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A B S T R A C T   

In the Adriatic Sea, massive rainfall events are causing flooding of rivers and streams, with severe consequences 
on the environment. The consequent bacterial contamination of bathing water poses public health risks besides 
damaging tourism and the economy. This study was conducted in the framework of WATERCARE, an EU Interreg 
Italy-Croatia Project, which aims at reducing the impact of microbial contamination on Adriatic bathing water 
due to heavy rainfall events drained in the local sewage network and; enhancing the quality of local waters; and 
providing support for the decision-making processes regarding the management of bathing water in line with EU 
regulations. The study involved the development of an innovative water quality integrated system that helps 
meet these objectives. It consists of four components: a real time hydro-meteorological monitoring system; an 
autosampler to collect freshwater samples during and after significant rainfall events; a forecast system to 
simulate the dispersion of pollutants in seawater; and a real-time alert system that can predict the potential 
ecological risk from the microbial contamination of seawater. The system was developed and tested at a pilot site 
(Fano, Italy). These preliminary results will be used to develop guidelines for urban wastewater and coastal 
system quality assessments to contribute to develop policy actions and final governance decisions.   

1. Introduction 

Climate changes are affecting rainfall regimes all over the planet. In 
particular, violent and abundant summer rain is also recorded at 
temperate latitudes, like the Adriatic area (Lipizer et al., 2014; Grilli 
et al., 2020). Such extreme raining events induce a combination of river 
and sewer overflows that raise faecal bacterial loads and result in coastal 
ecosystem contamination (Al Aukidy and Verlicchi, 2017). 

The contamination of surface waters with faecal bacteria is a cause 
for public and scientific concern, since bathing water quality affects both 
human health and the ecosystem (Amorim et al., 2014). Researchers and 
environmental policymakers have long been grappling with the prob-
lems posed by the closeness of several recreational beaches to urban 

areas and by the high environmental pressure to which they are subject 
(Schernewski et al., 2012; Andersen et al., 2013). 

Bathing water naturally contains ubiquitous populations of free- 
living and water-living microorganisms – both pathogenic and non- 
pathogenic – that derive from human activities (WHO, 2003). Poor 
microbial water quality at recreational beaches can cause a variety of 
conditions such as gastrointestinal, eye, ear, skin, and respiratory dis-
eases (Haile et al., 1999; Wade et al., 2003). The main sources of bac-
terial contamination of coastal waters are sewage discharges, including 
sewage outfalls, sewer overflows, stormwater discharges, sewage 
network failures, polluted river discharges and agricultural and urban 
runoff (Eregno et al., 2016; He et al., 2019). Recently, stormwater runoff 
has become a major source of pollution and a cause for grave concern 
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(Eregno et al., 2016). 
The Italian coastline stretches for more than 8000 km (Malcangio 

et al., 2018). Coastal waters have long been recognized for their recre-
ational and social value (Bedri et al., 2016). In the past few years, 
massive rainy events have been causing severe environmental damage 
through the flooding of rivers and streams. The abnormal rains that have 
been hitting several areas along the Italian coast induce episodic massive 
floods that have adverse consequences on the coastal ecosystem also in 
the medium and long term. In the short term beach closures due to 
bacterial contamination of bathing water impacting tourism and related 
economic activities. Effective management of these events and of beach 
closures would benefit public health as well as the local economies, also 
considering that some Adriatic beaches have been awarded the Blue Flag 
environmental eco-label (www.blueflag.global/). Under Italian law, 
bathing water management and monitoring is regulated by Government 
Decree no. 116/2008 and the EU Bathing Water Directive (BWD; 
2006/7/EC). The BWD, which took over from Directive 76/160/EEC in 
December 2015, places a stronger emphasis on public health protection 
in bathing water through improved monitoring and management (EC, 
2006). It sets restrictive water quality standards based on the concen-
trations of faecal indicator bacteria (FIB), i.e. intestinal enterococci and 
Escherichia coli, to prevent the health risks associated with bathing in 
marine and fresh waters. Monitoring managers are in charge of estab-
lishing whether FIB levels exceed BWD threshold levels (Table 1). 

At the national level, Government Decree no. 116/2008 regulates the 
monitoring, classification, and management of bathing water and public 
information. Bathing water definition and classification relies on the 
prediction and assessment of the health risk. Bathing water quality is 
assessed at scheduled intervals. However, even after massive pre-
cipitations events the results of bacterial analyses are available only 
after 48 h; in the interval bathing is still allowed. 

According to Council Directive no. 91/271/EEC concerning urban 
wastewater treatment, collecting systems in each municipality must take 
into account wastewater treatment requirements. The design, con-
struction and maintenance of collecting systems is to be undertaken in 
accordance with the best technical knowledge not entailing excessive 
costs, in particular with regard to i) the volume and characteristics of 
urban wastewater, ii) leak prevention, and iii) the limitation of pollution 
of receiving waters due to stormwater overflows. However, the col-
lecting systems are seldom fully efficient and modest rainfall sometimes 
exceed the capacity of the fragile sewerage systems of urban areas, 
resulting in urban wastewater overflow (Palazón et al., 2017). A key 
requirement of urban wastewater spill management is to reduce the 
contamination window to a few hours through infrastructure that re-
tains the most significant pollution loads and allows assessing the risk of 
bathing (Oliver et al., 2014). 

The present study describes a Water Quality Integrated System 
(WQIS) that correlates severe meteorological events and the drainage 
system response to bacterial pollution of bathing water. It was con-
ducted in the framework of WATERCARE, an EU Interreg Italy-Croatia 
Project which aims at reducing the impact of microbial environmental 
contamination on Adriatic bathing water due to heavy rainfall events 
drained in the local sewage network; at enhancing the quality of local 
waters; and at providing support for the decision-making process 
regarding the management of bathing water. The WQIS consists of a 

real-time hydro-meteorological monitoring network with a real-time 
alert tool providing warnings on the quality of the sewage water flow-
ing into the sea (hence bacterial dispersion in coastal waters), an auto-
matic refrigerated sampling system, and a forecast operational model. A 
key advantage of the WQIS is that it predicts the spatial and temporal 
bacterial contamination of bathing water due to severe rainfall events, 
which is subsequently confirmed by microbiological analysis. We 
describe the technical details of the WQIS, especially the centralized 
database, which can manage historical environmental data and geo-
morphologic information of multiple coastal sites. We also report the 
preliminary results its performance in a pilot area (Fano, Italy) after 
abnormal precipitation events. 

2. Material and methodological approach to the construction of 
the water quality integrated system 

2.1. Study site 

The western central Adriatic coast is a highly urbanized area. In the 
coastal city of Fano (about 120 km2, population 62,000; Fig. 1), an 
increasing number of intense abnormal rain events recorded in summer 
(Grilli et al., 2020) have resulted in overflow of the sewage network 
(combined sewer outflow, CSO). The sewage from inland and from Fano 
CSO is discharged into the Arzilla, a torrential stream discharging up to 
30 m3 s− 1 water, whose mouth is close to a highly popular beach. 
Whenever a massive discharge event occurs, bathing is forbidden due to 
a high risk of bacterial contamination. The coastal water circulation in 
the area is mainly driven by the tide (tidal range, ca. 40 cm), the winds 
and by southward longshore transport (Orlić et al., 1992; Marini et al., 
2008, 2015, 2015). 

The pilot study involved establishing a number of water sampling 
stations for microbiological and chemical analyses. Two automatic 
freshwater stations were set up along the course of the Arzilla, one up-
stream and one at its mouth just downstream the CSO, to characterize 
the waters flowing into the stream and then into the sea, and 14 
seawater sampling stations were set up along three transects, Transect 1 
(5 stations), Transect 2 (3 stations), and Transect 3 (5 stations) and in the 
nearshore area (1 station) in front of the Arzilla mouth, where the water 
was collected manually (Fig. 1). 

2.2. Water quality integrated system 

The WQIS is a computer system consisting of several interconnected 
and continuously interacting subsystems. In the first subsystem (Mete-
orological, Freshwater, and Seawater monitoring), some activities are 
automatic and do not require the direct intervention of an operator, 
whereas other activities, such as seawater sampling and bacteriological 
and chemical analyses, involve human action. The flow of information 
stored in the WQIS database is managed by a continuously running 
software that processes the data by means of a forecast operational model 
connected to an alert tool. 

These tools are the WQIS results and allow generation and delivery of 
FIB dispersion forecast maps, which are then used by decisionmakers. 
Therefore, the system outputs real-time data that update historical series 
with new data. The alert tool notifies users of i) system progress; ii) any 
abnormalities in the environmental parameters; and iii) any hardware 
abnormalities detected in real time. The data flow scheme is shown in 
Fig. 2. 

2.2.1. Meteorological, freshwater, and seawater monitoring 
The automatic activity is based on a real-time data acquisition system 

operating through an embedded system that consists of a data logger 
(Campbell Scientific CR1000X), a 4G communication system, a compact 
weather station (Campbell Scientific CLIMA VUE50), and a CTD multi-
parameter probe (YSI EXO2). A river-level ultrasound sensor (Siemens 
SITRANS LU240) is installed at the river mouth. A dedicated firmware is 

Table 1 
Revised Bathing Water Directive (2006/7/EC) limits (CFU 100 ml− 1) for the 
faecal indicator bacteria Escherichia coli and enterococci.  

Parameter Classification 

Excellent Good Sufficient Poor 

Escherichia coli 250a 500a 500b >500b 

Enterococci 100a 200a 185b >185b  

a Based on 95th percentile values. 
b Based on 90th percentile values. 
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created to integrate the above systems. Data from these systems are 
collected at time intervals of 30 min and sent via the mobile network to 
the master station for storage in a dedicated database. The CTD (Con-
ductivity, Temperature, Depth; Dissolved Oxygen; Turbidity) multipa-
rameter probe is housed in a flow cell connected to a peristaltic pump. 
The pump is activated for 15 min before data reading to ensure adequate 
water flow and pipe cleanliness. 

Automatic freshwater sampling for microbiological and chemical analyses 
is activated by a trigger event, e.g. heavy rain detected by the weather 
station, a rise in the river level, or CSO activation. Seawater sampling 
starts after CSO closure, its schedule adapted to weather and sea con-
ditions. A time diagram showing the freshwater and seawater sampling 
phases is reported in Fig. 3. 

The autosampler, an ISCO Avalanche 6712 which provides for 
sample refrigeration, contains 14 bottles (capacity, 950 ml). The 
advantage of using this apparatus is that the sampling time scale can be 
set up remotely by the scientific site manager and adapted to the 

intensity of the meteorological event. 
Upon system activation by the trigger event, the data logger sends a 

command to the two autosamplers to collect the freshwater samples and 
place them into bottle n and bottle n + 1. The water in bottle n is used for 
chemical-physical analysis whereas the content of bottle n + 1 is used for 
microbiological analysis. The samples are kept at 3–4 ◦C throughout the 
sampling cycle. At the end of the cycle the bottles are capped and 
replaced with new sterilized bottles for the next automatic sampling. All 
phases are monitored by the real-time data acquisition system, which 
reports any abnormalities via the alert tool. 

Freshwater sampling strategy: After cycle activation, freshwater sam-
ples were collected by the autosamplers at the Arzilla upstream and the 
Arzilla mouth sampling station (Fig. 1) at intervals of 30 min and 6 h, 12 
h or 24 h, to determine its content in FIB, dissolved inorganic nutrients, 
i.e. nitrite (N–NO2), nitrate (N–NO3), ammonia (N–NH4), total nitrogen 
(N-TOT), and total phosphorus (P-TOT), total suspended matter (TSM), 
and chlorophyll a (Chl a). Additional samples (1 l) were collected for 

Fig. 1. Study site and sampling stations (background: Google Earth image). Pink dot: CSO (Combined Sewer Outflow). Green dots: freshwater sampling stations 
along the Arzilla (Arzilla upstream) and at its mouth (Arzilla mouth). White, red, blue and yellow dots: seawater (SW) sampling stations distributed along three 
transects at increasing distance from the shore. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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BOD (biological oxygen demand) and COD (chemical oxygen demand) 
analyses. 

Seawater sampling strategy: Seawater samples were collected by the 
operators along the three transects (Fig. 1) with different frequencies. 
The 5 sampling sites along Transects 1 and Transect 3 were set 50, 100, 
150, 200 and 250 m from the shore, whereas the 3 sampling points of 
Transect 2 were at 50, 100 and 150 m. Such small sampling spatial scale 
was based on the main factors that influence bacterial dispersion: coastal 
morphology, the bathymetry of the area, the currents and the artificial 
reefs. Surface seawater for microbiological, physical, and chemical 
analysis was collected in bottles. Additional samples (1 l) were collected 
for BOD (biological oxygen demand) and COD (chemical oxygen de-
mand) analyses. Seawater temperature (◦C), salinity (psu), pressure, 

density, oxygen concentration and saturation, pH, redox and Chl a were 
measured using a CTD multiparameter probe (Idronaut model Ocean 
Seven 316 Plus). Samples were placed into a refrigerator in the dark and 
immediately taken to the laboratory. 

Microbiological analyses: Samples collected for microbiological anal-
ysis of FIB contamination were processed within a few hours. E. coli and 
intestinal enterococci were analysed with culture-based methods. E. coli 
abundance was assessed by membrane filtration (Luna et al.,2010, 
2019). An appropriate volume of water (1–100 ml) was vacuum-filtered 
(pore size 0.22 μm, diameter 47 mm; Millipore) in triplicate, the filters 
were placed on m-FC agar plates and incubated at 44.5 ◦C for 24 h. Only 
blue colonies were considered. Their abundance was reported as 
colony-forming units CFU 100 ml− 1 of water. Enterococci abundance 

Fig. 2. Water Quality Integrated System data flow scheme. CTD: multiparameter probe measuring Conductivity, Temperature, Depth and other physical and chem-
ical parameters. 

Fig. 3. Time diagram (arbitrary scale) showing the water sampling phases activated by a CSO event.  
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was assessed by membrane filtration; an appropriate volume (1–100 ml) 
was filtered in triplicate as described above and filters were placed on 
Slanetz Bartley agar plates. Plates were incubated at 37.5 ◦C for 48 h. 
Only red or reddish-brown colonies were considered as presumptive 
enterococci. Their abundance was reported as CFU 100 ml− 1 of water. 

Nutrient analysis: Samples for nutrient analysis were passed through 
nitrocellulose filters (0.45 μm, Millipore) and stored in polyethylene 
bottles at − 20 ◦C until analysis, whereas samples for TSM and Chl a 
determination were filtered respectively through 0.7 μm (GF/F, What-
man) and 0.45 μm nitrocellulose (Millipore) filters and immediately 
processed. Concentrations were measured using an UV-1700 spectro-
photometer (Shimadzu, Japan) according to Strickland and Parsons 
(1972). N-TOT and P-TOT were determined in unfiltered samples ac-
cording to Valderrama (1981). Accuracy was ±0.02 μmol 1− 1 for ±
N–NO2, ±N–NO3, ±N–NH4, N-TOT, and P-TOT. A calibration curve was 
made with 5 levels of Merck® standards and accuracy was tested using a 
standard as the sample. Precision was tested in 10 replicates of the 
standard and was ±0.006 μmol l− 1 (N–NO2), ±0.005 μmol l− 1 (N–NO3), 
and ±0.001 μmol l− 1 (N–NH4). TSM concentrations were determined 
gravimetrically by filtration of a known volume of water sample through 
pre-weighed 0.45 μm nitrocellulose membrane filters (Millipore) as 
described by the American Public Health Association (APHA-AWWA-, 
2017). Chl a concentration was determined in 90% acetone homoge-
nates of particulate matter collected on filters as described above. Chl a 
was analysed spectrophotometrically (UV-1700) (APHA-AWWA-, 
2017). 

Ancillary environmental data: To ensure an exhaustive knowledge of 
the Fano site, ancillary data were obtained from a pluvial-hydrometric 
station (located at Santa Maria dell’Arzilla, about 10 km from the 
pilot site) managed by the Marche Region Civil Protection; from the 
Regional Agency for Environmental Protection of Marche (ARPAM), 
from the Italian Health Ministry (Italian Ministry of Health, 2014); 
http://wwww.portaleacque.salute.gov.it time series of seawater ancil-
lary data were provided from Urbino University (Urbino, Italy; from 
2000 to 2014; data not shown). 

2.2.2. Data ingestion and WEB presentation 
The Campbell Scientific CR1000X data logger is interrogated by the 

Campbell Scientific Loggernet Software installed in the master station. 
All data collected in real time are automatically stored by the system in 
the dedicated WQIS database. The data generated by the chemical and 
microbiological analysis of freshwater and seawater samples are entered 
and stored in the WQIS database by means of a specific web script 
together with the meteorological and hydrological data. 

After storage, data are analysed and visualized using Grafana (Gra-
fana Labs, 2020) open source software (Fig. 4). The time series and 
real-time data stored in the WQIS database are used as Forecast Oper-
ational Model (FOM) inputs and to activate the real-time Alert tool. 

2.2.3. Forecast operational model 
The data collected and stored in a specific monitoring database allow 

predicting bacterial dispersion via the FOM and the critical areas where 
bathing should be forbidden. To simulate microbial pollution, we 
combined:  

1. The 3D hydrodynamic model, which describes currents and mixing 
of the water mass in the system 

2. The transport and dispersion module, which simulates microor-
ganism dispersion through the system  

3. The microbial decay module, which defines microorganism decay in 
relation to various environmental conditions. 

The FOM is based on the SHYFEM code (SHYFEM, 2004), an open 
source hydrodynamic model for high resolution along the coast. SHY-
FEM solves the 3D primitive equations, vertically integrated over each 
layer, considering tidal, atmospheric, and density-driven forces. In the 
past, SHYFEM has been applied for hydrodynamics simulation in the 
Mediterranean Sea, the Adriatic Sea and several coastal systems 
(Umgiesser et al., 2014, and references therein). Horizontal discretiza-
tion of the state variables is carried out with the finite element method 
through the subdivision of the numerical domain into triangles of 
varying shape and size. Velocities are computed in the centre of the grid 
element, whereas the water levels are computed at the vertices (nodes). 
Vertically the model applies Z layers of varying thickness. Bacterial 
dispersion is simulated using the solute transport model, which solves 
the advection and diffusion equation in 3D form. Horizontal turbulent 

Fig. 4. Dashboard presentation of real-time data. Graphs show the freshwater (upstream and mouth) sampling stations, the three transects along the coastline, the 
rain data, and the Arzilla water level. Pink band: CSO activation period. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 
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diffusivity is calculated using the model proposed by Smagorinsky et al. 
(1993) with a parameter of 0.3. Vertical diffusivity is calculated by the 
k-ε turbulence closure model. Fluxes through the bottom are neglected. 
The transport and diffusion equation is solved with a first-order explicit 
scheme based on the total variation diminishing (TVD) method. 

In marine coastal environments, the fate of faecal bacteria is a decay 
relationship. Therefore, their concentration can be calculated with the 
exponential decay equation, with the decay rate computed as a function 
of water temperature, salinity, UV radiation and light extinction over the 
water column (Ostoich et al., 2018). 

The unstructured computational grid of the Fano pilot site (Fig. 1) 
adequately resolves the river-sea continuum by including the final 
stretch of the Arzilla stream. The use of elements of varying sizes, typical 
of finite element methods, is appropriate for the complex geometry of 
the basin and is fully exploited in our model. The numerical grid consists 
of approximately 8,700 triangular elements with a resolution ranging 
from 500 m in the open sea to a few metres at the Arzilla mouth. A 
detailed bathymetric dataset acquired in 2019 and 2020 was interpo-
lated over the numerical grid. In this model application, the water col-
umn is discretized in 15 vertical layers whose thickness ranges from 0.5 
m in the topmost 3 m, to 1 m. 

In the present study, the numerical model was applied to simulate 
the hydrodynamic conditions and dispersion of E. coli in summer 2019. 
The simulations were forced by sea temperature, salinity, and sea level 
boundary conditions obtained from the Tiresias operational system 
(Ferrarin et al., 2019), by meteorological data (air temperature, solar 
radiation, humidity, cloud cover, wind speed and direction) obtained 
from the high-resolution MOLOCH model (Davolio et al., 2015), by 
observed river discharge, and an estimated water discharge of 50 l s− 1 

during the CSO. The observed E. coli concentration was applied at the 
river open boundary, whereas a constant concentration of 100,000 CFU 
100 ml− 1 of water was imposed during the sewage network overflows. 

3. Results 

3.1. Microbial dispersion and nutrient concentrations in freshwater 

The precipitation event examined in this study took place in 
September 2019, from the 3rd to the 9th and its effects were analysed by 
daily monitoring. The event was characterized by a sequence of rainy 
steps and non-rainy intervals (Fig. 5) with two CSO events. The FIB 
contamination detected after the maximal rain event (17 mm h− 1) 

showed an increase in E. coli and enterococci that began 12 h from the 
CSO events and ended after 24 h. The maximum enterococci concen-
tration (2.4 × 104 CFU 100 ml− 1) was simultaneous with the second CSO 
event, whereas E. coli (2.5 × 104 CFU 100 ml− 1) peaked 24 h later. 
N–NH3 and P-TOT were the most abundant nutrients in the sewage 
outflows and closely correlated with microbial loads (p < 0.001). Their 
concentration peaked (49.8 and 7.5 μM, respectively) after the second 
CSO event; in particular, P-TOT peaked with enterococci whereas NH3 
peaked after 24 h. The concentrations of nutrients such as N and P can 
help understand whether FIB contamination was exclusively due to the 
CSOs at the Arzilla mouth or also to other diffuse sources that may be 
present upstream of the CSO. N–NH3 and P-TOT showed different be-
haviours, since N–NH3 was initially detected for a longer time than P- 
TOT, which decayed more rapidly. It may be surmised that N–NH3 
originated from other sources besides the CSOs (Fig. 5). P-TOT showed a 
fluctuating trend 48 h from the rainy event, with higher values that 
persisted over a long period (>162 h) compared to N–NH3, before 
reverting to the values preceding the rain event. The precipitation events 
induced a washout of FIB, N, and P and a rise in their concentrations in 
freshwater. 

3.2. Microbial dispersion and nutrient concentrations in seawater 

Analysis of the seawater collected immediately after the CSO events 
reflected overloads of the wastewater from the Arzilla (Fig. 6), since the 
samples contained high levels of bacterial contamination and nutrients 
(p < 0.001). The FIB showed a high dispersion along the transects in 
front of the Arzilla mouth, with values ranging from 0 to 450 CFU 100 
ml− 1 for E. coli and from 0 to 375 CFU 100 ml− 1 for enterococci. The 
nutrient concentrations were highest at the Arzilla mouth (up to 3.83 
μM, 136 μM, 212.5 μM and 2.96 μM, for N–NH3, N–NO3, TN and TP, 
respectively) and decreased in seawater, where they exhibited a clear 
salinity-associated dispersion (p < 0.001 for N–NH3, N–NO3 and TN; p 
< 0.05 for TP) and consequent dilution from the Arzilla mouth to the 
farther transect stations. FIB abundance, hence the quality of coastal 
seawater, appeared to be influenced by salinity (p < 0.001), the time 
elapsed since the meteorological event (p < 0.05), and solar irradiation 
(p < 0.05). 

3.3. Model results 

The 3D baroclinic model provided a detailed description of E. coli 

Fig. 5. Temporal trends of microbial (E. coli and enterococci) and nutrient (NH3 and P-TOT) concentrations after the CSO events.  
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distribution in nearshore waters during the raining event of September 
5th, 2019. As shown in Fig. 7, the modelling tool described the dilution 
of contaminated water in the nearshore area within an order of 
magnitude, reproducing the river-sea gradients measured along the 
transects. Comparison of modelled and observed water temperature and 
salinity yielded a root mean square error of 1.4 ◦C and 1.9 psμ, 
respectively. 

Moreover, the model described the distribution of E. coli with a 
greater time and spatial resolution than the monitoring data. The spatial 
distribution of the E. coli concentrations at 6 h intervals after the rain 
event of September 3rd, as simulated by the model, are shown in Fig. 8. 
The maps highlight two pollution events: one in the morning of 
September 3rd (Fig. 8), due to E. coli dispersion from the sewer outflow, 
and the other on September 4th (Fig. 8), due to contaminated freshwater 
upstream of the CSO. In both events, the E. coli plume spread westward, 
mostly in the area between the beach and the artificial reefs, with values 
exceeding the BWD limit (500 CFU 100 ml− 1), whereas a jetty 

obstructed its dispersion to the east. Altogether, the model results 
highlighted a high temporal and spatial variability of E. coli concentra-
tions, which can be attributed to the intensity and duration of the bac-
terial inputs (from the CSOs and freshwater) as well as to nearshore 
hydrodynamics, which determines pollutant transport, decay, and 
dilution. 

The temporal E. coli dynamics is clearly shown in Fig. 9, which re-
ports the time series of the modelled concentration at stations SW0 and 
SW50s. The E. coli decay from 3 to 9 September was computed as a 
function of water temperature, salinity, and UV radiation. The resulting 
decay rate (T90, defined as the time at which 90% of the bacterial 
population is no longer detectable) ranged from 4 h during the night to a 
peak daytime value of 35 h with clear sky conditions. These T90 values 
are in the ranges described by Feitosa et al. (2013) and Ostoich et al. 
(2018). Analysis of the time evolution of E. coli concentrations in rela-
tion to the sea level (Fig. 9, bottom panel) demonstrated that bathing 
water pollution was strongly influenced by the tides, which in stratified 

Fig. 6. Ocean Data View (Schlitzer, 2020) maps showing the spatial distribution of seawater microbial contamination and nutrient concentrations along the three 
transects in front of the Arzilla mouth. The graphs show the relative abundance of Escherichia coli (a) and enterococci (b) colony-forming units and Total Nitrogen (c), 
Ammonia-NH4 (d), Total phosphorus (e), and Nnitrate-NO3 (f) concentrations. 
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and calm summer conditions were the main force affecting nearshore 
circulation. In particular, E. coli concentrations close to the Arzilla 
mouth were modulated by the tide, which obstructed the outflow of the 
Arzilla water during high tide and favoured seaward transport and 

dispersion during low tide. 

Fig. 7. Modelled (dashed lines) vs. observed (solid lines) concentrations of Escherichia coli along the three transects (T1, T2, T3, see Fig. 1) on September 5th, 2019.  

Fig. 8. Modelled Escherichia coli concentrations at 6 h intervals from September 3rd at 06:00 UTC.  
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3.4. Alert tool 

The alert tool is a dedicated software that runs continuously in real 
time using the data stored in the WQIS database. The WQIS and FOM are 
designed to predict FIB dispersion after a heavy rainfall event and to 
produce forecast maps to be delivered to decisionmakers. The alert tool 
notifies an event to recipients/actors through a predetermined 
communication channel (e.g. email, SMS, or Telegram). 

A simplified scheme with some correspondence relationships be-
tween the events and the WQIS actors/recipients is shown in Fig. 10 to 
demonstrate how the alert tool functions. The recipients/actors who can 
interact with the WQIS and receive notifications from the Alert Tool 
include:  

1. Decisionmakers: Person(s) in charge of bather protection. As per 
Italian legislation, the mayor decides beach closures. The WQIS can 

help them decide whether or not bathing should be prohibited, the 
extension of the closed area and the duration of the ban.  

2. Water manager: body managing the transport and distribution of 
public water and wastewater. In the case of the Fano pilot site, these 
services are provided by ASET; the company communicates the 
opening/closure of the Arzilla spillway.  

3. Scientific site manager: person in charge of interpreting the WQIS 
weather-marine forecasts and of selecting the strategy to be applied. 
The scientific site manager is responsible for starting the sampling 
cycle and for coordinating the logistic activities related to sample 
management. 
4. Monitoring manager: person responsible for the management and 
maintenance of the equipment installed at the study site and for 
restoring the system after any failure or malfunction so that it can 
continue to collect valid and useable data for scientific and research 
purposes. The manager is also responsible for cleaning and cali-
brating the CTD multiparameter probe. 
5. Sample manager: person responsible for sample management 
including bottle replacement and the sterilization of the pump and 
discharge tubes of the Avalanche sampler.  

6. Laboratory analyst: person in charge of the analyses according to 
current quality and safety standards. The analyst also enters the re-
sults in the WQIS database using the dedicated web interface. 

WQIS real-time information, such as weather and FIB concentration 
data, is designed to be available online to citizens and local stakeholders 
(e.g. beach lifeguards, bathing establishments and local police forces). 

4. Discussion and conclusions 

In Italy, the management of bathing water is regulated by Govern-
ment Decree no. 116/2008 and the BWD (2006/7/EC), whose mainstay 
is the concentration of FIB (intestinal enterococci and E. coli). The bodies 
responsible for beach management are in charge of establishing whether 
FIB concentrations exceed BWD thresholds. In case of a pollution event, 
the decisionmakers therefore need immediate information on water 
quality in order to take appropriate mitigation actions to protect public 
health and the environment. A real-time water quality forecast model is 
therefore an essential tool to support decision-making (Bedri et al., 
2014, 2016). The closure of beaches and coastal areas after intense 

Fig. 9. Time evolution of the modelled Escherichia coli concentration at stations SW0 and SW50s. The bottom panel reports the modelled sea level at SW50-2.  

Fig. 10. Example of correspondence relationships when the occurrence of an 
event triggers notifications to recipients/actors through a communica-
tion channel. 
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rainfall events is currently managed according to traditional monitoring 
plans, which involve culture-based bacterial detection. However, the 
results of microbiological analysis are only available the day after 
sampling, when water quality may no longer pose a threat to bathing; in 
the meantime, however, beach access and bathing are not restricted. 
Any events that are likely to result in short-term pollution should 
therefore involve preventive closures, which should be based on a 
thorough knowledge of the characteristics of beaches and coastal areas 
and/or predictive models (Amorim et al., 2014; Palazón et al., 2017). 

A sound and properly implemented strategy would enhance the 
interpretation of water quality analyses and ensure public health and 
safety (Amorim et al., 2014). 

Our innovative Water Quality Integrated System is based on a thor-
ough knowledge of the magnitude, frequency, and impacts of microbial 
contamination of bathing water due to high rainfall. The system was 
developed to protect public health, the environment and the economic 
activities that rely on tourism. Its proactive approach to coastal water 
quality management can be applied to a variety of coastal sites char-
acterized by extreme raining events. The WQIS is based on real-time 
hydro-meteorological monitoring, a forecast model that simulates 
pollutant dispersion in bathing water, and a real-time alert tool that 
predicts potential ecological risks related to the bacterial contamination 
of bathing water after extreme raining events. 

Studies of other tracts of the Italian coast that are prone to sewer 
overflows into bathing water have examined the main microbiological 
sources of pollution and the relationship with meteorological events 
(Federigi et al., 2017; Al Aukidy and Verlicchi, 2017); some have sug-
gested mitigation measures combined with water treatment (Al Aukidy 
and Verlicchi, 2017). A recent paper (Malcangio et al., 2018) proposes a 
geostatistical analysis to assess anthropic pressure as a source of mi-
crobial pollution and advances a monitoring plan for Apulia (southern 
Italy) which involves reducing the number of sampling points. Other 
studies (see Botturi et al., 2020 for a comprehensive review) have 
devised predictive models to determine pathogen (i.e. E. coli) concen-
trations in bathing water (Palazón et al., 2017) and to assess the public 
health risk (Eregno et al., 2016; Locatelli et al., 2020). Bedri et al. (2014, 
2016) have developed a deterministic prediction model using E.coli 
concentrations and dispersion in bathing water to predict their quality 
and have proposed it as a beach management support tool. The WQIS 
combines real-time field sampling, a data flow through a dedicated 
database, a forecast model, and a real-time alert tool and provides a 
critical interpretation of the data that enables realistic prediction of 
microbial pollution along the Adriatic coast. Predictive models 
commonly outperform traditional beach monitoring, which relies on 
bacterial contamination measured the previous day (Bedri et al., 2016). 
Modelling nearshore water quality during and after sewer overflows 
requires high-resolution models as well as detailed information con-
cerning water discharge and microbial concentration inputs (Locatelli 
et al., 2020). The latter requirement is crucial at several coastal sites 
where the CSOs are not continuously monitored or where illegal sewer 
connectors discharge into the sea. The numerical model described in the 
present study complements in situ monitoring, thus providing extended 
microbial risk assessments over space and time. The results of the nu-
merical model (microbial concentration maps and time series) are 
included in the alert tool and can be easily used by decisionmakers to 
improve the management of bathing water and recreational areas. The 
FOM included in the WQIS generates forecast maps for use by deci-
sionmakers and local police forces and can be disseminated to beach 
operators, stakeholders and the general public. Whereas the goal of most 
previous studies was to support beach and water management decisions 
through prediction models that were only accessible to experts, the 
WQIS results are directly provided to public authorities and stakeholders 
and the alert tool can help them decide whether or not bathing should be 
prohibited, the extension of the closed area and the duration of the ban. 

Although the presence of pathogens cannot be evaluated in real time 
(Eregno et al., 2016), our system provides a prompt real-time alert and a 

comprehensive assessment of bacterial pollution of bathing water, 
enabling timely closure of beaches for as long as necessary. The 
real-time alert system and the assessment of seawater contamination are 
supported by an innovative component, an automatic sampler that al-
lows for remote setting up and water sampling during and after the 
runoff event on a time scale scheduled by the operator. The alert tool can 
provide real-time notifications on the progress of automatic sampling to 
the scientific site manager, the monitoring manager and the sample 
manager. Any hardware malfunctions are notified to the monitoring 
manager so that appropriate and prompt action can be taken to restore 
system. A sound seawater sampling strategy takes into account the 
specific features of the site (He et al., 2019). Amorim et al. (2014), who 
conducted massive local sampling to predict health risk and develop an 
effective water management plan, stressed the importance of the tem-
poral and spatial scales in devising a sampling strategy, particularly in 
relation to the small-scale temporal variation of the dispersion of mi-
crobial contamination. In the present study, the problem was overcome 
by setting up an automatic sampler along the Arzilla and a small 
spatial-scale sampling strategy on the sea after analysing the charac-
teristics of the area. 

Even though our results were obtained at a pilot site, the WQIS can 
be used at a wide range of sites and recreational areas along the Adriatic, 
also in different scenarios. Notably, several forecast models have local 
validity/site specificity (Bedri et al., 2014) and should not be used to 
extrapolate water quality predictions outside the data range that was 
used in their development and training (e.g. Mongruel et al., 2013). To 
assess its reliability at different sites, the WQIS is now being applied and 
validated at four other sites in the Adriatic Sea: Pescara (Italy), Pula 
(Rasa River, Croatia), Split (Cetina River, Croatia) and Dubrovnik 
(Neretva River, Croatia). Although these sites have different hydrody-
namic characteristics, they share a similar risk of FIB contamination 
with Fano and with numerous coastal sites subject to anthropogenic 
impacts generated by wastewater overflow from towns and/or livestock 
farms. 

In conclusion, the WQIS is a new tool that can help local authorities 
make critical decisions with regard to coastal waters and beach access. 
In particular.  

- it improves coastal area management by local authorities by 
providing decision-making support with regard to water manage-
ment in urban areas and beach closures due to seawater bacterial 
contamination  

- it allows beach managers to inform and protect the health of the 
general public and of bathers in particular  

- it boosts the tourism economy  
- it enables adaptation to EU WFD and Marine Strategy Framework 

Directive requirements. 

The study was developed in the framework of EU common strategic 
priorities for improving the environmental quality conditions of the sea 
and coastal waters using sustainable and innovative technologies and 
approaches. These actions have to be adopted according to the EU 
Directive 2006/7/EU which regulates the quality of coastal bathing 
water. 
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