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Abstract

Combined sewer systems are often unable to respond adequately to rising water
volumes draining from urban areas during rainfall events, resulting in frequent
direct discharges into receiving waters and floods, with severe environmental
and economic impacts. Despite stricter legislation on pollution control and flood
risk assessment, there are still some challenges regarding the development of
early warning systems based on water quality issues and fully integrated models.
An innovative, real-time urban warning system for flooding and pollution events
was built for the Alcantara basin (the largest in Lisbon), to provide timely
information to wastewater management entities and to civil protection services.
The platform provides real-time access to monitoring data and, based on 48-hour
precipitation forecasts, predicts the performance of the system through the
integrated use of mathematical models for both drainage network and estuary.
Predictions are automatically compared and validated with on-line data. This
paper presents the overall design of the system and main results obtained thus
far. The analysis of the system shows the ability of the integrated models to
represent the main spatial and temporal patterns observed, effectively predicting
the system response to precipitation events and estimating volumes discharged
into the water bodies and their average pollution loads. Furthermore, the overall
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results strongly indicate UV-Vis spectra to be reliable for TSS and COD
estimation in sewer systems.

Keywords: early warning systems, integrated modelling, UV-Vis, real time
monitoring, wastewater systems, urban floods.

1 Introduction

The increase of urban impervious areas, resulting in rising stormwater volumes
and peak flows (Goonetilleke et al. [1]), coupled with rainfall events with
expectedly increasing intensities and frequency, often lead to an insufficient
response by combined sewer systems. As a consequence, direct discharges into
receiving waters and in surface water floods occur some of which may have
negative environmental and economic impacts.

Stricter legislation on discharge pollution control and flood risk assessment
(EU Directives 2000/60/EC, 2007/60/EC and 2006/7/EC), and the increasing
awareness of authorities and the public, have contributed to the significant
development of early warning systems (EWS) over the last decades. EWS
development, especially regarding urban flood events and discharge effects on
estuarine hydrodynamics has already been largely reported (Fotopoulos et al.
[2], Falconer ef al. [3], Borga et al. [4], Alfieri et al. [5], Parker et al. [6], David
et al. [7]). Nevertheless, current EWS still face some challenges regarding data
accuracy and real time availability, and the inclusion of water quality in the
forecasting processes, towards effectively contributing to anticipate potential
pollution events and mitigate their impacts. Multi-wavelength spectroscopy in
the ultraviolet visible range (UV-Vis) has already been used for wastewater and
stormwater quality monitoring. However, variable hydraulic conditions, fouling,
heterogeneous wastewater composition and limited maintenance may create a
challenge for its continuous real time use (Salgado Brito et al. [8]).

Timely prediction of potential flooding or pollution discharges requires
integrated models of the behavior of all systems components (drainage network,
wastewater treatment plants and receiving waters). In this context, an innovative,
real-time urban early-warning system was built for the Alcantara basin (the
largest in Lisbon, operated by SIMTEJO, S.A.), to provide timely information to
wastewater management entities and to civil protection services. This platform
provides real-time access to monitoring data and, based on 48-hour precipitation
forecasts, predicts the performance of the system through the integrated use of
mathematical models for all relevant domains: drainage network and estuary.
Predictions are automatically compared and validated with on-line data,
providing a continuous, independent assessment of the system’s reliability.

2 Case study: the Alcantara basin in Lisbon

The city of Lisbon is situated on a waterfront and is served by an extensive
drainage network composed mostly of combined sewer systems. The Alcantara
subsystem covers an area of 6200 ha and includes approximately 25 km of
interceptors, eleven pumping stations and a wastewater treatment plant (WWTP).
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The WWTP has a treatment design capacity of 600 000 equivalent inhabitants.
The dry-weather treatment capacity is of 3.3 m*/s (using Multiflo® process for
primary treatment and biofiltration, Biostyr”™, for biological treatment) and an
additional 3.3 m%/s capacity is available for wet-weather flow (using advanced
physicochemical treatment, Actiflo” process). During dry weather roughly 60%
of inflows reach the WWTP by gravity, while the remaining inflow is pumped
through an interceptor system (Figure 1).
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Figure 1: Alcantara basin in Lisbon.

Due to a combination of site specific factors, namely the existence of low
slopes, tidal intrusion and sediment deposition, the city’s downtown area is often
subjected to flooding when intense precipitation occurs. During these periods,
direct effluent discharges also occur as a result of combined sewer overflows
(CSO).

3 Material and methods

3.1 General description of the early warning system

The early warning system is based on a flux of information between the different
models and forcing predictions (Figure 2), supervised by real time monitoring
flow meters, rain gauges and water quality equipment located on strategic
sections of the sewer network, the WWTP and the estuary.

The modelled sewer system can be divided into four main branches, namely
the Caneiro upstream and downstream gravity sewer models, the Algés —
Alcantara riverfront model, located west of the WWTP, and the Terreiro do Pago
— Alcantara riverfront model, located east of the WWTP. Flow simulation on the
sewer system is forced by forecasts from the atmospheric model, which in turn
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will result as inflow to the WWTP and CSO discharges to the estuary. Treated
outflow from the WWTP is then introduced as inflow to the downstream Caneiro
gravity sewer, prior to its discharge into the estuary. The WWTP treated effluent
and the CSO discharges are the urban catchment forcing variables to the estuary
model. Additionally, for the estuary model, atmospheric predictions, Tagus river
flow and ocean conditions are also considered at the remaining boundaries.

Estuary water levels are used to force the tidal influence on the discharge
points from the sewer system.
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Figure 2: Schematic flux of data between model components at the Alcantara
urban sewer system.

3.2 Numerical modelling

The numerical simulation of the sewer network is performed using SWMM 5
(Rossman [9]). The higher and lower sections of the network system, as well as
the WWTP were first modelled individually and then integrated into one single
model. This combined model is capable of providing information on water
quantity and quality discharged into the estuary (Figure 3). Sediment deposition
in lower areas of the city is taken into account by using the procedure proposed
by (Ashley et al. [12]), where different percentages of sediments result in
specific roughness coefficients applied to sewers. The model was calibrated
using a deterministic approach and considering the monitoring data consistently
collected in the past, for large time periods (over one year). Later the model was
verified for several dry and wet weather events.
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The hydraulics of the WWTP is also modelled using SWWM throughout the
different components of the treatment plant. A semi-empirical model for quality
parameters (Total Suspended Solids, Chemical Oxygen Demand and Faecal
coliforms) for dry and wet weather was developed. The semi-empirical model
allows modelling wastewater quality along the WWTP components. This model
takes into account the past monitoring data regularly collected in the WWTP, as
well as experimental data gathered at several locations during the experimental
campaigns.

Figure 3: Sewer network and WWTP integrated model (SWMM) for the
Alcantara basin.

Receiving waters (Tagus estuary) hydrodynamics and faecal contamination
are modelled using the 3D unstructured grid model ECO-SELFE 3.1d
(Rodrigues et al. [10]), setting the Atlantic Ocean as a downstream boundary.
Upstream boundaries include the Tagus river inflow as well as the discharge
from the WWTP and six other discharge points located on the riverfront.

3.3 Data monitoring

Data monitoring in the Alcantara basin is carried out by several flow meters (30
installed throughout the sewage network system and 6 in the WWTP). In
addition, real time data on precipitation and on UV-Vis spectra was collected.
Four rain gauges were located in the basin and three UV-Vis spectrophotometers
were available, two installed in the WWTP and a third one in the estuary, near
the main Alcéntara outfall.

A level meter was installed in the downtown area at a specific location known
by the wastewater management entity as historically subjected to urban flooding
when intense precipitation occurs.
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3.4 UV-Vis spectroscopy to estimate quality parameters

The EWS under development is based on in-line UV-Vis spectroscopy to
estimate quality parameters. A detailed study was formerly carried out in order to
assess UV-Vis spectroscopy applicability to evaluate Total Suspended Solids
(TSS) and Chemical Oxygen Demand (COD). In such study, nine campaigns
were performed, in different weather conditions, at two different locations of the
sewer network, which lasted from 3 to 7 hours. Standard TSS and COD
laboratory analyses of collected samples were done and in-line and off-line UV-
Vis spectra were acquired. Three models were developed and statistically
evaluated for Partial Least Squares calibration (PLS), namely: A) PLS model
based on UV-Vis spectra acquired offline; B) PLS model based on UV-Vis
spectra acquired in-line and C) model included in the submersible probe software
(Spectro::lyser S::can). Detailed information on the methodology used can be
found in Brito .

3.5 Experimental campaigns

In order to improve model validation and integration, a set of field surveys was
planned to synoptically characterize hydraulic and water quality parameters from
the sewer and the estuary. Four water quality stations were selected in the sewer
system and three in the estuary (Figure 4). Three dry weather and two wet
weather experimental campaign were carried out for 13 hour periods to allow the
characterization of a complete tidal cycle (8:30 to 21:30) and the following
parameters were measured (using probes and laboratory analysis): temperature,
pH, conductivity, turbidity, salinity, dissolved oxygen, total suspended solids,
chemical oxygen demand, biochemical oxygen demand, phosphates, faecal
coliforms, E. coli and ammonia.

® Sewer and WWTP stations

Figure 4: Quality monitoring stations.
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3.6 Real time prediction and modelling

Real time predictions are based on the RDFS-PT system (Jesus et al. [11])
extended for coupled sewer and estuary modelling (David ef al. [7]) and
upgraded to include microbiological contamination in the estuary (E. coli
and faecal coliforms). Atmospheric forecasts use the WRF 9km model
(http://www.windguru.cz) and the GFS 50km model (http://nomads.ncep
.noaa.gov/).

Both real time model predictions and monitoring data are being combined
into one online platform to provide accurate, information-rich support to
wastewater network management. This platform allows for selected nodes
(namely sensitive locations prone to CSO or flood events and locations where
flow meters are installed) to display and present time series predictions regarding
hydraulic and quality parameters. It is considered an important management tool
for the operation of pumping stations and the WWTP, allowing for a more cost
efficient control and contributing to the reduction of CSO and flooding impacts.

4 Results

Results for simulations carried out for two wet weather events regarding
wastewater flow in the sewer network and WWTP system and their comparison
to measured data can be seen in Figure 5.

PLS models A and B results compared to measured values of TSS and COD
are presented in Figure 6 (Brito) and indicate good accuracy in predicting such
water quality parameters, as referred in 3.4. Model C estimates also reveal the
suitability of in line UV-Vis spectra as a tool to provide real time information.

Online data from the UV-Vis spectrophotometer quality station located at the
WWTP entry point is already available online, allowing for accurate analysis
prior to its inclusion in the global platform (Figure 7).

5 Conclusions and future work

The integrated system presented herein shows the ability of coupled models to
represent the main spatial and temporal patterns of hydraulic and water quality in
sewers and receiving water bodies. Integrated models effectively predict the
system response to events and estimate discharged volumes and average
pollution loads.

Furthermore, the overall results strongly indicate UV-Vis spectra may be
reliable for TSS and COD estimation in urban drainage systems. Wastewater
quality prediction models for the sewer system and WWTP will be further
developed and tested with additional field data. The estuary model will be fully
coupled with the SWMM model at all relevant outfalls prior to its inclusion in
the platform.
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Figure 5: Simulated and measured flows for two locations; a) uptown gravity
network and b) lower riverfront point (at Terreiro do Pago).
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Figure 6:  TSS and COD measured and estimated values for a selected site.
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Figure 7: Real time data access interface.
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