 100
deg C mg/I % saturation
Conductivity Sp%cific Conductance
E 4 E 4
S S
o -2 o -2
Q Q
-3 -3
600 700 700 800
uS/cm uS/cm
03/03/2021

Point A - 09:08 (UTC)
210303 point A

0Temperature 0 Oxygen O)éygen saturation
E | E E
< -1 < -1 < -1
a a a
o [} [}
Q Q a
-2 -2 -2
7 8 9 10 10 11 60 80 100
deg C mg/l % saturation
0Conductivity Speocific Conductance
E E
< -1 < -1
a a
[} [}
Q Q
-2 -2
500 600 800 900
uS/cm uS/cm

53



Point B - 10:33 (UTC)
210303 point B
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Point B - 10:40 (UTC)
210210 point B
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Point B - 10:40 (UTC)
210128 point B
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Point B - 10:27 (UTC)
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3. Fluoroprobe BBE profiles

11/01/2023

Point A - 09:14 (UTC)
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At the same day, measurement at Joinville (Marne), point SMV7C, at 13:25 (UTC):

230111 SMV7C Joinville
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Point B - 08:37 (UTC)
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Point B - 08:41 (UTC)

220915 pointB
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Point B - 07:47 (UTC)

220909 pointB
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Point B - 10:24 (UTC) (previously point C)

210303 pointB

Temperature Green_Algae 0 Bluegreen Diatoms
[ ]
[ ]
-0.5 0.5 f .
A -1
E
< -15 -1.5
Q.
[
e 5 2
-2.5 -2.5 ®e
- 3
10 " 12 5 10 0 5 10 5 10
°C ug/l pg/l pg/l
Cryptophyta Chila total 0YeIIow substances
-3 -3
5 10 0 5 10 0 1 2 3
ug/l ug/l r.u.
10/02/2021
Point A - 09:40 (UTC)
210210 pointA
Temperature Green_Algae Bluegreen Diatoms
[ ]
* °
-0.5 -0.58®
LJ
= 1 °
S -1 -1¢°
Q.
[0
a
15 -1.5
%
[ ]
-2 -2
6 7 0 5 10 0 5 10 0 5 10
°C ug/l ug/l ug/l
Cryptophyta Chla total Yellow substances
[ ] 0 o
o. °s®
-0.5 -0.5
— ° ‘
[ L]
£ -1 -1
Q.
[9]
[a]
-1.5 -1.5
L]
-2 -2
0 5 10 10 0 1 2 3

63



Point B - 10:40 (UTC) (previously point C)

210210 pointB
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Point B - 10:31 (UTC) (previously point C)

210128 pointB
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Point B - 08:10 (UTC) (previously point C)
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4. AlgaeTorch profiles
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IV-e. Validation between basic and complete versions of the
monitoring system

The basic and the complete versions of the monitoring system were installed
simultaneously, between May and June 2021 (at point A, from 20/05 to 10/06/2021; at
point B, from 05 to 20/05/2021).

At point A, the relationship between water temperature measurements from nke (basic
system) and Campbell (complete system) sensors, and conductivity from nke (basic system)
and OTT (complete system) sensors measurements were very good, with RMSE=0.06°C and
R?=1.00 for water temperature, and RMSE = 19 uS.cm-! and R?=0.85 for conductivity (Figure
A.9 and Table A.3).

24 T T T T r T 850
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S = 5
22 S 2 700
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Figure A.9. Water temperature: nke and Campbell sensors measurements at the surface and
conductivity measurements of nke (surface) and OTT (middle) sensors at Point A.

Table A.3. Relationship between measurements from nke, Campbell and OTT sensors at point A.

N. of

Point Equipment | Variable . Equation R? RMSE
points
A surface Nke and Water 5063 Twike=1.00*TWcampben | 1.00 | 0.06
Campbell temperature (°C)
A surface Nke and Conductivity 3002 CSnke = 1.01 * Cmorr 0.85 | 18.80
and middle | OTT (uS.cm1)

At point B, the relationship between sensors nke (basic system) and Campbell (complete
system) temperature measurements of the three depths were very good, with RMSE=0.02°C
and R?=1.00 for all depths (Figure A.10 and Table A.4).



Water temperature at Point B
T

Tw campbell
surface (°C)
IS
T

12 12.5 13 13.5 14

14.5 15 15.5 16 16.5

Tw nke surface (°C)

17

Tw campbell
middle (°C)
N
T

12 12.5 13 13.5 14

14.5 15 15.5 16 16.5

Tw nke middle (°C)

Tw campbell
bottom (°C)
N
T

X nke x campbell
Linear fit

Confidence bounds| |

12 12.5 13 13.5 14

14.5 15 15.5 16 16.5

Tw nke bottom (°C)

17

Figure A.10. Water temperature nke and Campbell sensors measurements (surface, middle and bottom)

at point B.

Table A.4. Relationship between measurements from nke and Campbell (cb) sensors at point B.

Equip-

N. of

Point Variable . Equation R? RMSE
ment points

B Nke and Water 2113 Twsnke=0.99*Twsw-0.24 | 1.00 | 0.02

surface | Campbell | temperature (°C)

B Nke and Water 2113 Twmnke=0.99*Twmeb+ 1.00 0.02

middle | Campbell | temperature (°C) 0.09

B Nke and Water 2113 Twfnke=1.00*Twsc-0.14 1.00 | 0.02

bottom | Campbell | temperature (°C)
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Abstract

Dissolved organic matter (DOM) plays a crucial role in freshwater ecosystem function. Monitoring
of DOM in aquatic environments can be achieved by using fluorescence spectroscopy. Particularly,
DOM fluorescence can constitute a signature of microbiological contamination with a potential for
high frequency monitoring. However, limited data are available regarding urban waterbodies. This
study considers fluorescence data from field campaigns conducted in the Paris metropolitan region:
two watercourses (La Villette basin and the river Marne), two stormwater network outlets (SO), and a
wastewater treatment plant effluent (WWTP-O). The objectives of the study were to characterize the
major fluorescence components in the studied sites, to investigate the impact of local rainfall in such
components and to identify a potential fluorescence signature of local microbiological contamination.
The components of a PARAFAC model (C1-C7), corresponding to a couple of excitation (ex) and
emission (em) wavelengths, and the fluorescence indices HIX and BIX were used for DOM
characterization. In parallel, faecal indicator bacteria (FIB) were measured in selected samples. The
PARAFAC protein-like components, C6 (ex/em of 280/352 nm) and C7 (ex/em of 305/340 nm),
were identified as markers of microbial contamination in the studied sites. In the La Villette basin,
where samplings covered a period of more than two years, which also included similar numbers of
wet and dry weather samples, the protein-like components were significantly higher in wet weather in
comparison to dry weather. A positive relationship was obtained between C6 and FIB. In urban
rivers, the high frequency monitoring of C6 levels would support the faecal contamination detection
in rivers. In addition, it could help targeting specific field campaigns to collect comprehensive dataset
of microbiological contamination episodes.
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1 Introduction

In freshwaters, dissolved organic matter (DOM) plays a key role in ecosystem functioning. Part of
the DOM pool is associated to bacterial degradation and nutrient availability (Wetzel, 1992; Boavida
and Wetzel, 1998), acting as a supplier of biologically accessible organic substances that sustains
heterotrophic aquatic organisms. DOM may also attenuate light intensity (Morris et al., 1995;
Markager and Vincent, 2000), mobilize and transport contaminants (Polubesova et al., 2007;
Mladenov et al., 2010), and affect the concentration of dissolved oxygen in the water (McCabe et al.,
2021). Changes in DOM composition may reflect the variation of the status of an ecosystem caused
by land use and climate change (Wilson and Xenopoulos, 2009; Williams et al., 2010).

In urban areas, water sports and recreative activities in open waters are increasingly popular.
However, these activities can expose users to waterborne diseases when the water quality is poor due
to faecal pollution. The microbiological quality of water bodies is assessed through microorganism
indicators of faecal contamination. In the USA, the Clean Water Act (USEPA, 1977), and in Europe,
the European Bathing Water Directive (BWD, 2006/7/EC), require the monitoring of faecal
contamination through faecal indicator bacteria (FIB). Escherichia coli (E. coli) and intestinal
enterococci (IE) are well established indicators and are recommended for freshwater microbiological
quality assessment (USEPA, 1986). In faecal contaminated waters, E. coli is present in greater
concentrations than IE. Edberg et al. (2000) recommended to use E. coli as the best indicator, with IE
as a complementary one. However, the standard methods of FIB enumeration require more than 24
hours to provide results. For a reactive contamination detection, a fast-monitoring technique is
required.

Fluorescence spectrophotometry has been widely used for characterizing DOM in surface waters
(Cumberland et al., 2012; Romero Gonzalez-Quijano et al., 2022), ground waters (Frank et al., 2018;
Sorensen et al., 2020), marine waters (Parlanti et al., 2000; Kim et al., 2020), and for microbial
quality assessment (Baker et al., 2015; Sciscenko et al., 2022). It can be used to assess DOM
composition, DOM source, type, and microbiological activity (Coble, 1996).

Fluorescent dissolved organic matter (FDOM) contains molecular groups called fluorophores which,
when excited by specific UV wavelengths emit fluorescence (Fellman et al. 2010). The fluorophores
identified in freshwaters are associated with different types of dissolved organic matter and can be
mostly attributed to humic-like (peaks A, C and M) and protein-like (peak T) components. Peak A is
associated with terrestrial components. Peak C is often linked to anthropogenic activities such as
agriculture. Peak M is associated with marine humic-like components. Peak T may indicate microbial
activity (Coble, 1996).

Fluorescence intensity ratios can be used to assess the origin and transformation degree of DOM.
Three fluorescence indices are commonly used: BIX, HIX and FI. The biological index (BIX) was
introduced by Huguet et al. (2009), based on the freshness index (ratio B:a)) from Parlanti et al.
(2000). BIX is an indicator of the contribution of recently autochthonous produced DOM. It
represents more recently derived DOM, including those freshly transferred from algae to the DOM
pool, and the more decomposed DOM.

The humification index (HIX) is related to the extent of humification of organic matter. It was
introduced by Zsolnay et al. (1999), denoted HIXzsoinay, Who assumed that humification is associated
with an increase of molecular weight. The emission spectra of these more condensed fluorescing
molecules tend to shift to longer emission wavelengths. It was used to estimate the degree of DOM
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aromatization in soil, and firstly applied to aquatic systems by Huguet et al. (2009). It is the ratio of
the sum of the fluorescence intensities between the emission wavelengths of 435 nm and 480 nm and
the sum of the intensities emitted between 300 nm and 345 nm, at excitation wavelength of 254 nm.

Ohno (2002) proposed a modified HIX calculation, denoted HI1Xonno, introducing a second inner-
filter effect correction. With this new ratio, HIX ranges from 0 to 1, also increasing with the increase
of DOM aromatization degree. Since HIX values from Ohno’s expression are independent of the
concentrations of humic-like substances, it facilitates the comparison of results across different
studies. In this paper, both HIX expressions were compared.

The fluorescence index (FI) was first introduced by McKnight et al. (2001). It is also known as
fas0/fs00 index, used by Huguet et al. (2009), and later modified by Cory and McKnight (2005). It
allows to determine the source of DOM either microbial (>1.8) or terrestrial (<1.4) (Fellman et al.,
2010).

Independent fluorescence components, which can be associated to different origins of DOM, can be
obtained through the application of the parallel factor (PARAFAC) method to fluorescence
excitation-emission matrices (EEMs). PARAFAC is a powerful tool on the characterization and
quantification of DOM in different aquatic environments (Stedmon and Bro, 2008).

In urban waterbodies, during rain events, wastewater discharge and runoff affect the water quality
and change the DOM composition (Xenopoulos et al., 2021). Humic-like components are associated
with terrestrial organic matter such as run-off water, and protein-like components are associated with
a high level of microbial activity, such as wastewater. However, few field data are available in urban
waters.

The main objective of this study was to use the fluorescence spectroscopy for the characterisation of
DOM in urban waters with contrasting origins and FIB levels. The variation of fluorescence indices
and PARAFAC components was analysed in an EEM dataset of 414 samples. The components from
PARAFAC model, specific to our dataset, were associated to the reference fluorophores from Coble
(1996), peaks T, M, C and A, for characterization.

Fluorescence data were collected in waterbodies located in the Paris metropolitan region, France. The
sampling sites are as follows: two watercourses, La Villette basin and the river Marne; two
stormwater network outlets (SO); one wastewater treatment plant outlet (WWTP-O). Samples were
collected during dry and wet weather. In the La Villette basin, regular field campaigns were
conducted for 29 months (October 2020-March 2023), in three sampling points. In the river Marne,
samples were collected in 19 different points along a stretch of around 30 km for one summer (2022).

In the samples from SO and WWTP-O, and in the samples from one sampling point from La Villette
basin and one from the river Marne, the enumeration of faecal indicator bacteria (FIB) E. coli and
intestinal enterococci (IE) were conducted. The fluorescence intensities of all samples were
normalized in Raman Units and the fluorescence indices were computed.

The specific objectives of the study were:

i.  Identifying the major fluorescence components in different investigated urban waters.
ii.  Examining spatial variation of FDOM components and the impact of local rainfall episodes in
these components.
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iii.  Exploring the information provided by FDOM about microbiological water quality for
monitoring purposes and identifying a potential fluorescence signature of local contamination
due to SO and WWTP effluents or runoff during rainfall events.

2 Material and methods

2.1 Sampling sites

The study sites are located in the metropolitan area of Paris, France. Two watercourses, the river
Marne and La Villette basin, two SO and one WWTP-O were sampled (Figure 1, Supplementary
Table S1).

2.1.1 Watercourses

La Villette waterbody, Paris (48.8918 N, 2.3855 E), is 1500 m long and 3 m deep with a mean
flowrate of 2 m3L. A bathing area is located downstream during summer since 2017. Three sampling
points, A, B and C were located at the inlet of the canal (A), 1000 m downstream, in the bathing area
(B) and C between points A and B (Figure 1). The point A is 9.7 km downstream a SO and 20 km
downstream the WWTP of Villeparisis, which has a mean discharge of 0.13 m3s? (Portail
assainissement collectif, 2021). The samples were collected from October 2020 to March 2023, twice
a month in average (85 campaigns in total).

The studied stretch of the river Marne is around 30 km long (48.8758 N 2.6721 E upstream, 48.8163
N 2.4414 E downstream). During the studied period (15/06 to 20/10/2022) the mean flowrate was
around 36 m3s! (HydroPortail, 2022). The samples were collected, in 19 sampling points along the
river stretch. The point VGA is located in Saint-Maur-des-Fossés (VGA sailing club). The other 18
points are part of Syndicat Marne Vive monitoring program (points SMV). Among the SMV points, 6
correspond to cities candidates to open bathing sites as a legacy of the Paris Olympic Games in 2024.
They were considered as “main points” due to a three times higher sampling frequency than the other
12 minor sampling points (Figure 1).

In this river stretch, two outlets of wastewater treatment plants (WWTP) are located. The most
upstream outlet is the WWTP St-Thibault-des-Vignes (hereafter WWTP-0), with 44 000 m®
wastewater treated per day (0.46 m3s™) (Portail assainissement collectif, 2021). It discharges at

7.8 km upstream point SMV1. The second outlet is WWTP Paris Marne Aval (WWTP-PMA), with
35 000 m? wastewater treated per day (0.41 m3s?) (Portail assainissement collectif, 2021). It is
located in Noisy-le-Grand, but it discharges at 1.8 km upstream point SMV10, in Saint-Maur-des-
Fosses, on the second half of the studied stretch of the river Marne (Figure 1).

The land use data of the river Marne sampling sites was obtained from the open data platform from
Institut Paris Region (2022). An area of 1 km2 immediately upstream the sampling points was
considered to study the influence of their immediate surroundings. Due to the lack of samples from
the SMV minor sampling points (n=4 at each point), only the 6 major points were explored
(Supplementary Figure S1). In the Marne SMV main sampling points, the main land use was
impervious area, with average of 65%.

The distance between the sampling points (Supplementary Table S1) and the proportional land-use
areas (Supplementary Figure S2, Table S2) were calculated using an open-source geographic
information system software (QGIS 3.30).

This is a provisional file, not the final typeset article



159
160
161

162

163
164
165
166
167
168

169
170
171

172

173
174
175
176
177
178

179
180
181
182
183
184
185
186
187

188
189
190
191
192

193
194
195
196
197
198
199

The sampling weather conditions were obtained from Météo-France stations: for La Villette, it was
the Le Bourget weather station (48.96722 N, 2.42778 E, 9 km to the north), and for the Marne, the
Torcy weather station (48.86361 N, 2.65111 E, 5 km to the east from SMV1).

2.1.2 Stormwater network and WWTP outlets

Two stormwater outlets (points SO-N and SO-S, Figure 1) were sampled. In both catchments, with a
surface area respectively around 500 ha and 1400 ha, the drainage network is separated and
discharges into the river Marne. The sampling was conducted at the outlet of their respective
catchment. At SO-N, the water is directly released into the river Marne. At SO-S, downstream the
sampling point, the water is screened before going through two settling tanks and being released into
the river Marne.

Samples of the treated water of WWTP St-Thibault were collected before its release into the river
Marne (point WWTP-O in Figure 1). This WWTP is approximately 8 km upstream the SMV1 point
with no intermediate WWTP.

2.2 Water sampling

Samples were collected during dry and wet weather. An overview of the water sampling is
summarized in Supplementary Table S3. Wet weather is defined as a rainfall episode with
precipitation height higher than 5 mm.day™ over 3 days. Two types of sample collection were used:
grab samples and 24-hour integrated samples. The grab samples were collected at a punctual moment
in time. The integrated samples were collected for 24 hours and mixed, representing a mean sample
of the collected period.

For the grab sampling, 100 mL of water were manually collected at 30 cm below the water surface at
a pre-established schedule, covering wet and dry weather, in HDPE (high density polyethylene)
flasks. The flasks were triple rinsed with the water from the site before sampling. At La Villette, grab
samples were collected at points A and B, twice a month from October 2020 to March 2023 (n=85 in
each point). At point C, four grab samples were collected: one in 22/06/2021 and three in
16/12/2021. At the river Marne (SMV), grab samples were collected during summer 2022, three
times a week in average (n=189). Six of the SMV sampling points formed a main group, where
sampling collection was 3 times a week. A total of 4 cruises were conducted in all 18 SMV points on
the same day.

The 24-hour samples were collected by an automatic sampler, 30 cm below the surface, at an hourly
time step (1 L each), during wet and dry weather. All the samples were stored at 5 °C and manually
mixed on a 25 L container before being submitted to the lab analysis. 24-hour samples were collected
at La Villette point C (n=10), the river Marne point VGA (n=18), the stormwater outlet points SO-N
(n=9) and SO-S (n=8) and the WWTP outlet WWTP-O (n=5).

Summarizing all sampling sites, a total of 414 samples were collected (Supplementary Table S3). All
samples were covered in aluminium foil for sunlight protection and stored at 4 °C until being
submitted to analysis in the laboratory within 24 h. Only the turbidity of samples from the studied SO
(points SO-N and SO-S) were higher than 10 NTU. In order to avoid interference on fluorescence
and absorbance measurements (Bedell et al., 2022), the samples were filtered with a 0.45 um glass
microfiber filter (Whatman® Cat No 1825 047). Due to high concentration of FDOM, samples from
points SO-N, SO-S and WWTP-O were diluted with ultra-pure water with dilution factor of 1/5.
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2.2.1 Faecal indicator bacteria measurement

FIB are represented by E. coli and IE. Sample analysis included E. coli and IE measurement of the
24-hour integrated samples from Villette C (n=10), Marne VGA (n=18), SO-N (n=9), SO-S (n=8)
and WWTP-O (n=5), within 8 h.

From the 50 integrated samples, E. coli and IE were measured according to ISO-Norms 1SO 9308-3
(1998) and ISO 7899-1 (1998), respectively. The results are expressed as the most probable number
per 100 mL (MPN.100mLY).

2.3 Fluorescence measurements and fluorescence indices

Fluorescence measurements of all samples were performed on a Cary Eclipse Fluorescence
Spectrophotometer (Agilent Technologies) with a 10 mm quartz cell, at the laboratory temperature
(around 20 °C). A simultaneous scan of excitation wavelength (ex) from 200 to 450 nm with 5-nm
intervals and emission wavelength (em) from 250 to 550 nm with 2-nm intervals was performed,
with a scan rate of 1200 nm.mint,

The absorbance was obtained with a Lambda 35 spectrophotometer (PerkinElmer). The samples were
analysed in a 10 cm quartz cell and scanned from 200 to 750 nm with 1-nm intervals, at a scan speed

of 240 nm.min™%. In both fluorescence and absorbance analysis, an ultra-pure water sample blank was
analysed in the beginning of each series of measurements. The cell was tripled-rinsed with ultra-pure
water and with the water sample between measurements.

The processing of the Excitation-Emission Matrix (EEM) spectra was conducted according to
Murphy et al. (2013), using the drEEM toolbox for MATLAB® R2022b (MathWorks®, USA). The
absorbance was used for inner filter effect correction (Parker and Barnes, 1957). The values were
normalized to Raman Units (RU) according to Lawaetz and Stedmon (2009). The sample EEMs were
subtracted by the corresponding blank EEM, removing Rayleigh and Raman scatters. The
fluorescence intensities were linearly interpolated to a resolution of 1 nm in excitation and emission
wavelengths to calculate and extract peaks and indices. Subsequently, they were smoothed with the
Savitzky-Golay method, with a span of 21 data points and polynomial of degree 2.

From the corrected EEMs, the intensities of the fluorophores of interest (Coble, 1996) were obtained.
Peak T is the intensity at wavelength excitation (ex) 275 nm and wavelength emission (em) 340 nm.
Peak M is the maximum intensity at ex 312 nm and in the interval em 380-420 nm. Peak C is the
maximum intensity in the intervals ex 320-360 nm and em 420-460 nm. Peak A is the maximum at
ex 260 nm and em 400-460 nm.

In addition, several spectral indices were computed and used to describe DOM composition. The
biological index (BI1X) was computed at an excitation wavelength of 310 nm (Equation 1), according
to Huguet et al. (2009).

lem 380
BlXex 310 = - 1)

Iem 430

Where 1,,,, 350 and I,,, 430 are the fluorescence intensities at 380 nm and 430 nm emission
wavelength, respectively.
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236  The humification index (HIX) was calculated at an excitation wavelength of 254 nm (Equation 2),
237  according to Ohno (2002).

- B . (lem 435 — 480)
Ohnoex 254 ~ Y (Jem 300 — 345) + ¥ (Iem 435 — 480)

)

238  Where Y.(Iem 435 — 480) is the sum of the fluorescence intensity between 435 nm and 480 nm of
239  emission wavelength, and };(Iem 300 — 345) is the sum of the fluorescence intensity between 300
240  nm and 345 nm emission wavelength. This index was compared with the HIX expression given by

241  Zsolnay et al. (1999) (Equation 3). For brevity, when not specified, HIX will correspond to HIXohno.

_ X(Iem 435 — 480)

HIXZsolnayex254 - Z(Iem 300 N 345) (3)
242  The fluorescence index (FI) was calculated as the ratio between the fluorescence intensity at
243  excitation wavelength of 370 nm (Equation 4), according to Fellman et al. (2010).
Iem 470
Fley 370 = (4)
Iem 520

244 Where I, 470 and I, 520 are the fluorescence intensities at 470 nm and 520 nm emission
245  wavelength, respectively.

246  The locations of the fluorophores of interest (peaks T, M, C and A) and of the terms used to obtain
247  the fluorescence indices BIX, HIX and FI on a fluorescence EEM are indicated in Supplementary
248  Figure S3.

249 24 PARAFAC model

250 PARAFAC (PARAIlel FACtor analysis) is a statistic tool applicable to data arranged in three (or
251  more) arrays. The method is based on a generalization of Principal Component Analysis (PCA) to
252  higher order arrays (Murphy et al., 2013). It can be used to decompose a EEM dataset into

253  independent and distinct components that can be overlapped and combined to form the original
254  dataset. The data signal is decomposed into a set of trilinear terms and a residual array, as in

255  Equation 5.

Xijk = Z?zlaif bjf Ckf + eijk,With i= 1, ..., I,J: 1, ..., J; k= 1, ceey K; f= 1, ceny F, (5)

256 where xij is the fluorescence intensity of the i'" sample at the j" emission mode and at the k™
257  excitation mode; a;¢ is named “score” and is directly proportional to the concentration of the fh

258  analyte of sample i; b;/ is a scaled estimate of the emission spectrum of the f" analyte at emission
259  wavelength j; ¢, is linearly proportional to the specific absorption coefficient of the f" analyte at
260  excitation wavelength k; and e, is the residual noise that represents the variability not accounted for
261 by the model (Murphy et al., 2013).
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The PARAFAC model was run and validated using drEEM toolbox in MATLAB® R2022b
(MathWorks®, USA), following the recommendations of Murphy et al. (2013) and Stedmon and Bro
(2008). A final step of the dataset preprocessing is needed to run PARAFAC. The addition signal
treatment to smooth the EEM dataset is detailed in Supplementary Material A-S1.

The PARAFAC model was developed with a total dataset of 414 samples. 31 samples presented high
residual values and were identified as outliers: 27 from La Villette basin, three from the Marne VGA
and one from SO-N. The total rejection rate of 7.5% is similar for all study sites. After their removal,
the final dataset contained 383 samples (n=158 La Villette, n=204 the Marne, n=8 SO-N, n=8 SO-S
and n=5 WWTP-0). Since PARAFAC modelling was used to identify the characteristic components
of the dataset, the outliers must be removed.

PARAFAC models with F=4 to 8 components (see Equation 5) were fitted to find the best number of
components. The 7-component PARAFAC model was validated through a split-half analysis, a
validation with multiple split-half tests to confirm if the model is identically produced in independent
subsample groups of the final dataset.

The validation method was an alternating ‘S4CeT3’. This means that four split groups (S) were
created. Each sample was alternately assigned to one of the four splits. The splits were assembled in
six different combinations (C) to produce three split-half comparison tests (T).

The obtained components were compared to the data in the OpenFluor database (http://openfluor.org)
(Murphy et al., 2014). Each component was related to one type of DOM (humic-like, protein-like)
and associated with components from the open database for qualitative comparisons.

The fluorescence intensity at maximum loadings of emission (bif) and excitation (cir) modes
(Supplementary Material A-S2) was used to quantify components in a sample, denoted Cir. For a
given sample i and a component f, Cis is given by Equation 6.

Cif = n}gx(aif b]f Ckf) (6)

The relative percentage of each component f was calculated by dividing the correspondent Cf value
by the sum of Cf of each sample i (Equation 7). Cf represents its correspondent PARAFAC
component f. Hereafter, the component and its fluorescence intensity will both be denoted Cf.

_ cif . o
%Cif —m, with f= 1, ,F (7)

According to Murphy et al. (2013), PARAFAC modelling assumes that the fluorescence intensity
increases approximately linearly with the concentrations of their corresponding component.
Therefore, the relative percentage could be associated with the relative abundance of each
component. However, this assumption must be carefully considered.

2.5 Data analysis

The fluorescence data was analysed in five main steps. First, the fluorescence indices of all samples
were compared. Second, the PARAFAC components of all samples were compared and associated
with fluorophores from Coble (1996). Third, fluorescence indices from the river Marne samples
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collected at the same day were used to investigate the variation of DOM composition with land cover
in river Marne. Fourth, fluorescence indices from La Villette basin samples were compared to assess
the temporal variation of DOM composition, comparing samples from dry and wet weathers. Fifth,
the relationship between FIB and protein-like PARAFAC components was obtained through a linear
regression model.

Differences between the studied sample groups were determined by a Kruskal-Wallis test, a non-
parametric one-way ANOVA test. This multiple comparison test among more than two groups
determinates which group differs from the others by using average ranks of the medians of the groups
(Helsel et al., 2020). For La Villette samples, Kruskal-Wallis test was also performed to investigate
the variability of fluorescence indices between dry (n=85) and wet (n=98) weather samples.

Principal components analysis (PCA) was applied to reduce the dimensionality of fluorescence data
(PARAFAC components and indices) and visualize the correlated variables among water types and
among sampling sites.

3 Results

This section will successively set forth the results concerning: (1) the sampling weather conditions in
La Villette and the river Marne; (2) the fluorescence indices of all sampling sites; (3) the PARAFAC
model results; (4) the DOM composition among water types; (5) the impact of land-use in the Marne
FDOM; (6) the time variation of FDOM in La Villette; (7) the relationship between PARAFAC
components and FIB.

3.1 Sampling weather conditions in La Villette and in the river Marne

In La Villette basin, samples were collected over 29 months (October 2020 to March 2023). From the
totality of the samples (n=183), 54% (n=98) were collected in wet weather, according to the
definition of wet weather given in paragraph 2.2, and 46% (n=85) in dry weather.

In the river Marne, a total of 34 sampling campaigns were conducted in four months (June to
September 2022): 18 in VGA (4 in dry and 14 in wet weather) and 19 in SMV points (11 in dry and 5
in wet weather). The campaigns were predominantly conducted during dry weather (78% of the
totality of samples).

The rainfall events associated to wet weather samples have different distribution of intensities in both
watercourses, due to the difference in the length of the sampling periods. In La Villette, 24% of the
wet weather samples were collected after rainfall between 8 and 10 mm in 72 h. The observed
maximum intensity was of 48 mm in 72 h (Supplementary Figure S4-A). In the river Marne, 27% of
the wet weather samples were collected after rainfall between 18 and 20 mm in 72 h. The observed
maximum intensity was of 26 mm in 72 h (Supplementary Figure S4-B).

3.2 Fluorescence indices for DOM characterization

3.2.1 Comparison of HIX values

Huguet et al. (2009) associated DOM characteristics with a range of values calculated according to
Zsolnay et al. (1999). To find the correspondent range values for Ohno's expression (2002), which
provides values in the range [0;1], better adapted to comparison between different water bodies, HIX
was calculated with both expressions for all samples (Equation 8). The curve linking both
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expressions (Supplementary Figure S5) can be used for the conversion between HIXonno and
HIXzsoinay. This helps to compare the values found in different waterbodies from the literature.

The HIX ranges from Huguet et al. (2009) and their DOM characteristics were then associated with
new HIX ranges from Ohno (2002). For comparative purposes, DOM characteristics for HIX and
BIX ranges defined by Huguet et al. (2009) are grouped in Table 1 (shown in section 4.1.1).

HIXZsolnay

HIX =
onno HIXZsolnay +1

(8)

3.2.2 DOM characteristics and origin

The characteristics and origin of DOM can be estimated with the indices HIX and BIX (Figure 2,
Supplementary Table S4).

In La Villette (n=183), HIX covers a range of [0.55-0.94], with an average of 0.86+0.08. BIX covers
a range of [0.64-2.19], with an average of 0.90+0.26. In the river Marne (n=207), HIX covers a range
of [0.71-0.90], with an average of 0.85+£0.03. BIX covers a range of [0.73-1.62], with average of
0.87£0.09. All the values were very similar along the stretch. They showed less variation than in La
Villette.

In WWTP-O effluent (n=5), a low variation of indices was observed. HIX was close to 0.80 and BIX
was higher or equal to 1. This indicates a predominant biological origin of DOM. In SO-N (n=9) and
SO-S (n=8), the ranges of HIX and BIX values were similar. Higher variations of HIX and BIX than
in La Villette and the Marne were observed. HIX lower values in dry weather suggested lower humic
character. BIX was lower than 1.0 at both sampling points.

According to Huguet et al. (2009), the combination of HIX and BIX values can be used to synthetise
the DOM characteristics of the studied sites (mean with one-standard-deviation confidence ellipses
are set forth in Figure 3). The river Marne samples showed weak humic character and an important
biological activity. La Villette samples showed weak to strong humic character and low to high
biological activity. WWTP-O effluents showed very low humic character and high biological origin.
The HIX and BIX values of both SO samples are close. The humic character and the biological origin
were relatively low. The samples of La Villette, the Marne and WWTP-O matched the classification.
Differently, the SO samples were located outside of the expected categories, suggesting that the
classification could be extended to different urban waters categories.

3.3 PARAFAC model results

3.3.1 PARAFAC function

The first result was to define a function which could be applied, by using the identified PARAFAC
components, to obtain the corresponding PARAFAC values for future samples.

The creation of a robust PARAFAC model requires a large number of EEMs with great diversity of
DOM sources of diverse chemical quality. However, once the DOM fluorescence signal is
decomposed, new EEMs from the same or similar study site, should not interfere in the obtained

.. .. . . . 10
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PARAFAC model. Therefore, these new EEMs should fit well in the existing model (Fellman et al.,
2009; Murphy et al., 2011).

The defined function provides the new PARAFAC scores, and therefore Cf, on future samples from
the same sampling sites. With the emission (b;;) and excitation (cs) modes obtained from the

original PARAFAC model, it was possible to obtain the score a;r and compute Cf values of new
EEMs (Fellman et al., 2009). To this end, the values of a;f to obtain the minimum squared error &; in
the sample i are computed by Equation 9.

K
& = Z Z Xijk — z aif bjr Cir (©)

3.3.2 PARAFAC components

A model with 7 components was validated by PARAFAC analysis (C1-C7, Supplementary Figure
S6). Each component was associated with similar components from OpenFluor Database
(Supplementary Table S5). The similarity score (Tucker congruence coefficient) of all the
components was >0.95 for emission and excitation spectra loading, with global score >0.90.

Components C1 to C5 were identified as humic-like components. C1, C2, C3 and C5 were identified
as terrestrial humic-like components. The maximum loadings of C1, C2 and C5 were associated to
peak A. C2 displayed a greater emission wavelength (red-shifted). The maximum loading of C3 was
similar to peak C.

C4 was associated to humic-like substances produced in-situ by phytoplankton and microbial
activity. The maximum loading of C4 was in lower emission wavelengths (blue-shifted) than peak C
and in greater excitation wavelengths than peak M.

Components C6 and C7 were identified as protein-like, close to tryptophan-like fluorescence (peak
T). The maximum loading of component C7 has greater excitation wavelength than peak T.

The components C1-C7 were represented by Cf, the fluorescence intensity at the maximum loading
of excitation and emission modes for each component f. The components were grouped in terrestrial
humic-like (C1, C2, C3 and C5), “low” humic-like (C4), with lower molecular weight, and protein-
like (C6 and C7).

The fluorescence intensities (Supplementary Figure S7) and the relative percentage of PARAFAC
components from all the sampling points in the five water bodies was estimated. The mean relative
percentage of each component f (%Cf) was calculated for the five water bodies (Figure 4,
Supplementary Table S6). The relative percentage of each component contributes to the signatures of
SO and WWTP-O and of the watercourses La Villette and the Marne.

In La Villette, terrestrial humic-like composition was predominant on average (66.0%). The

predominant terrestrial humic-like component and with higher variability was C1 (22.4%6.6%),
followed by C5 (15.0%+6.5%). Protein-like components represent 18.5%. The predominant protein-
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like component was C7 (11.7%+9.6%). It is more abundant and more variable than C6 (6.8%+4.0%).
The highest variations of C1 and C7 occurred mostly during wet weather (Supplementary Figure S8).

In the river Marne, terrestrial humic-like composition was predominant (65.1%). The predominant
humic-like component was C5 (20.8%zx1.6%). C1 has the highest variability (17.8%+2.7%). The
protein-like components represent 20.0%. The predominant protein-like component was C6
(11.8%=2.3%). The higher variability was associated to C7 (8.2%=4.4%) (Supplementary Figure S8).

In WWTP-O (Supplementary Figure S10), terrestrial humic-like components were the most abundant
(52.3%). Protein-like components represented 25.6%. The predominant humic-like components were
C5 (23.2%=4.2%), terrestrial humic-like, and C4 (21.9%+2.0%), “low” humic-like. The predominant
protein-like component was C6 (16.5%+2.1%). The variability of the components was very low, as
evidenced by their standard deviations (ranging from 0.5 to 4.2%) and narrow %Cf ranges ([0.0-
26.5%)]).

In both SO-N and SO-S (Supplementary Figure S10), terrestrial humic-like components were the
most abundant (62.5% and 60.1%, respectively). Protein-like components represented 25.7% and
25.8%, respectively. The predominant terrestrial humic-like component in SO-N was C1
(24.9%+17.8%), and in SO-S, C3 (22.5%+1.6%). The dominant protein-like component was C6 in
both SO-N (23.4%=11.0%) and SO-S (23.6%+8.0%). These values are the highest measured in all
samples. The components with the highest variability were C1 and C6. Higher values of %C1 and
lower %C6 were obtained in wet weather, suggesting that they could be potentially used as signature
of local precipitation.

In La Villette and the Marne, the average of relative percentage of all terrestrial humic-like
components was around 66%, of “low” humic-like component was 15%, and of protein-like
components, 19%. In SO, terrestrial humic-like components corresponded to 61%, “low” humic-like
components to 13%, and protein-like components to 26%. In WWTP-O, terrestrial humic-like
components represented 52% of components abundance, “low” humic-like component, 22%, and
protein-like component, 26% (Figure 5). In SO and WWTP-O, protein-like components are more
abundant than in La Villette and the river Marne. In WWTP-O “low” humic-like component was
more abundant than in SO.

3.4 DOM composition among water types

The distribution of the relative abundance of PARAFAC components among the different water
types was compared through Kruskal-Wallis test. The average ranks of the median of each
component for each water type was computed. The statistical similarity of each component among
the water types is presented in Supplementary Figure S11.

Overall, the contribution of all PARAFAC components were very similar in SO and WWTP-O. The
main difference between these groups were the low humic-like component C4 and the protein-like
component C7. Both %C4 and %C7 were higher in WWTP-O and significantly different from the
SO. In WWTP-0, %C4 was significantly higher from the other water types and %C7 was similar to
the watercourses.

The highest %C6 values were measured in SO and WWTP-O. In contrast, %C6 in the river Marne
was greater than in La Villette. This may suggest that the outlets which discharge in the river Marne
could be the main source of C6 in the river. Higher variability in the composition of protein-like
components could contribute to the detection of change in microbial DOM. In the watercourses, the
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protein-like component with higher standard deviation and wider range was C7. In SO and WWTP-
O, it was C6 (Table S6). This suggests that %C7 could be an indicator of microbial DOM change in
La Villette and the river Marne.

The median HIX of La Villette (0.89) was greater than in the Marne (0.86). The median BIX of La
Villette (0.80) was lower than in the Marne (0.86). La Villette and the Marne HIX medians were
significantly different (Supplementary Figure S11), indicating a potentially higher humification level
in La Villette. However, HIX and BIX median values between both watercourses were close enough
to be part of the same category, indicating a DOM composition with an important humic character
and an intermediate biological activity. Among the samples from SO and WWTP-O, HIX was very
similar. WWTP-O samples presented the highest mean B1X values, being significantly similar from
the river Marne samples.

The differences between the variances in La Villette and the Marne was likely due to the different
characteristics of the sampling periods of each site. In La Villette, samples were collected for more
than two years (October 2020 to March 2023), covering all seasons, and including 38 rainfall events
of intensities from [2.6-48.2 mm] in 72 h. In the Marne, samples were collected only during Summer
2022, in scheduled dates regardless the weather conditions.

A PCA analysis was performed to analyse the patterns of PARAFAC components and fluorescence
indices HIX and BIX among the different water types. The two first axis explained 76.4% of the total
variance (Figure 6). In the plan defined by axis PC1 and PC2, the watercourses (La Villette and the
Marne river) were well separated from SO and WWTP-O.

The first axis, PC1, explained 49.2% of total variance. PC1 was defined positively by C4, C5, and
C6. SO and WWTP-O are distributed along PC1, close to C1 to C6. The second axis, PC2, explained
27.2% of total variation. It was defined positively by C7 and BIX, and negatively by HIX. La Villette
data spread along PC2, mainly driven by C7 and BIX. The dispersion of La Villette samples was
higher than the Marne samples. This could be due to the longer studied period in La Villette,
covering more than two years (29 months) instead of one summer in the Marne.

3.5 Impact of land-use in the river Marne

In the river Marne, the influence of land-use on fluorescence components and their variation along
the river stretch, upstream to downstream, were investigated. Samples collected at the same day were
compared. A total of 15 sampling campaigns were conducted in the main 6 SMV points (SMV1,
SMV6B, SMV7C, SMV8B, SMV10 and SMV14B).

Two WWTP outlets are located in the studied stretch. The most upstream, WWTP-O, is located 7.8
km upstream SMV1. The second, WWTP-PMA, is 1.8 km upstream SMV10. The distance between
the sampling points and their nearest WWTP outlet at upstream was considered (DW): the distance
between WWTP-O and SMV1, SMV6B, SMV7C, SMV8B; and the distance between WWTP-PMA
and SMV10, SMV14B (Supplementary Table S7).

The mean values of the PARAFAC component proportion and the fluorescence indices were very
close among all 6 SMV points, from upstream to downstream (Figure 7-A). Among the terrestrial
humic-like components, C1 and C5 have the highest mean values, respectively of 18% and 21%.

Regarding the statistical similarity of the protein-like components, some differences appeared in C6
(Figure 7-B). At SMV6B, %C6 presented the highest median (11.7%) and the highest 3™ quartile
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(13.4%). Between SMV1 and SMV6B, the 12km-stretch contains 26 stormwater network outlets,
including SO-N. The high %C6 level at SMV6B could be due to large outlet loading. %C6 was also
slightly higher at SMV10 than SMV8B. Between SMV8B and SMV10 is located the outlet of
WWTP-PMA, suggesting an impact of the WWTP on the protein-like DOM composition.

A Principal Component Analysis (PCA) was computed including the seven PARAFAC components,
the distance from the closest upstream WWTP outlet (DW) and the land cover in the 1km? upstream
each sampling point, grouped in “urban green area”, “natural green area”, “impervious area” and
“water area” (Figure 8). The first two axis, PC1 and PC2, explained 53.8% of total variance of the
dataset. PC1 explained 34.5% of the total variance. It was predominantly defined by the positive
loadings of the C1 to C6, and the negative loadings of DW. PC2 explained 19.3% of total variance. It
was positively defined by BIX, C7 and the impervious area land-use, and negatively defined by

urban green area and HIX.

The values were mainly distributed along PC1. The components C1 to C6 were closely distributed
and orthogonally to C7. C1 to C6 were inversely related to the distance from a WWTP outlet
upstream, suggesting that the lower the distance, the higher the loadings of these components.

A slight influence of the land use was observed. Impervious areas appeared to be more related to BIX
and C7; they may contribute to higher microbial loading. Urban green areas appeared to be more
related to HIX; they may have higher DOM humification level.

3.6 Rainfall impact on DOM composition in La Villette

The impact of rainfall on fluorescent DOM in La Villette was explored. Samples were collected
during dry (85 samples) and wet weather (98 samples), over 2.5 years (October 2020 to March 2023).
A Kruskal-Wallis test was performed for assessing the differences between the samples.

The relative contribution of the PARAFAC components, HIX and BIX were compared to identify a
potential signature of local contamination due to stormwater network or WWTP outlets or runoff
during rainfall events. No significant differences were observed between dry and wet weather for
%C3, %C5, %C7 and BIX (Figure 9).

Significant differences were identified in %C1, %C2, %C4, %C6 and HIX. In wet weather, the
humic-like components %C1, %C2 and HIX were lower than in dry weather. The values of %C4, a
component related to microbial activity (Galletti et al., 2019), and %C6, a protein-like component,
were significantly higher. The increase of the components C6 and C4 suggests an increase of
microbial loadings during rainy events.

3.7 Relationship of FIB and PARAFAC components

The enumeration of FIB, E. coli and IE in MPN.100mL%, was performed in samples from all water
types. The sampling points were La Villette point C (n=10), the Marne VGA (n=18), WWTP-O
(n=5), SO-N (n=9) and SO-S (n=8). The same sampling protocol was applied (sub-section 2.2).

The logio-transformed values (in MPN.100mL™) are presented in Figure 10. The order of magnitude
of the FIB varied among the sampling sites. For E. coli, in La Villette, it varied by a factor between 2
and 3, in the Marne VGA, between 2 and 4, in WWTP-O, between 4 and 5, in SO-N, between 5 and

6, and in SO-S, between 5 and 7. The order of magnitude of IE, in La Villette varied by a factor
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between 0 and 2, in the Marne VGA, between 0 and 3, in WWTP-O, between 3 and 4, in SO-N,
between 4 and 5, in SO-S, between 4 and 6.

Interestingly, in the stormwater network outlets SO-N and SO-S, during dry weather, higher E. coli
values were observed in comparison to wet weather. This unexpected result suggests a constant
contamination on the network by sewage infiltration or misconnection of the sewage network. During
rain events, the microbiological contaminants are probably diluted by drainage water.

Among all samples, E. coli and IE had a strong relationship (R2=0.88, p-value<0.001)
(Supplementary Figure S12). This result reinforced the use of FIB as indicators of faecal
contamination.

The correlation between log10-transformed FIB and PARAFAC components was explored using all
FIB data (n=50). A good relationship with the protein-like components, C6 or C7, was expected. A
significant relationship with log10(C6) with both FIB, E. coli (R?=0.72, Figure 11-A, Equation 10)
and IE (R2=0.61, Figure 11-B), was obtained (p<0.001).

log,o(E.coli) = 5.46 + 2.81 log,,(C6) (10)

Where E. coli is in MPN.100mL™ and C6 in RU. According to this relationship, considering the E.
coli threshold for sufficient bathing water quality (900 MPN.100mL™), an indicative warning level
could be based on C6<0.13 RU.

The relationships between C7 and both FIB were not significant (p>0.5). Therefore, they were not
considered.

In 2023, samples were collected in the river Marne at an additional point, point IMP, close to
SMV8B. The samples (n=16) were collected from 25/05-03/07/2023, following the same sampling
protocol as in point VGA (24-hour integrated samples). C6 values were obtained from the
PARAFAC function (Equation 9 from 3.3.1). The relationship between E. coli and C6 was applied
for E. coli estimation (Figure 12-A).

The median of E. coli in the IMP samples (2023) was 1500 MPN.100mL. The estimated E. coli
median from Equation 10 was 1378 MPN.100mL™, very close to the observed value. The distribution
of observed and estimated E. coli was very similar (Figure 12-B). This result contributes to the
validation of Equation 10.

The observed E. coli values can be used to determine the overpassing of the bathing threshold
(900 MPN.100mL1). From 25/05 to 03/07/2023, 11 out 16 occurrences (68%) matched the
observations, either higher or lower than the threshold. Of the five incorrect estimations, three
overestimations and two underestimations were found.

4 Discussion

Hereafter, the results concerning the fluorescence indices and the PARAFAC components in the
studied sites are discussed and compared to other results in similar waterbodies. The land cover in the
river Marne and the variation of fluorescence components in La Villette are also discussed, as well as
the relationship between E. coli and protein-like components.
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4.1 FDOM patterns in different urban water types

4.1.1 Fluorescence indices HIX, BIX and FI

HIX computed according to Zsolnay et al. (1999) or to Ohno (2002) has different scales. The
proposed conversion between these scales allows us to compare the values in a unified way (Table 1).
BIX is associated to the biological activity from first stages (around 2 days) of organic matter
decomposition. BIX and HIX values are related to the DOM characteristics: they are complementary
and expected to be inversely proportional to each other. Samples with high bacterial activity should
have high BIX and present low humic character, associated to low HIX, and vice-versa (Huguet et
al., 2009).

The samples of La Villette and the river Marne matched well the typology proposed by Huguet et al.
(2009). However, the stormwater network outlets (SO-N and SO-S) do not fit within this typology
(see Figure 3). Therefore, such type of urban water probably holds a different FDOM signature,
which could be used to extend the classification of DOM characteristics.

Previous HIX and BIX data from the Seine and the Marne were obtained in September 2012 by
Nguyen (2014). The mean HIX values from La Villette (0.86) and the Marne (0.85) are similar to
2012 values found in the river Marne (0.88) in the same stretch as ours. In the Seine, downstream
Paris, close values (0.87) from La Villette were found. The mean BIX values from La Villette (0.90)
and the Marne (0.87) were greater than in the Seine downstream Paris (0.75) and in the Marne (0.67)
in September 2012.

HIX values in La Villette and the Marne were compared to 9 rivers and 9 streams, in Berlin area,
including two heavily polluted rivers due to WWTP effluents (Romero Gonzélez-Quijano et al.,
2022). HIX in La Villette and in the Marne were similar to the Berlin streams (0.86) and rivers
(0.85).

FI was introduced by McKnight et al. (2001) for the source assessment of humic substances. Low FI
values (~1.2) indicate terrestrial derived DOM and high FI (~1.8), microbial derived DOM (Fellman
et al., 2010). In this study, FI was higher than 1.8 in all samples. In La Villette and in the Marne, FI
was close, 1.97 and 2.13, respectively. In the SO and WWTP effluent, FI was higher, around 2.4
(Table S4). In Berlin rivers, Fl was 1.66, but in the two highly polluted rivers, FI was higher (~1.8)
(Romero Gonzélez-Quijano et al., 2022). In an anthropized watershed in Spain (Marcé et al., 2021),
FI was 1.4 in the Ter River but it was higher, 1.6, in the impaired streams and WWTP effluent. Based
in high FI values, a dominant microbial contribution on DOM composition cannot be concluded.
However, high FI values may indicate a highly urbanized watershed with limited terrestrial DOM
components.

4.1.2 PARAFAC components

As the position of the characteristic fluorescence peaks, such as peak T, can be slightly shifted
according to the water matrix, PARAFAC model achieves a more accurate location of the
fluorescence peaks.

In the obtained 7-component PARAFAC model, the protein-like components were C6, close to peak
T, and C7. C6 was similar to the main protein-like fluorophore in WWTP effluents (Cohen et al.,
2014). C6 displayed a high correlation with biogeochemical parameters, such as organic carbon,
phosphates and faecal bacteria (Tedetti et al., 2012; Cohen et al., 2014).
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The comparison of the PARAFAC components among different studies is not straightforward.
Similar water types may be represented by different PARAFAC models with different characteristic
components (Meng et al., 2013; Lambert et al., 2017; Marce et al., 2021; Romero Gonzalez-Quijano
et al., 2022). To overcome this limitation, we considered two fractions: protein-like components and
humic-like components.

In the Berlin region, Romero Gonzélez-Quijano et al. (2022) obtained a 7-component PARAFAC
model for a dataset including rivers, streams, ponds and lakes. They obtained two protein-like
components. In the rivers, the average of protein-like components was 16.0%, slightly lower than La
Villette (18.5%) and the Marne (20.0%). In the two highly polluted rivers, the protein-like
components were 20.5%, similar to the values found in WWTP-O (25.6%). A percentage of protein-
like components higher than 20% might indicate a microbiological pollution such as WWTP
effluents.

Among our study sites, the tryptophan-like component (C6) was high in WWTP-O effluent. Based on
the OpenFluor database, C6 was found very similar to a component found by Cohen et al. (2014) in
four WWTPs (Israel). C6 was also a dominant component in other WWTP studies (Li et al., 2020;
Sciscenko et al., 2022). C6 might be considered as a signature of a microbial activity ina WWTP
effluent.

A high percentage of C6 was observed in the stormwater outlets in dry weather (Figure 4). It was
higher than in wet weather, contrary to what is expected in a stormwater network. A probable
wastewater contamination may occur in the SO during dry weather. This was corroborated by higher
E. coli (Figure 10-B) in dry than in wet weather samples.

In lakes, tryptophan-like component can also be considered as a potential indicator of eutrophication.
In Chinese lakes, a component close to peak T and to our C6 was found (Ren et al., 2021). It was
associated to pollutant-degrading activity of microalgae, including cyanobacteria. Therefore, in future
studies, it will be interesting to explore the sensitivity of C6 to eutrophication indices.

4.2 Land cover around the river Marne study sites

In the river Marne, according to the PCA results, impervious areas may be associated to BIX and the
protein-like component C7. Urban green areas may be associated to HIX, suggesting higher
humification level of the FDOM. These results are consistent with previous studies. Urbanized areas
have a high microbial organic matter composition, resulting in higher BIX values, and less plant-soil-
derived character, with lower HIX (Lambert et al., 2017). The relationship between microbial activity
(BIX and C7) and impervious areas may origin from surface runoff, composed by different sources
of pollution, and from WWTP effluents (Romero Gonzalez-Quijano et al., 2022).

4.3 Rainfall impact in fluorescence components in La Villette basin

In general, humic-like fluorescence is strongly controlled by hydrological processes. Protein-like
fluorescence is tightly linked with biological processes, depending of water temperature, sunlight
intensity, water turbidity, etc. (Parlanti et al., 2000; Fellman et al., 2010; Meng et al., 2013). Higher
humic character was found during high-water than in low-water periods in the catchments of the
Seine (France) (Nguyen, 2014) and in a river in the USA (Jaffé et al., 2008).

In urban catchments, microbiological contamination peaks occur following rainfall episode (Burnet
et al., 2019). Therefore, rainfall may have a significant impact in the protein-like components. In La
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Villette, the protein-like components C6 and C7 in wet weather samples increased more than the
humic-like components. Therefore, the relative contribution of protein-like components was higher.
The wet weather samples presented lower humic character (lower HIX and lower terrestrial humic-
like components) and higher microbial loading (higher protein-like components) than the dry weather
samples. These results were consistent with the values obtained in an urban river in China (Yuan et
al., 2023).

It must be highlighted that La Villette is a highly controlled hydraulic system, with many sluices
upstream and one sluice downstream. The variation of discharge is very limited, even during heavy
rainfall episodes, reducing their impact on humic-like components. Protein-like components from
direct runoff and stormwater networks are dominant. The protein-like components can be used as a
fingerprint of rainy events. An improved assessment of rain impact on FDOM in La Villette, would
require sampling before, during and after rainy events (for example, every 5 h during four days).

4.4 E. coli and protein-like component relationship

The link between E. coli and tryptophan-like component has been explored for several years
(Cumberland et al., 2012; Baker et al., 2015; Frank et al., 2018; Nowicki et al., 2019; Bedell et al.,
2020). The obtained relationships were very variable according to the study sites (Table 2). The water
matrix composition changes with the catchment hydrogeological characteristics.

In six rivers in South Africa, Baker et al. (2015) obtained a relationship between E. coli and peak T
(n=136, r=0.75). In two urban rivers, one major river and one sewage treatment effluent in UK,
Cumberland et al. (2012) obtained a relationship between E. coli and peak T (n=46, r=0.87).

A relationship (Equation 10) between C6 and E. coli was obtained with our study site samples (n=50,
r=0.85). More data of C6 and FIB covering a wider range of FIB values, will allow to have a
statistically stronger relationship. Measurement of turbidity and dissolved organic carbon may also
provide additional information to improve the relationship between FIB and FDOM.

This relationship was applied to additional samples from the Marne, collected in 2023. The
distribution of estimated and observed E. coli were close. This result opens the way to the application
of Equation 10 to determine, from FDOM measurements, the overpassing of the E. coli bathing
threshold (900 MPN.100mL™).

5 Conclusion

The origin, terrestrial or biological, of the main components of the studied urban waters was
identified through the fluorescence of dissolved organic matter (FDOM). The continuum of the water
types, from WWTP effluent, stormwater outlet, urban river, to a very urbanized basin, cover a wide
range of FDOM fingerprints, extending the classification of surface water FDOM.

The validated 7-component PARAFAC model was effective in characterizing the different urban
water types. Components C6 and C7, as well as BIX, were identified as fingerprints of microbial
contamination. These protein-like components may serve as valuable markers for the assessment of
microbial contamination in urban water samples.

In La Villette, the impact of rainfall on water microbiological quality was observed. The FDOM
values demonstrated a significant increase in microbial activity following rainy periods. FDOM
analysis can provide a sensitive technique for detecting changes in water quality after rainfall events.
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In SO and WWTP-O effluent, component C6 exhibited high values. In agreement with previous
studies, protein-like fluorescence components, such as C6, could be used as effective indicators for
monitoring microbiological water quality. An increase of C6 level would suggest a microbial
contamination and deserves further attention for managing water resources.

Urban waterways are highly dynamic systems, with fluctuating microbiological quality depending on
the hydrometeorology and sewer accidents. For different uses of water resources, such as bathing, the
implementation of an active management has been recommended by the World Health Organization
(2021) and the Bathing Water Directive (BWD, 2006/7/EC). A real time monitoring of FDOM could
be coupled with a numerical modelling in such a warning system aimed to support the management
decision-making.
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Figure 1. Sampling points. La Villette basin (orange), the river Marne (SMV in dark green;
VGA in light green), stormwater outlets (SO-N and SO-S in purple), and WWTP outlet
(WWTP-O in red).
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Figure 2. HIX and BIX values in La Villette basin at points A (0), B (0), and C (squares), the
Marne SMV (0) and VGA (diamond), SO-N, SO-S and WWTP-O. Dry weather samples are
open markers and wet weather samples are filled markers.
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Figure 4. Relative percentage of PARAFAC components (%) in La Villette basin points A
(blue), B (blue) and C (bright green), in the river Marne points SMV (orange) and VGA (dark
red), in the outlet of WWTO-O (dark green) and the outlets from stormwater networks SO-N.
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956 E. coli from C6 values and observed from additional samples (n=16).
957
958 Table 1. DOM characteristics associated with HIX values calculated according to Zsolnay et al.
959  (1999) and Ohno (2002) expressions. Adapted from Huguet et al. (2009).
DOM characteristics from DOM characteristics
H|XZsoInay H1Xohno HIX from BIX BIX
Strong humic
10-16 0.91-0.94 character/important Low biological activity 0.6-0.7
terrigenous contribution
Important humic character .
6-10 0.86-091 | and weak recent Average / Intermediate | 7 o
biological activity
autochthonous component
Weak humic character and
4-6 0.80-0.86 important recent High biological activity | 0.8-1
autochthonous component
<4 <0.80 Bl_ol_oglcal or aquatic bacterial Blologlcal or aquatic >1
origin bacterial origin
960 NOTE: In Huguet et al. (2009), “biological activity” is used as equivalent to “autochthonous
961 component”.
962
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963 Table 2. Summary of studies with relationships between E. coli and tryptophan-like

964  fluorescence. The relationship type “binary classification” is established for the overpassing of
965 adefined threshold.

Water type n Relationship type Correlation Reference
factor/ accuracy

River and sewage 46 Linear r=0.87 (Cumberland et
treatment effluent (West al., 2012)
Midlands, UK)
River (KwaZulu Natal, | 136 Linear r=0.75 Baker et al.,
South Africa) (2015)
Karst aquifer springs n1=96 | Rank correlation I'spearman1= 0.58 (Frank et al.,
(Vorarlberg, Austria) 2018)

n2=50 I'spearman2=0.08

N3=45 I'spearman3=0.16
Water points (wells and | 162 Rank correlation I'kenda=0.59 (Nowicki et al.,
borehole, Kwale 2019)

County, Kenya)

River (Colorado, USA) | 298 Binary classification 83% accuracy (Bedell et al.,
for E. coli>10 (95% CI: 78% - 2022)
CFU*/100mL 87%)

River, SO and WWTP- | 50 Linear r=0.85 Present study

O (lle-de-France,

France)

966  *CFU: colony forming units, comparable to most probable number (MPN).

967
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A-S1. Additional dataset preprocessing for the use of PARAFAC modelling

The first steps of EEM dataset preprocessing include IFE correction, blank subtraction, and the
conversion from AU to RU (section 2.3). To obtain better PARAFAC modelling results, the EEMs of
the dataset need to be smoothed.

The reminiscent scatter signals, that were not removed with blank subtraction, were removed by the
smoothing function, without interpolation. They were numerically replaced by NaN on the following
extents:

1%t order Rayleigh: 25 nm above, 30 nm below, in the emission axis.
1%t order Raman: 10 nm above, 15 nm below, in the emission axis.
2" order Rayleigh: 20 nm above, 18 nm below, in the emission axis.
2" order Raman: 20 nm above, 14 nm below, in the emission axis.

The region at excitation wavelengths below 250 nm was removed due to high levels of noise. Since
negative concentrations and fluorescence intensities are chemically and physically impossible, a non-
negativity constraint was applied to have realistic results.

Prior to PARAFAC modelling, all EEMs of the dataset were normalised to its total signal. Then, the
model was able to identify chemical variations of the sample composition independently of the
magnitude of their fluorescence intensity.



Supplementary Material
A-S2. Obtention of maximum fluorescence intensity of PARAFAC components

The fluorescence of each component at the same scale as the original EEMs, Fmax, corresponds to the
maximum fluorescence calculated at the maximum emission and maximum excitation loadings of each
component in each sample (Equation 1).

Fijkf = Q;f b]f Ckf» with 1= 1, ceey I,_] = 1, ,J,k= 1, ceey K, f= 1, ceey F (1)
Where F; ;. is the computed fluorescence intensity of the f component in the i"" sample, at the j"

variable of the emission mode and the k™ variable of the excitation mode. The a;f, b;; and c;; were

defined in Equation 5. Cf, or Fmaxt, is F; ;. at maximum loadings of b; - and ¢, for each f" component
in the i sample.

2 Supplementary Figures
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Supplementary Figure S1. Land-use of the river Marne main SMV points (Sources: IGN BDTOPO,
IAU lle-de-France MOS).
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Supplementary Figure S2. Land-use (%) of the squared area of 1km? immediately upstream of the
main river Marne sampling sites.
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Supplementary Figure S3. Typical Excitation-Emission Matrix (EEM). Location of the fluorescence
peaks and fluorescence intensities used for indices computation are depicted in colour: blue for peaks
T, M, C and A; red for HIX; green for BIX and brown for FI.
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Supplementary Figure S4. Distribution of relative probability of 72h-cumulated precipitation before
sampling in La Villette basin (A) and the river Marne (B).
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Supplementary Figure S5. HIX values calculated according to Ohno (2002) and Zsolnay et al.
(1999). The dataset included samples from La Villette, the Marne, SO-N, SO-S and WWTP-O.
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Supplementary Figure S6. EEMs with the loadings of the 7-component PARAFAC model (top) and
spectral loadings results (bottom).
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Supplementary Figure S7. Fluorescence intensity of PARAFAC components (in RU) in La Villette
basin points A (blue), B (blue) and C (bright green), in the river Marne points SMV (orange) and VGA
(dark red), in the outlet of WWTO-O (dark green) and the outlets from stormwater networks SO-N.
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Supplementary Figure S8. Sum of the relative abundance of PARAFAC components (in %), grouped
in terrestrial humic-like (top), “low” humic-like (middle) and protein-like (bottom), at La Villette basin
sampling points A, B and C in time, for dry and wet weather samples.
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Supplementary Figure S9. Sum of relative abundance of PARAFAC components (in %), grouped in
terrestrial humic-like (top), “low” humic-like (middle) and protein-like (bottom), at the river Marne
sampling points for dry and wet weather samples, with VGA in red.
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Supplementary Figure S10. Sum of relative abundance of PARAFAC components (in %), grouped
in terrestrial humic-like (left), “low” humic-like (middle) and protein-like (right), of the outlets from
stormwater networks (SO-N and SO-S) and WWTP (WWTP-0O).
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Supplementary Figure S11. Kruskal-Wallis mean ranks of median relative abundance of PARAFAC

components (in %) and fluorescence indices HIX and BIX of all water types.
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Supplementary Figure S12. Relationship between logio-transformed E. coli and IE (n=50).
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3 Supplementary Tables

Supplementary Table S1. Names, coordinates and distance from closest point of interest of sampling
sites (other sampling point, stormwater network or WWTP outlet upstream). Latitude and longitude

are given in decimal degrees North and East, respectively.

. . . Latitude Longitude | Distance from the
Site ID Site name and city | Water type (N) E) closest point of interest
Urban centre of Stormwater ~2km upstream WWTP-
SO-N Noisy-le-Grand network outlet 48.852811 | 2541739 PMA.
. Stormwater Upstream points VGA
SO-S Sucy-en-Brie network outlet 48.771383 | 2.508284 and SMV11.
Station of Lagny- Wastewater N .
OMWTP- | sur-Mame aint- | treatment plant | 48.875812 | 2.672124 | o/ UPStream point
Thibault-das-Vignes | outlet
Upstream La Villette ~20 km downstream the
A canal, Paris Canal 48.831755 | 2.385479 WWTP from Villeparisis
La Villette bathing 1.1 km downstream from
area, Paris Canal 48.885802 | 2.373753 point A
Crimée bridge, Paris | Canal 48.888371 | 2.379246 | 0:8 km downstream from
point A
. 7.8 km downstream from
SMV1 Chelles River 48.865599 | 2.583061 outlet WWTP-O.
19.6 km downstream
WWTP-O.
SMV6B | Nogent-sur-Marne River 48.830919 | 2.477830
11.8 km downstream
point SMV1.
21.3 km downstream
WWTP-O.
SMV7C | Joinville-le-Pont River 48.819127 | 2.469216
1.7 km downstream point
SMVEB.
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Site ID

Site name and city

Water type

Latitude
(N)

Longitude
(E)

Distance from the
closest point of interest

SMVEB

Champigny-sur-
Marne

River

48.810578

2.502057

23.9 km downstream
WWTP-O.

2.7 km downstream point
SMVT7C.

SMV10

Saint-Maur-des-
Fossés

River

48.792178

2.522323

1.8 km downstream
discharge outlet of
WWTP-PMA.

3.2 km downstream point
SMV8B.

VGA

VGA Voile Club,
Saint-Maur

River

48.788302

2.474838

5.8 km downstream
discharge outlet of
WWTP-PMA.

Immediately upstream
SMV12 and 4.0 km
downstream SMV10.

SMV14B

Saint-Maurice

River

48.816339

2.441363

10.3 km downstream
discharge outlet of
WWTP-PMA.

8.5 km downstream point
SMV10.
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Supplementary Table S2. Land-use (%) and mean population density (people.km) of the squared
area of 1km? immediately upstream of each sampling site. “Agriculture” and “Forest” (green) were
grouped in “natural green areas”.

River
Marne Dist . Natural | Urban Impervious Mean POp.
- . | Water | Agriculture | Forest | green green density
sampling (km) area
noints areas space (people/km?)
SMV1 7.8 15% 0% 3% 3% 14% 68% 477.9
SMV6B 19.6 8% 0% 0% 0% 50% 42% 854.7
SMV7C 213 | 10% 2% 7% 9% 22% 59% 714.8
SMV8B 23.9 7% 0% 0% 0% 14% 79% 780.0
SMV10 27.2 8% 0% 1% 1% 13% 78% 437.2
SMV14B 35.6 8% 0% 12% 12% 16% 64% 742.7
Average - 9% 0% 4% 4% 21% 65% 667.9
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Supplementary Table S3. Summary of sample collection

Supplementary Material

Sample preparation

Point sampling period Sampling Total number of samples -
piing p type (dry + wet weather) Dilution | o i
factor
. 10/10/2020 to
Villette A 08/03/2023 Grab samples 85 (40 + 45) 1 No
. 10/10/2020 to
Villette B 08/03/2023 Grab samples 85 (40 + 45) 1 No
. 30/06/2021 to 24-hour
Villette C 22/09/2021 integrated 10(2+8) 1 No
. 22/06/2021 and
Villette C 16/12/2021 Grab samples 5(B+0) 1 No
Marne 15/06/2022 to 24-hour
VGA 20/10/2022 integrated 18 (4 +14) 1 No
Marne 06/07/2022 to
SMV 08/09/2022 Grab samples 189 (125 + 64) 1 No
04/05/2022 to 24-hour
SO-N | 59/09/2022 integrated 9(4+5) 1/5 Yes
19/09/2022 to 24-hour
S0-S 07/11/2022 integrated 8(4+4) 1/5 Yes
30/06/2021 to 24-hour
WWTP-O | 047102021 integrated 5@3+2) 1/5 No
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Supplementary Table S4. Fluorescence indices (mean + SD and range) of the different sampling sites

and the total number of samples (N) per site.

HIX (-) BIX (-) FI (-)
Water type
Mean = SD Range Mean = SD Range Mean = SD Range

Villette

0.86 +0.08 [0.55-0.94] | 0.90+0.26 [0.64-2.19] | 1.97 £0.07 [1.76-2.28]
(n=183)
Marne

0.85+0.03 [0.71-0.90] | 0.87 £0.09 [0.73-1.62] | 2.13+0.08 [1.90-2.40]
(n=207)
WWTP-O

0.76 £0.03 [0.72-0.79] | 1.09 £ 0.08 [1.00-1.17] | 2.41+0.09 [2.29-2.53]
(n=5)
SO-N

0.77 £0.09 [0.65-0.86] | 0.76 £ 0.06 [0.63-0.82] | 2.25+0.32 [1.93-2.79]
(n=9)
SO-S

0.75+0.07 [0.66-0.85] | 0.74+0.08 [0.63-0.85] | 2.56 +0.15 [2.30-2.79]
(n=8)
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Supplementary Table S5. Designation, excitation (Ex) and emission (Em) wavelengths peaks of
PARAFAC components, number of references with matching components from OpenFluor Database
(checked on 30/06/2023), with minimum similarity score (Tucker congruence) of 0.95 for excitation
and emission wavelength loads (Murphy et al., 2014).

Matches in
OpenFluor | Description and references
(0.95)

PARAFAC Ex Em | %Fmax
component | (nm) | (nm) range

Terrestrial humic-like, similar to peak A.
Frequently found in lentic freshwater (C4)
(Marcé et al., 2021); widespread in freshwaters
(C1) (Lambert et al., 2017).

Terrestrial humic-like, associated with high
aromaticity and molecular weight (C1)

Cc2 265 | 484 | 3.1-26.8 89 (Lambert et al., 2016); plant-derived material
(C2) (Yan et al., 2020); associated mainly with
peak A.

Terrestrial humic-like, similar to peak C,
widespread in freshwaters, (C2) (Lambert et
C3 345 | 450 | 6.0-25.1 14 al., 2017); associated with aromatic molecules
of high molecular weight (C3) (Lambert et al.,
2016).

Humic-like, low molecular weight, close to
peaks C and M; potentially related to
agricultural catchments (C6) (Graeber et al.,
2012); associated to humic-like substances
produced in-situ by phytoplankton and
microbial activity (C4) (Galletti et al., 2019).

Terrestrial humic-like, estuarine streams of
agricultural catchment (C6) (Asmala et al.,
2018); associated with peak A (C3) (Lietal.,
2015).

Protein-like, similar to peak T. Indicative of
recent autochthonous production, commonly
related to anthropogenic occupation (C7)

C6 280 | 352 | 2.7-36.9 44 (Lambert et al., 2017) and WWTP effluents
(C1) (Cohen et al., 2014); aliphatic (non-
aromatic) with low molecular weight (C6)
(Lambert et al., 2016).

Protein-like, close to peak T; might be
associated with sediment-derived or
autochthonous tyrosine, and may be a potential
indicator of eutrophication (C3) (Ren et al.,
2021); indicator of DOM bioavailability (C4)
(Ryan et al., 2022).

C1 250 | 432 | 0.0-44.5 79

C4 330 | 392 | 8.6-26.5 5

C5 250 | 448 | 0.0-27.6 9

C7 305 | 340 | 0.0-41.8 21
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Supplementary Table S6. Relative abundance of PARAFAC components (mean
sampling sites (n=number of samples).

+ SD) of the

Water type | %C1 (%) | %C2 (%) | %C3 (%) | %C4 (%) | %C5 (%) | %C6 (%) | %C7 (%)
Villette

22466 |139+x4.1 | 14729 | 156+3.2 | 15.0+x6.5 | 6.8+4.0 11.7+£9.6
(n=183)
Marne

178+27 |115+1.1|150+10 |149+13|208+16 |118+23 |82+44
(n=204)
SO-N

249+178 | 86+3.3 |16.3+x26 |119+23 (12784 (234+110|23%+23
(n=9)
SO-S

9.0+8.4 6.9+27 |225+16 |141+26 |21.7+26 |236+80 |22+1.2
(n=8)
WWTP-O

0.2+£0.5 11.0+24 | 179+1.2 [ 21.9+20 | 23242 | 165+21 |9.1+£3.7
(n=5)
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Supplementary Table S7. Fluorescence indices (mean + SD) in the main group of 6 points along the

river Marne. Distance from the nearest WWTP outlet upstream of each sampling point (DW).

Sa_mpling DW

point (n=15/ | [\ [%C1  |%C2 |%C3  |%C4 |%CS5 |%C6 |%CT [HIX |BIX
point)

SMV1 78 |17.2+18[123+11|147+12(156+1.3|210+19| ;05 [87£7.0| 00 |39
SMV6B  [196 [17.8+24/120+07|15107|152408(21.0208| 0L |71227|00% 1950
SMV7C  [213 [18.9+20/11.9+06|151405|15240.8(2060.7| 0% |70217|000 |95
SMVBB (239 [18.8+20/11.6+00|146410|14.9+12(201+15|,0 % (9357|000 |95%
SMV10 18 [17.742.3[11.740.7|15.5 +0.5|15.6 +0.9|21.1 +1.0 ié‘é 71+11 2‘381 2‘383
SMVI4B  [103 [185+26/110+07|15306|15240.9|203+10| 0% |82220|20 |97
Global . |18.2+22|11.8+0.8|15.1 +0.8|15.3+1.0(20.7 1.1 iéé 79434 2‘30 2-3 .
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