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H I G H L I G H T S

• Characterization of urban runoff at
subcatchment scale under semi-arid
conditions is provided.

• It is highly recommendable to control
urban runoff at source.

• Urban runoff should be managed sepa-
rately fromwastewater, due to their dif-
ferent properties.

• A novel approach for sizing SuDS, based
on water quality and quantity variables,
is proposed.
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Knowledge about pollutant wash-off from urban impervious surfaces is a key feature for developing effective
management strategies. Accordingly, further information is required about urban areas under semi-arid climate
conditions at the sub-catchment scale. This is important for designing source control systems for pollution. In this
study, a characterization of pollutant wash-off has been performed over sixteen months, at the sub-catchment
scale for urban roads as impervious surfaces. The study was conducted in Valencia, Spain, a city with a Mediter-
ranean climate. The results show high eventmean concentrations for suspended solids (98mg/l), organicmatter
(142mgCOD/l, 25mg BOD5/l), nutrients (3.7mg TN/l, 0.4mg TP/l), andmetals (0.23, 0.32, 0.62 and 0.17mg/l for
Cu, Ni, Pb, and Zn, respectively). The results of the runoff characterization highlight the need to control this pol-
lution at its source, separately fromwastewater because of their different characteristics. Thewash-off, defined in
terms of mobilizedmass (g/m2) fits well with both process-based and statistical models, with the runoff volume
and rainfall depth being the main explanatory variables. Based on these results and using information collected
from hydrographs and pollutographs, an approach for sizing sustainable urban drainage systems (SuDS), focus-
ing on water quality and quantity variables, has been proposed. By setting a concentration-based target (TSS
discharged to receiving waters b35 mg/l), the results indicate that for a SuDS type detention basin (DB), an
off-line configuration performs better than an on-line configuration. The resulting design criterion, expressed
as SuDS volume per unit catchment area, assuming a DB type SuDS, varies between 7 and 10 l/m2.
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1. Introduction

One of the current major challenges in urban areas is adequate
stormwater management. Runoff generated in urban areas from daily
activities is an important driver of pollution in receiving water bodies.
Among these pollutants are suspended solids, organicmatter, nutrients,
metals, hydrocarbons, pesticides, and pathogens, among others (Woods
et al., 2015). Furthermore, some are included in the European list of pri-
ority hazardous substances (2008/105/CE).

Traditionally, stormwatermanagement in cities has been focused on
conveying runoff quickly from urban areas, through combined or
stormwater sewer systems, to treatment plants or the aquatic environ-
ments of receivingwaters (Castro-Fresno et al., 2013). Combined sewer
overflows are widely recognized to produce negative environmental
impacts on water bodies, so in accordance with the implementation of
the Water Framework Directive (2000/60/EC), water basin administra-
tors are seeking the most efficient stormwater management solutions.
Currently, stormwater management philosophies are changing and a
transition to more sustainable and holistic approaches is taking place
(Perales-Momparler et al., 2016). Sustainable urban drainage systems
(SuDS) represent nature based solutions that use natural processes to
mimic the natural water cycle. Although their implementation is in-
creasing throughout the world, practical experience in applying these
systems in semi-arid regions is still limited, mainly due to uncertainty
about their efficiency under climatic conditions of extended dry periods
followed by infrequent torrential rain. Some experience has been devel-
oped in the Mediterranean region consisting of the characterization of
urban runoff and SuDS design proposals or performance assessments
of constructed wetlands for treating highway runoff (Lee et al., 2004;
Terzakis et al., 2008).

In this sense, it is important to havemore information on the charac-
teristics of urban runoff in this climatic region, to adapt the design
criteria to provide greater certainty for the implementation of SuDS
and accelerate the transition towards new urban design models. Addi-
tional knowledge of the runoff generated from specific types of urban
surfaces is needed in order to optimize the design of pollution control
systems at the source (Brodie andDunn, 2010). For example, it is impor-
tant to knowwhether a ‘firstflush’, a term usually used to indicate a dis-
proportionately high delivery of either concentration or mass of a
constituent during the first part of a rainfall or runoff event, is produced
(Sansalone and Cristina, 2004).

The development of mathematical models for characterizing urban
runoff is an important task since they represent a useful tool for the de-
sign and management of urban drainage systems. These models can be
classified as ‘process-based’ stormwater models or regression models
(Chen et al., 2006; Murphy et al., 2015). Classical build-up and wash-
off pollutant models are within the first group. They consider anteced-
ent dry days (ADD) and event runoff volume (Vr) as the two main ex-
planatory variables, respectively (Wang et al., 2011). The pollutant
accumulation on a catchment surface, or the build-upprocess, is typical-
ly estimated as a linear, exponential, power, or Michaelis-Menten func-
tion of the number of ADDs since the previous storm event (Vaze and
Chiew, 2002). Themodelling of the pollutant build-up process is a com-
plex task since it depends on several factors such as the proportion of
the surface pollutant load removed in the previous event and the
cleaning or maintenance of the surface (Vaze and Chiew, 2002; Zhao
et al., 2016). The wash-off process is commonly modelled as an expo-
nential function of Vr (Chen et al., 2006) or the product of rainfall dura-
tion (D) and rainfall intensity (I) (Egodawatta et al., 2009;Wijesiri et al.,
2015), since the rainfall intensity determines the erosive capacity of the
event.

Regression models are generally used with logarithmically trans-
formed data and have been widely used to predict urban runoff pollut-
ant concentrations (Murphy et al., 2015) and runoff loads at different
time scales (intra-event, event, seasonal, or annual) (Shaw et al.,
2010). An important advantage of these models is their simplicity and

ease of calibration once the explanatory variables have been
established. In addition, they can help to identify interesting behaviours
such as whether pollutants are predominantly in the particulate phase
dependent on rainfall intensity and duration; or predominantly in the
dissolved phase dependent on higher rainfall depth (Murphy et al.,
2015). Nevertheless, their application outside calibrated conditions
has a higher uncertainty, as these models generally do not use physical
variables.

This present study raises the hypothesis that runoff generated from
impervious surfaces at the sub-catchment scale in semi-arid climatic
conditions demonstrates a first flush behaviour. If this hypothesis is
true, recommendations for the design and maintenance of SuDS for
managing urban stormwater may be proposed based on this behaviour.
To address this issue, the following objectives are set: to characterize
the runoff generated from an urban roadways with moderate traffic in-
tensity from a quantity and quality perspective; to classify and charac-
terize urban runoff using corresponding pollution hazard levels
established in international manuals (Woods et al., 2015); and to eval-
uate the most influential meteorological variables on pollutant wash-
off in order to analyse the design and management of this kind of
SuDS infrastructure. To achieve these aims, urban runoff was collected
at sub-catchment scale, at a drainage inlet just before it was mixed
with wastewater from the sewage system, to avoid any interference as-
sociated with the combined flow.

2. Materials and methods

2.1. Study site, field measurements, and sampling

The study site is located in Valencia, Spain. Valencia is on the east
coast of Spain, and has amildMediterranean climatewith some semiar-
id features. The average annual temperature is around 18 °C, with oscil-
lations between 11 °C in winter and 26 °C in summer. Average annual
rainfall is close to 450 mm, with a strong seasonality. Heavy rainfall
and storms are usually concentrated in autumn months, with typically
high, torrential intensities, and this influx is managed using a combined
sewage system (Andrés-Doménech et al., 2015; García-Bartual and
Andrés-Doménech, 2017). The monitored site is a 79 m2 impervious
urban catchment located within the campus of the Polytechnic Univer-
sity of Valencia (Fig. 1), including mainly the impervious surface of a
roundabout and, to a lesser extent, part of its gardened area. This catch-
ment area and the divide to the inletwere obtained after the completion
of a topographical survey using 3D laser scanning. The site is on one of
the main access roads to the campus, so it experiences intense traffic
on weekdays (approximately 2500 vehicles/d; estimated by traffic
count at different times and days of the week) but scarce traffic on the
weekend. Surface cleaning is performed daily by a sweeping machine
and once a week by flushing with water.

To monitor the quantity and quality of water from this catchment,
one drainage inlet was selected to locate the necessary instrumentation.
The purpose of monitoring the drainage inlet is to collect surface runoff
before it is mixed with wastewater in the combined sewer, thus
obtaining valuable information for the management of urban runoff at
source. To achieve this, a chamber was constructed between the inlet
and the access hole of the drain, to install a V-notch weir (90°) with a
submersible depth pressure transmitter (Protran® PR3441) that re-
cords the water level every minute. As the water level is measured up-
stream of the weir, the flow is calculated by applying the corresponding
Bernoulli relationship. On the footpath, a cabinet was installed to house
an automatic sampler (ISCO3270), equippedwith a liquid detector, a set
of 24 one litre bottles, and a data logger for the level probe. A rain gauge
(Detectronic rainfall gauge, 0.2 mm accuracy, with a Bühler Montec
datalogger) is also used in the monitoring system.

The runoff events weremeasured for all rainfall events that occurred
between September 2013 and December 2014. Twenty-eight events
were recorded during this period forwater quantity. Of these, 14 events
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