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ABSTRACT

Stormwater source control regulations are rapidifysing in many countries. Most of these
are provisions that limit runoff rates at the p&smale, although some references indicate
some negative side effects, at the catchment-sial¢his form of regulation. In this paper,
we compare, at that scale, the effects of sevewradff rate and runoff volume provisions,
using a hydrological model calibrated on a reatlwaient in the Paris region. We considered
two main objectives: to avoid sewer overflows aogteserve receiving waters. The results
show that runoff volume provisions are more effextin terms of receiving waters
preservation than the runoff rate ones. In termsewfer overflows, both can reach the same
performances.
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INTRODUCTION

In the last four decades, stormwater Source Corf8@l), has gained relevance in many
countries, mainly for its potential to mitigate adige impacts of fast urbanization and
imperviousness increase. Many local authoritieseiveral countries (e.g. France, USA, UK),
formulate policies to generalize SC implementatigat, choosing a locally “good” policy,
able to solve the specific problems of the catchiriera hard task.

Authorities use several policy instruments from twain groups: voluntary instruments,
including both financial and technical support, atmmpulsory instruments like runoff

regulation or taxation (Parikh, 2005; Morison and\n, 2011). The first instruments’ group
is likely to produce a more punctual developmer®@f in comparison with the second group
that can have a more generalized effect. In thigepave are interested on the global
hydrological effects of policies, and thus we foomscompulsory instruments.

From the hydrological point of view, regulationtaxation are similar: both require to find a
global level of performance and the appropriateieal means to achieve it. Then, the actual
mechanism of implementation of these technical mdan. a constraint or a tax) does not
make a significant difference. Therefore, we camlgthydrological effects of regulation only,
knowing that, with some adaptations, the resultdctbe applied to a tax instrument.

No theoretical framework is available for the cateimt-scale effects of SC, and this makes
difficult to find a link between a global objectiaad a corresponding SC implementation. As
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a consequence, authorities often based their pslioh simplistic approaches, derived from
sewer systems’ design and focused on runoff peak-fate. The outcome is that most of the
compulsory instruments in use focus on the ruraiffs at the parcel or development scale.

Today, many scientific works converge in criticgithis kind of runoff rates provisions. The
first critic is that SC policies explicitly or imigitly aim, in general, to preserve pre-
development water balance. This is the case for lopact Development (LID) or Water
Sensitive Urban Drainage (WSUD) approaches (Moriaod Brown, 2011). It has been
shown that runoff rate provisions are unable ts@nee pre-development water balance. In
particular, these provisions do not cope with redumfiltration volumes and downstream
distortion of low-flow regimes (Booth and Jacks@897; Fennessest al, 2001). The second
critic is that, also in terms of peak flow-rateistlkind of provision can actually worsen the
situation at the catchment-scale (Emersbial, 2005). Booth and Jackson (1997) proposed,
to avoid these problems, to base provisions onffui@racteristics different from runoff
rates. Emersoat al. (2005), more specifically, suggested to limit riinmlumes..

In this paper we study, through a modelling appnp&ow the hydrological behaviour of a

periurban catchment (480 ha) in the Paris regi@nghs, when SC provisions are applied. In
order to evaluate when runoff rate and runoff vauprovisions are interchangeable, we
compare, for both type of provisions, differentdisvof constraint.

BACKGROUND

Many researchers (e.g. Emersdral, 2005) and environmental authoritiégénces de I'Eau

in France, EPA in the US) argue that SC effectaushbe analyzed at the catchment-scale,
because policy goals are set at that level. Siilile we know the effects of BMPs at the local
scale, we do not have a precise insight of whttas global effect at the catchment-scale. As
it is impossible to create actual-scale experimeois knowledge of global effects of SC
provisions is mainly based a@ax-postanalysis of actual SC implementations (Petratal,
submitted; Meierdierckst al, 2010). As this kind of studies is, today, tooreeao develop a
consistent foundation for SC provisions, policy-m@kand researchers have followed two
different approaches.

Policy-makers were in the need to develop SC aslyaps possible to solve urgent concerns
(mainly urban floods and receiving waters degraaatiThus, they generally adopted policies
with the purpose of promoting the implementatiom®imany BMPs as possible. The implicit
assumption is that if BMPs are effective localhey will be effective at the catchment-scale.
The two general forms of provisions are (i) to &giarcel-scale runoff rate value, valid for all

the parcels of the catchment, or (ii) to set a fdeno calculate pre-development peak runoff
rate for any parcel, to be maintained after develemt. The first option is generally adopted
in France, while the second one is common in thgR&ascio and Lucas, 2009). In the UK,

examples of both are in use (Faulkner, 1999).

Researchers tried to compensate the absence efdaale datasets by attempting modelling
approaches, both on real and on “synthetic” catctispén order to find general rules to guide
SC regulation. Konrad and Burges (2001), Fennessay. (2001), Fanget al (2010), tried
approaches based on real catchments, finding thadffr rate provisions are not always
effective in reducing catchment-scale runoff fotreme rain events and that, for current rain
events, runoff rates can be heavily distorted.dnegal, water balance at the catchment scale
is not preserved. Emersenal. (2005) found that volume-based provisions canffeetve in
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reducing peak flow-rate at the catchment-scale.f @ofl Gentry (2006) simulated ponds
implementation on a synthetic catchment varying@&meters describing both watershed and
urban development. They confirmed that, for fullgvdloped watersheds, even if all the
parcels maintain pre-development peak runoff ratés impossible to maintain it at the
catchment-scale, and they suggested to emphasizes¢hof volume provisions.

The effect of SC on a catchment will depend on libth characteristics of the catchment
(topography, geology, climate, urban developmemi) af the provision (type, level of
constraint). Most of the studies cited focus oncluwatents’ variability, while provisions’
variability is seldom considered in depth (only Resse)et al. compare five US stormwater
ordinances). These studies provide, thus, a growungport to the idea that runoff rate
provisions can be ineffective and even harmfuldome catchment. However, they do not
help defining the specific provisions that can Heative, ineffective or harmful. Similarly,
there are evidences that runoff volume provisioas ©e effective for peak flow-rate
reduction at the catchment-scale, but we do notkiie link between constraint level and
effectiveness.

Because of the dependence on catchment’s chasticgrigeneralization of results obtained
on a single catchment should be done carefully.eNbeless, the analysis of specific case-
study can provide information about the possiblealveur (or type of behaviour) that a
catchment can have when submitted to SC, and thestsubsequent research and policy-
making efforts. With this purpose we consider, his tpaper, a periurban catchment in the
Paris region, representative of the regional 198002rbanization. We test, on the catchment
model, a series of runoff rate and runoff volumevisions with different levels of constraint,
in order to check how the catchment response t@s S€nsitive to provision’s characteristics.

EXPERIMENTAL CATCHMENT

In this research, we study an urban catchment amd&, 20 km south of Paris, object of
several measurement campaigns over the last 18.y€he catchment area is 451 ha - a
relevant scale for SC policy-making — and is didide four municipalities (Figure 1).
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Figure 1. Catchment’s and administrative borders. In the Ipoafile plot of the stormwater collector.
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Each municipality is in charge of collecting storater, but an inter-municipal authority
(Syndicat mixte de la Vallée de I'Orge Aval, SIVOA§ in charge of its transport and
treatment. Thus, municipalities own proximity celigrs on their territories (not modelled in
the current study), drained by a major collectonagged by the SIVOA. The latter is also in
charge of catchment-wide policies, including SCutation. After the enforcement, in 2003,
of a very strict provision — i.e. all the stormwaltas to be infiltrated at the parcel level or, if
it is impossible, to be stored and released at i@myrates (1 l/s/ha) - SIVOA is currently
revising its policy.

Topographically, the catchment is omplateau(see box in figure 1): its upstream two thirds
have really small slopes (<0.5%), while the doweestn part — on the hillside — is much
steeper (5-6%). The catchment was rural until 1860 drained by small creeks. Since the
construction of the main collector from the SIVO¥968/69), many urban developments took
place and were connected to it. The developmeniroedt both as large planning operations
(the “Zone opérationnelle d’habitat” — ZOH — is abfic housing plan that gives its name to
the collector and the catchment) and as graduanudevelopment. Impervious cover in the
catchment is approximately 31%, and urbanizatiothefarea is still in progress. This type of
plateau development is typical of the urbanizatainthe Paris region and of thalles
nouvellesn the second half of the ®@entury.

The stormwater outlet is connected to a group a@lkssand-pit lakes linked to the Seine river.
The outlet is equipped (2003) with a settling unifprotect the lakes from suspended solids
and eutrophication.

METHODOLOGY

As the purpose of the study was the assessmentiffefedt future scenarios of SC
implementation over a catchment, we used a dig&gthyhysically-based model. The
distribution feature is necessary to take into aotahe spatial effects due to SC application
(Fang et al., 2010), while the physical base alldersdescribe explicitly the scenarios’
characteristics. The chosen model is SWMM 5 (Rossrmn2004), a widely-used model
allowing both traditional and SC drainage simulasi¢Elliott and Trowsdale, 2007). A useful
feature of SWMM s that it can run continuous siatidns over long periods (years) with
short timesteps (5’ in our study). In this waysitgossible to evaluate, using the same model,
both water-balance indicators (e.g. yearly runaffumes) and peak flow-rates for extreme
events on short time-scales.

MODEL SETUP
CALIBRATION p( CALIBRATED
VALIDATION %DEL
DEFINITION OF
INDICATORS _| i
DEFINITION OF SIMULATION
SCENARIOS

Figure 2. Modelling and simulation procedure.

A 4

Model setup, calibration and validation.

First step of the procedure presented in Figurm@del setup includes the division of the
catchment in sub-catchments, the correspondingatetbysis to define each sub-catchment
characteristics, the definition of calibration paeders, criteria and algorithm. Calibration and
validation phases where performed on data issued fwo measurement campaigns operated
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by the local sanitation authority in 2009 and 20R0rther details of the procedure followed
are presented in Petruatial. (2010).

Perfor manceindicators.

We consider that SC provisions have two main objest avoid sewer overflows and

preserve receiving waters. The SIVOA fixed, as tleéerence rain event for BMP

dimensioning, a triangular hyetograph with 55 mnpcipitation in 4 hours (return period
T=20 years). Thus, to evaluate the first objectihe, indicator chosen is the peak flow-rate
for this rain event, normalized on the imperviousaaof the catchment (141 ha). This
indicator is notedpeax (I/s/ha).

For the second objective, we consider two indicatone catchment-specific and one more
general:

« In the ZOH catchment, the outfall settling unit kabmited capacity (0.8 ¥s). It is
important, thus, to minimize the annual runoff wokithat bypass the treatment. This
indicator is noted/y g (M”).

* The presence of the treatment unit is catchmertHspeoften, stormwater is directly
routed to a natural creek or river. In this cake,dtability and ecological status of the
receiving waters depend on low-flow regimes (Fesagst al, 2001). A performance
indicator for low-flow regimes is the frequency ftdw: the fraction of time during
which a flow is detected at the outlet. This intlicas notedow (-).

These two indicators are computed for a 23-monitifathseries (1/1/2009 to 1/12/2010). The
series is not long enough to give statisticallyevaht results for extreme rain events
(T > 1 year), but it is sufficient for current on@s< 6 months).

Scenarios of SC implementation.

We made 34 simulations: one reference case, camdsm to the calibrated model; 15 peak
runoff rate provisions, ranging from*=0.5 I/s/ha toq*=50 I/s/ha; 18 runoff volume
provisions, ranging froni*=0.01 mm toi* =50 mm. We do not test provisions using pre-
development formulas (sebackgroundl as there is no reference available for the
experimental catchment considered.

Runoff rate provisions are modelled through a resefor each subcatchment (32 in total),
draining runoff from impervious areas. Reservoid antfalls dimensions are defined through
therainfalls design metho{lChocat, 1997). Resulting capacities are reporetaible 1. For
values ofg*>15 l/s/ha, the model incurs in numerical instaie#itfor low flows 102 m%/s).
For these cases, thus, computatiofigfis unreliable and will not be presented.

Table 1. Peak runoff rate provisions and correspondintpgi® volumes.
g*(/slhha) o5 1 2 3 5 8 10 15 20 25 30 35 40 45 50
v(m’ha) 658 565 485 447 377 323 299 262 252 231 205 184 168 155 145

Runoff volume provisions are modelled as filteipstrdownstream of each subcatchment. If
the subcatchment has an impervious @wgéhe strip stores (as initial losses) a runofuvoé

of V=Ag¢i*. This water is then infiltrated and can be repdad®y further runoff. The
infiltration model used is Green-Ampt, with parasrst corresponding to a silt loam
(Rossmann, 2004).
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RESULTSAND DISCUSSION

The simulations results, for the three considenglicators, are plotted in Figures 3 to 5. In
each figure the x-axes are plotted in the sensmafeasing implementation efforts”: moving
from left to right the runoff volume to infiltratencreases (lower x-axis) and the maximal
runoff rate decreases (upper x-axis). However, @aslovnot consider “efforts” or costs in the
analysis, two vertically aligned points should betinterpreted as having an equivalent cost
of implementation.
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Figure 4. Simulation results fofy,,. Results fog*>15 I/s/ha are not shown.
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Figure5. Simulation results foVy s It represents the water volume bypassing thérggtnit.

In Figure 3 is plotted the normalized peak flonerédr the reference rain everjyday. For
both types of provisiongyyeax decreases with efforts. This is positive, as dveh that there

are no risks to worsen actual situation for thelvaient considered. A second observation is
that, for runoff rate provisionspeaxis always greater thagr. The reason is that, for intense
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rain events, pervious areas (not controlled byrveses) contribute to the peak flow-rate. An
important remark is that the range of resultgpgsk for both types of provisions is the same
(from 50 to 8-10 I/s/ha). Thus, for a given targelue of the objective in this range (e.g. 20
I/'s/ha), it is always possible to find two corresgmg provisions, one runoff rate-based (in
the exampl@*=5 I/s/ha) and one volume-bas&d=35 mm).

Figure 4 shows flow frequencies at the catchmetieb(ii.w). As it was expected, runoff rate
provisions never improve the reference situationijevrunoff volume ones always do. More
in detail, runoff rate provisions do not affect timelicator forq*>2 I/s/ha, while for lower
values they worsen the situation. With regard ie thdicator and this specific catchment,
thus, provisions distort low-flow regimes only Hey are extremely strict. Runoff volume
provisions, on the contrary, rapidly improve thdigator value for* <20 mm. This indicator
is affected even for extremely small storage valfifes0.01 mm): this corresponds to the
infiltration effect of filter strips providing naarage (se&cenarios of SC implementatjon

In Figure 5 is plotted the runoff volume exceedthg treatment unit flow capacity/{s).
Also for this indicator, runoff volume provisionfiasv a continuous improving behaviour,
slowing down with increasing constraint values. iAghe previous case, a small constraint
(e.g.i*=5 mm) is enough to nearly half the reference valtiehe indicator. Runoff rate
provisions have a more complex behaviour, withfledent ranges:

« g* <5 I/s/ha. Catchment flow-rate is always below®%8s, and thu&/o &=0.

« 5 l/s/ha <g* < 15 l/s/ha. In this range the provisions showgacd” behaviour:
increasing efforts improve values of the indicator.

* 15 I/s/ha <g* < 30 I/s/ha. In this range, the effect of prowsas a worsening of the
indicator values. The reason of this fact is thduring reservoir emptying, the
catchment flow-rate is above 0.8/mfor longer durations than in the reference case.

* g* > 30 I/s/ha. No significant variation from the nefiece case.

Comparing the results for the three indicatorsolygerve that runoff volume provisions have
a simpler behaviour than runoff rate ones. In facthe three cases, volume provisions show
always a monotonous trend: increasing efforts ggae@mprovements in the indicators value.
On the contrary, runoff rate provisions have thotdteffects and, for some ranges, can
produce degradation of some indicators value. Thiesssholds and the existence of critic
ranges are catchment specific: for example fdqy, provisions do not change the indicator
value if the emptying time of the reservoirs farai event is shorter than the duration of the
corresponding hydrograph in the reference situatiothe same way, we find no aggravation
ranges fogpeakWhile other researchers did, for other catchmésgsBackgroungl.

In terms of preserving receiving waters (i.e. th tlast indicators), volume provisions
perform well even for small constraint values. Agected, this form of provision seems
much more effective, toward this objective, thae tther. With regard to avoiding sewer
overflows (i.e. the first indicator) the result®anore surprising: the same values that can be
obtained through runoff rate provisions are actésshrough runoff volume provisions.

CONCLUSIONS

In this research, we developed a model of a re@hogent in the Paris region in order to
compare several levels of constraint for both rtimafe and runoff volume provisions. We
considered two objectives: to avoid sewer overflamsl to preserve receiving waters. To
measure the performance of each provision we addptee indicators: peak flow-rate for a
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reference design storm for the first objectivewlérequency and volume bypassing the
treatment unit during a 23-month simulation for seeond one.

The results show that runoff volume provisions m@&e effective than runoff rate ones for
receiving waters preservation. For sewer overfldvegh can reach the same performances.
Thus, is it possible to replace all runoff rate yigmns with more environmental-friendly
runoff volume provisions? In theory yes, but twselvations are needed:

1. While runoff rate provisions can be realized almmatrywhere, infiltration is not always
possible. Even if other possibilities to deplet@siwater exist (e.g. rainwater harvesting
and reuse) they do not seem, today, capable taceedunoff volume systematically over
an entire catchment. In some catchment, thus, wlpiravisions are not applicable.

2. We did not consider, in our research, any formngflementation cost. Then, even if we
find an equivalence of runoff rate and runoff vokiprovisions in terms of peak flow rate
reduction, it is possible that, in terms of co#itss equivalence is not valid.

A promising solution, that deserves further redeaix an integration of both runoff volume

and rate provisions. It seems possible that thisageh could gather the global advantages of

both, involving smaller local costs.
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