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ABSTRACT

This study investigates the temporal variabilityzoic concentrations from zinc roof runoff. Thelugince of
rainfall characteristics and dry period duratiorei@luated by combining laboratory experiment omlsainc
sheets and in-situ measurements under real weadinéitions from a 1.6 m2 zinc panel. A reformuatiof a
commonly used conceptual runoff quality model isaduced and its ability to simulate the evolutminzinc
concentrations is evaluated. A systematic and stiecpease from initially high to relatively low asthble zinc
concentrations after 0.5 to 2 millimetres of raihfa observed for both experiments, suggesting thghly
soluble corrosion products are removed at earlgestaf runoff. A moderate dependence between adeate
dry period duration and the magnitude of zinc cot@ions at the beginning of a rain event is ewida.
Contrariwise, results indicate that concentratiare not significantly influenced by rainfall inteétiess.
Simulated rainfall experiment nonetheless suggistsa slight effect of rainfall intensities may bepected
after the initial decrease of concentrations. Bynahis study shows that relatively simple concgptrunoff
quality models may be adopted to simulate the fditya of zinc concentrations during a rain eventddrom a

rain event to another.

KEYWORDS: Accumulation; Corrosion; Dissolution; Dry period;oelel; Rainfall intensity; Wash-off, Zinc-
Roof

1.INTRODUCTION

Contaminants associated with stormwater runoff Hasen identified as a major source of diffuse pitu
Over the last decades, several studies have igadsti the sources of contaminants in urban arehkigh trace
metal concentrations were generally reported irf ranoff, due to the corrosion of metal gutter oofing
materials (Gnecco et al., 2005; Gromaire et alD12@obrist et al., 2000). Among these materials; sheets or
zinc coated steel have been widely used for bugldipplications and remain a convenient, affordabid
aesthetic solution for large roofing areas. Zinnaamtrations in the runoff originating from suchfaoes have

been extensively studied and were often shown teexk by several orders of magnitude environme nialitsy



standards (EQS) set by the European Water Frameliogktive or to adversely affect the health of stwve
freshwater species (Bertling et al., 2006; Forst&86; Karlén et al., 2001; Persson and Kuceralpda the
urban environment, the contribution of zinc or zomated structures to total metal emissions wandfiund to
be significant (Gromaire et al., 2011; Reiss et 2004) and the need to manage runoff originatiognfthese

materials is today well accepted.

The implementation of stormwater source-controltesys (such as biofiltration or other treatment des)
promoting adsorption on artificial or natural subts is believably a relevant option to limit tischarge of
zinc to surface waters (as for small catchments @npredominantly dissolved) (Bressy et al., 200 tal
concentrations, however, usually exhibit largetiliations during a rain event (Schriewer et al.,8a0 from an
event to another (Gromaire et al., 2011; He, 2@0%) the understanding of this temporal variabibtgssential

for the development of suitable management pragtice

Laboratory experiments on copper and zinc paneksated that availability and solubility of corrosiproducts
probably governs the variability of metal concetitrias in runoff (He et al., 2001). It has hencerbsaggested
that antecedent dry period between rain eventdgoautly explain the differences in metal conceidres from
an event to another (Gromaire et al., 2011; Hel.et2801) although the influence of this paramétas not
systematically been verified in field experimenddh@anasiadis et al., 2010; Schriewer et al., 2008grature
results also indicated that the dissolution of ¢he®rrosion products strongly depends on rain event
characteristics and that metal loads are largehtrotied by runoff volumes (Gromaire et al., 20HEe et al.,
2001). Event-mean-concentrations have generally begorted to decrease with increasing runoff vasrar
rainfall duration (Gromaire et al., 2011; He et &001; Robert-Sainte, 2009; Schriewer et al., 2068w
studies have however investigated the effect affallion the variations in metal concentrationsinigira rain
event. A strong decrease of metal (zinc or coppangentrations is usually observed with the firgtimetres of
runoff (He et al., 2001; Schriewer et al., 2008p#st et al., 2000), which partly explains the tiela between
event duration or volumes and event-mean-concémsatNonetheless, previous studies revealed #iafail
intensities could as well influence the magnitudecancentrations (especially at early stages obffijras a
result of (1) variations in the time of contactweén rainwater and metal surfaces or (2) changdiseimatio
between runoff volume and contact area (He e8D]1; Schriewer et al., 2008; Wicke, 2014). As atenaof
fact, experiments on the impacts of roof length amdination rather suggest that time of contact baly a
limited influence on metal concentrations as coragdo the runoff volume to contact area ratio (Bigdr et al.,
2012; Robert-Sainte, 2009).

Although rainfall intensity and antecedent dry pdrduration have been reported as key parameteis effect
is hence not completely understood. Furthermordéeveyuations have been introduced to describeviish-off
dynamic of sediments or particulate bound pollgdrmm urban surfaces (Alley and Smith, 1981; fisthis
and Hamid, 2001; Vezzaro and Mikkelsen, 2012) amtassfully applied for the comparison of differaumoff
management scenarios (Lee et al., 2012; Vezzab, &015), no models have yet been proposed tolaienthe
variability of concentrations in zinc roof runoftidng rain events. The purpose of this study isefoge (1) to
improve the understanding of zinc emission dynandasng rainfall events and, more specifically, (@)

investigate the effect of rainfall characteristasd antecedent dry period duration on the varigbdf zinc



concentrations so as (3) to come up with a modekpdicate these concentrations, which would begrefat
interest for the development of efficient stormwateanagement practices or to assess the effe¢owhwater

discharge on receiving waters.

The influence of rainfall characteristics and deyipd duration is evaluated by combining labora&xgeriment
on small zinc sheets (to simulate specific intéesiand dry period durations) and in-situ measunésnander
real weather conditions from a 1.6 m2 zinc panelefdrmulation of a commonly used “accumulation arash-
off” runoff quality model is introduced to simulatgeneral trends in zinc runoff dynamics over loamfall
periods and its ability to replicate zinc concetitras for both the simulated rainfall and the itusxperiment is
investigated. Possible applications of this modelude accounting for the variability of zinc cont@ations in
runoff for an accurate design of stormwater sowametrol systems or assessing the impact of zin€ mawoff
discharge on receiving waters. Rather than progigirecise concentration predictions for a spedciinfall
event, the purpose of this model, deliberately kefatively simple, is therefore to simulate retdisnter and
intra-event variations of zinc concentrations freasily available data (eg. rainfall measuremergraBise large
uncertainties are usually associated with stormwguality modelling, it has been recently suggestad model
evaluation from direct calibration method is geligrimappropriate (Dotto et al., 2011; Freni et 2009; Kanso
et al., 2006). A Monte Carlo Markov Chain (MCMC)ngaling method, with rigorous bias description, lisig

implemented to evaluate the uncertainties assatiaitt calibration and to discuss the reliabilifytioe model.
2.EXPERIMENTAL SETUP

2.1.SIMULATED RAINFALL EXPERIMENT

The laboratory experiment was conducted so as &tuate separately the effect of rainfall intensityd dry
period duration between rain events. Small par@dxj0cm) were cut off from a 1m?2 zinc sheet, prasip
cleaned with acetone and exposed to atmospherditamrs for a 2.5 month period (09/03/2014 to 21208.4)
at a peri-urban site located in Champs-sur-Mareearfwy Paris, France). During this period, averagmspheric
NO, and Q concentrations (recorded 3.5 km from the site) v8@2pg/ni and 56pg/and the total rainfall
depth was 58 mm. This pre-exposure period was stbpfter a large rain event (16.8 mm over 12h)civhi
presumably washed-off easily soluble corrosion potsi from the surface of the panel. After 21/05£204inc

panels were stored outside but protected fromabisd as to replicate dry weather conditions.

Three rainfall intensities (5, 9 and 17 mm/h) amb¢ antecedent dry period durations (2, 5 anda3%)dvere
tested for the experiment. A statistical analysis d.5-year meteorological record from Paris regiwicates
that approximately 50%, 80% and 90% of the rainfalumes are produced for intensities smaller tha® and
17 mm/h and that the frequency of periods of 2,nfl @1 days without precipitation is 44, 13 and 0.2
occurrences per year. Selected rainfall intenséigs antecedent dry period duration therefore epessiusual
to less frequent exposure conditions in Paris regiRainfall was simulated with a SPRAI-SAS spimnitisk
spraying system, raindrop size and rainfall inteéesibeing controlled by water feed rate and nozatation
speed. The device was calibrated for the selecagafail intensities and verified to ensure homogerse

spraying of the zinc panels. The artificial raingratised in this experiment consists of a 1:21 méxaf mineral



and deionized water. Its ionic composition is pnésd in table 1, and approximately matches the euinations
reported in Paris conurbation (Van de Voorde, 20TRg corresponding pH value (6.8) is represergativthe
average conditions in Paris region for total atrhesjz fallout, where event mean values ranging fEomnto 8.1

have been reported, with site mean values betwgearsl 7.1 (Bressy, 2010; Gromaire et al., 2015).

ca* Na" K* SO” HCO; CrI pH
(mgfl) (mg/l) (mgfl) (mg/l) (mgfl) (mgfl)
0.55 0.55 0.29 0.38 3.4 0.64 6.8

Table 1 Major ion concentrations and pH of the artificiainwater used for the simulated rainfall
experiment

The effect of the three different rainfall integsitlasses (i) was tested for the three antecedsnperiod
durations (Bry). For each combination of i andpdy, zinc concentrations were monitored for two panels
installed under the rainfall simulator with a 5tlination. 8 x 30ml runoff samples were collectedeach panel

at different times during each experiment, targgtiifferent fractions of the cumulative rainfall lume
(corresponding runoff fraction are presented ideté). Effective rainfall intensities were verifietiring each
experiment evidencing slight deviations from taegetainfall intensities (e.g. 3.9 to 5.8, 7.1 to5land 16.3 to
17.2 mm/h for the 4.5, 9 and 17 mm/h intensity 883, resulting in small differences in the actuahulative

runoff volume associated with each sample for @mgitargeted intensity.

Sample N° Fraction of runoff associated with each sample
Rainfall intensity = 4.5 mm/h Rainfall intensity = 9 or 17 mm/h
1 0.4-0.8mm 0.3-0.5mm
2 0.8-1.2 mm 0.5-0.8 mm
3 1.2-1.6 mm 0.8-1.1mm
4 20-24mm 1.4-1.7mm
5 3.2-3.6 mm 2.3-2.6mm
6 5.8-6.2mm 4.1 -4.4 mm
7 8.3-8.6 mm 5.9-6.2mm
8 15.8 - 16.2 mm 11.3-11.6 mm

Table 2Runoff fractions selected for the simulated rairéaperiment (because of deviations in the
artificial rainfall intensity, different fractionsere sampled for the 4.5 mm/h intensity)

2.2.IN-SITU EXPERIMENT

The release of zinc from a 1.6m2 (= projected aflea; length~ 4m) 8 years old zinc panel was investigated
during a 5 month period (from May 2014 to Septemd@t4) under real rainfall conditions. Like for the
previous experiment, studied site is located in ssur-Marne. The panel was installed on the tbp o

building with a 5° angle from the horizontal andnfall measurements were performed from a rain gaug

(0.2mm precision) located few meters from the panel

The system adopted here for runoff sampling is laintb the one of Yaziz et al. (1989), and is desito

collect different fractions of the runoff volumef.(Eigure 1):
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Figl Sampling system for the in-situ experiment

Runoff originating from the zinc panel was collettdrough a PVC gutter and directed to a sampliegjos
(3m below) which consisted of 11 PVC containersti{vdifferent capacities) connected with an inclirédC
pipe (+5° from the horizontal). Water collectedotigh the gutter progressively moved in the PVCGefne
water is assumed to move as a piston) and sucegs§iiled the PVC containers, in which a floatiptastic ball
was used as a blocking system (cf. Figure 1). Bezainc concentrations were previously shown ty vary
quickly in the first millimetres of runoff (He, 2@0 Schriewer et al., 2008), the volume of each a@oet
progressively became larger as the cumulative fumolume in the sampling system increased. Complete
information about collected volumes for each fractdf runoff can be found in table 3.

Sample N° Collected volume Cumulative runoff volume Additional volumé
(mm) (mm) (mm)
1 0t00.21 0.21 0.09
2 0.21t00.43 0.43 0.19
3 0.43t0 0.64 0.64 0.33
4 0.64 to 0.85 0.85 0.58
5 0.85t01.07 1.07 0.69
6 1.07 to 1.98 1.98 0.82
7 1.98 to 2.90 2.90 0.96
8 2.90to0 4.91 491 1.11
9 4,91 to 6.97 6.97 1.31
10 6.97 to 14.6 14.6 1.68
11 14.6 to 36.5 36.5 1.88

Table 3Detailed information about the volumes collectethie sampling systemdumulative
runoffvolume associated with each contaideuiulative runoff volume associated with each
container2Supplemetary volume in the 5° inclined PVC pipe)



Runoff volumes captured in the containers wereect#ld after each rainfall period for analysis (et

experimental system was emptied), delimitating &®@ing periods with varying durations and runaffumes

(cf. Table 4).
Period N° from to Rainfall volume (mm) Sampleslected
1 19/05/2014 22/05/2014 21.8 11
2 22/05/2014 27/052014 11.8 10
3 27/05/2014 04/06/2014 20.8 11
4 28/06/2014 29/06/2014 12 10
5 29/06/2014 06/07/2014 15.2 10
6 07/07/2014 15/07/2014 78.2 12
7 19/07/2014 21/07/2014 18.0 12
8 22/07/2014 25/07/2014 0.6 3
9 23/07/2014 29/07/2014 29.4 12
10 02/08/2014 04/08/2014 15.4 11
11 06/08/2014 10/08/2014 26.6 12
12 11/08/2014 13/08/2014 12.6 11
13 14/08/2014 18/08/2014 6.6 9
14 22/08/2014 28/08/2014 18.6 11
15 28/08/2014 01/09/2014 1.6 5

Table 4 Sampling periods and corresponding rainfall volame

The collection system performed satisfactorilytfte £ to the 7' container, after which leakage was sometimes
observed until the issue was fixed (periods 11 5p For periods 1 to 10, the first 7 samples aeretfore
assumed to provide representative concentratiomesalfor the first 7 fractions of runoff, whereas a
concentration range is derived from samples n7ltdor the remaining fraction of runoff. Similasliyactions 1

to 9 are considered as correct for the 5 last gsribinally, water remaining in the 5° inclinedleotion pipe at
the end of a sampling period is also collected.sTWblume is associated with a last fraction of ffino

(corresponding volume depends on the amount ofrweatiected in the pipe, as shown in table 4).
2.3.CHEMICAL ANALYSIS

For each experiment, collected samples were agilifvith nitric acid to pH=1 and vacuum filtered dhgh
0.45um cellulose acetate filters. Zinc concentregiovere determined using inductively coupled plastaaic
emission spectrometry (ICP-AES, Varian Vista MPHgtection limit for Zn = 0.2ug/l). pH and condudtyv
measurements were additionally performed with a WBahTiX 41-3 pH-probe and a TetraCor825

conductivity cell.
3. M ODELLING METHODOLOGY

3.1.THE RUNOFF QUALITY MODEL

The processes associated with runoff contaminatiergenerally complex and involve numerous enviremial
factors such as air pollution, human activitiesaftc) and meteorological conditions (wind and falh
characteristics). While some modelling approachesehattempted to account for their effect on stoabew
runoff quality (Fallah Shorshani et al., 2015, 2lgarsimonious conceptual models, that simulatéutamt



loads or concentrations from simple rainfall orofirdata, are often preferred for common appliag&ijcas more

easy to calibrate and to implement (Freni et 8I09).

The formulation of many of these conceptual rurmpfélity models still reflects the processes assediavith
pollutant accumulation on urban surfaces and tleenoval during rain events. Although recent findirsgiggest
that the reliability of such formulations should dpgestioned, given the complexity of the processesived in
stormwater contamination, these have essentiallgnbtested for the replication of suspended solids
concentrations in urban runoff (Freni et al., 20R@nso et al., 2006, 2005). In the case of zincseimn from
roofing materials these models however remain ctt@ as the formation of corrosion products ovestah
surfaces can typically be interpreted as an accatioul process (He, 2002). Furthermore, metal (aincopper)
concentrations have often been shown to exhibierg distinctive temporal pattern (Forster, 1996; é¢ieal.,
2001; Zhang et al., 2002; Zobrist et al., 2000)chtdan easily be replicated by simple wash-off node

In this study, a runoff quality model based onwidely used exponential accumulation and washaiftfions
(Alley and Smith, 1981; Alley, 1981) is introducethe following equation is thus adopted for a ammius

description of the formation and removal of coromsproducts over zinc panels:

dM (1) _ < VK
T_DX[MLIM _MAcc(t)]_MAcc(t)xle'(t) (1)

Where: Myc(t) = easily removable or soluble corrosion produtcumulated over zinc surface [M]LMy =
asymptotic limit of the accumulation model [Mf], D = accumulation coefficient [, i(t) = rainfall intensity

[L.TY, K, and K = wash-off model parameters.

The formation of corrosion products over metal @ces can reasonably be considered as a slow prasess
compared to its removal during rain events (Zhangl.e 2002). Hence, the amount of corrosion prosihd

washed-off during a time steft, under constant rainfall intensity (where subscript t refers to the time step
from t to t+At) can be obtained from the integration of equaiiby by neglecting the term associated with

accumulation:

t+At

M, == [ dM,ce = M pec(t) X[ 1- exp(~K, xi e xAt) | @)

It can be noted that equation (2) only reflects rmoval of a limited storage of loosely adherensaluble
corrosion products during rainfall. Because metaioentrations usually reach an approximately constan-
zero value, after a strong decrease in the firitmnaitres of runoff (Férster, 1996; He et al., 20@thriewer et
al., 2008), zinc wash-off cannot solely be desdtibs a source limited process. Previous equatitimeigfore
combined with a transport limited wash-off functiso as to replicate the “quasi steady state” behavi
observed after the initial decrease of zinc conmegions. Concentrations computed from this secemnth tan be
interpreted as the result of the dissolution of acimlarger storage of zinc compounds (infinite) ibiting a
much lower solubility than those associated wite thource limited” term. The general form of thenoff

quality model investigated in this study may hebeewritten as follow:



C ZTX(MACC(t)X[l_ exp(—KIXile xAt)]+ K,y xi© xAt) 3)

Where: G = concentration in runoff between t toAtt K, and K = parameters for the transport limited
component of the runoff quality model. When K 1, concentrations simulated by the right-han@risport
limited” term remain K regardless of rainfall intensities, whereag<Klintroduces a relation between these
“steady state” concentrations and rainfall inteasitreplicating dilution effects at larger i vadughe case k= 0

can be interpreted as the volume dilution of a tamis'steady state” flux k& At).

After computing M, the amount of easily removable or soluble coogiroducts can be updated by subtracting
M, to the pollutant storage available at ;d(t). Accumulation is finally simulated using equati(1), this time
by neglecting the wash-off term, and the amountafosion products available at the next time stap be

calculated from:

M pcc(t+At) =[M o) =M [xexp(-DxAt)+ M, x| 1- ex{-D xAt) | 4)

3.2.MODEL CALIBRATION AND UNCERTAINTY ANALYSIS

It is today well accepted that the reliability ofnaodel does not solely result from its ability teplicate
observations. The fact that different sets of mquelmeters may produce satisfactorily fit to thébcation
data, may indeed result in high parameter and giigdi uncertainties (Beven and Binley, 1992; BevE393;
Deletic et al., 2012; Dotto et al., 2011). Uncertgianalysis therefore provides opportunities far selection of
reliable and parsimonious models, as it exploresstmsitivity to model parameters as well as thdidence in

simulation results (Freni et al., 2009).

A Monte-Carlo Markov-Chain (MCMC) sampling methadtherefore adopted for the evaluation of the ruinof
quality model for the in situ experiment. This apgeh assumes that simulation results, for a spameters,
may be expressed in probabilistic terms by formupassumptions regarding the structure of resgdbatween
model’s outcome §) and observations D. The probability density fiortiof model parameters 6D) can thus
be derived from prior knowledge about model paramseP@) updated by observations D by application of

Bayes theorem:

__P(8)P(DI8)
“[P(DI6)P(6) a8 ®)

P(6|D)

Where P(D¥) is the likelihood function L(D) which measures the probability of simulatioroesr When R)
is uniform (non-informative), the integral term claa seen as a normalizing constant ar@j(B(is proportional
to the likelihood L(DY).

Gaussian likelihood functions L(@| have often been adopted, assuming that residar@sindependent,
homoscedastic and normally distributed. Howevechsuypotheses are generally unverified and recslis

suggest that violation of these assumptions mayifsigntly affect the reliability of uncertainty alyses results



(Del Giudice et al., 2013; Dotto et al., 2013; Sgb® and Vrugt, 2010; Thyer et al., 2009). In thisdg, an
autoregressive AR(1) error model is introduceddaealistic bias description and a “log-sinh” tf@nsation
(Del Giudice et al., 2013; Wang et al., 2012) is@dd to reduce the dependence between residuiisiadel

outputs. In the transformed space, the error moalethus be written as:

§=pxe, +g ©

a(y) =,6’Iog{sinh(aT?yH W

Where: y = output data (e.g. simulated or measwmtcentrations) g(y) = transformed output datas
autocorrelation coefficient,; & residuals between transformed model outputsteam$formed observations for
the {" measurement; = stochastic innovations atd,andp = lower and upper reference output for the lodysin

transformation. (Hergy, o andp are treated as model parameters during the ctdibja

Despite the transformation of output data, the mggion of normally distributed innovations in thea model
(Eg. 6) remains inconsistent. Innovations are thssumed to follow a Student t-distribution witlarstard
deviationc and degrees of freedom following the approach of Yang et al. (2007).these conditions, the

expression for the likelihood function is:

r v+l 2 2(1_ 2 ‘%1 nlr v+l o2 _%1
How): E(g)jaﬁz)[lﬁ(lv(z)zzw ?T?’y.i:rl E(Z]jax/ﬂ(lv—Z)[H(Vﬂaz] Y (8)

Where e = residuals at the first time step, n = number lb$ayvationsg; = innovations at the™ time-step,
|dg/dy| = derivative of the log-sinh functiofi,= Gamma function. (Note that andc are treated as model

parameters and estimated within the Bayesian fraomew

Once the likelihood function is specified, the Mgiolis Hasting (1970) algorithm can be implemented
generate samples from the posterior probabilityridistion PQ|D), which reflects the uncertainty associated
with model parameters. (From a practical perspectvnarrow posterior distribution indicates thagtasameter
significantly affects model performance, whereaksrge dispersion denotes a low sensitivity and féicdlt
identification of satisfactory parameter values}.each time step, a set of paramediers generated from a
previously sampled set of parameteiMovement fromd to 6’ depends upon a transition probability which is
selected to ensure convergence of the sample tewhed actual posterior distributionfd) (see Chib and
Greenberg, 1995 for further details).

In this study, the Metropolis-Hasting algorithmris for 10 independent Markov chains with 50.0@0@4tions
from a previously identified (e.g. through an ialization run) maximum likelihood estimate. Begtdf the
innovations to their theoretical distribution ishéeved by setting the degrees of freedoraf the Student t-
distribution to 6 (corresponding diagnostic plote aavailable as supplementary material). Because a

concentration range is associated with the fraaiorunoff corresponding to the last containershia collection



system, this measurement uncertainty is additignaibpagated through the calibration algorithm kyerating
a concentration value within this range (uniforrmpéing) at each iteration of the Metropolis-Hastalgorithm.
The Nash-Sutcliffe (1970) efficiency coefficient)(& calculated for the simulation results assediawvith each
set of parameters of the posterior distribution enatiel performance is evaluated from the mostyilkelvalue
of sampled distribution. Confidence intervals assted with parameter and total predictive uncetjaiare
finally generated by (1) running the model for 108t of parameters sampled from the distributio®|P)(
(parameter uncertainty) and (2) propagating therelrm shown in equation 6 (total predictive utaiety).

(These intervals reflect the uncertainty associatighd simulation results for predictive purposes).

4.RESULTS AND DISCUSSION

4.1.SIMULATED RAINFALL EXPERIMENT
4.1.1. Data description

For each rainfall intensity (i) and antecedent peyiod duration (Fry), zinc concentrations exhibit a similar
temporal pattern, with a strong decrease with tfs¢ 2 to 3 millimetres from a high initial conceations to a
rather stable value. It can nonetheless be notadhis “steady state” region seems to be reachma wuickly
for short antecedent dry period durations (esplgorthen comparing the results obtained feggd = 21 days to
those associated with shorter exposure duratioms) ta a lesser extent, for high rainfall interesti(cf. Figure
2a and 2b).While the cumulative rainfall volumeaasated with the initial decrease of zinc conceidraand
the differences observed from an experiment totarotould clearly be regarded as limited, it is amant to
point out that small rain events that do not exceean actually represent a large fraction of theuahmainfall
volume in Paris region. The few millimetres diffeces in the cumulative volume associated with thgal
concentration decrease shown in Figure 2a thusineimg@ortant as compared to the rainfall volumeoagged
with most rain events.

Fig. 2a Fig. 2b
[]
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Fig2 Laboratory experiment results — 2a: effect of eatient dry period for 9 mm/h rainfall intensity, 2iffect
of rainfall intensity for a 21 days antecedent peyiod (Error bars represent the measurementsiasstevith
each duplicate)



Significant variations are observed for Zn concatiins in the first fraction of runoffu(=7.30 mg/l,c = 2.56
mg/l) which seems to be positively correlated tteaadent dry period durationdy (R? = 0.46, p-value = 0.05),
although an outlier is obtained fopdy = 2 days and# 17 mm/h (cf. Figure 3a). This result is consisteith
those of He et al. (2001) who suggested that theddence could be associated with the formati@owbsion
products during non-rainfall periodBy contrast, no correlation is here observed betwibe concentration in
the first samples and rainfall intensity. Howewnis difference with the results of He et al. (2D@bssibly
originates from the very low rainfall intensity (sin/h) used in their drizzle experiment, for whicigtter
contact time with metal surfaces and very specifiwoff conditions are believably achieved (watemfing as

droplets).

Steady state concentrations, comprised betweeantl B.1 mg/l, remain quite similar from an experti® the
other. However, Zn concentration in the last sangglems to be negatively correlated to i (cf. Figdlng R2 =
0.58, p-value = 0.01) which may reflect a dilutieffiect at higher rainfall intensities. This relatship should
nonetheless be carefully interpreted as the duradioeach experiment is here selected in accordaviite
rainfall intensity (to achieve the same volume éaich experiment). Hence, the increase of concenmisaat

lower i values might as well be a consequencelohger exposure to precipitations.
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Fig.3 Effect of Tory and rainfall intensity. Relation between 3a: tbaaentration in the first sample anggy.
3b: the concentration in the last sample and rhimi@nsity.

4.1.2. Model fitting
4.1.2.1 Model formulation

_For the simulated rainfall experiments, the wadhaoddel (equation 3) is fitted to the data for eachhe 18
concentration patterns (3pdy values x 3 rainfall intensities x 2 replicates)thwia simple least square
optimization. Because each test is conducted ucmestant rainfall intensity, model parameteri&set to 1 (the
dependence between End i should therefore be investigated). Givenlolevariations in the observed steady
state concentrations, a constant steady state otwaten model is considered, with,®L. Accumulation is not
considered for this application and the initial ambof corrosion products Mc (t=0) is thus adjusted along
with wash-off model parameterg End K.



The purpose of these adjustments is (1) to deterrifinhe concentration patterns of the simulateidfadl
experiment can be approximated by a simple exp@aieninction and (2) to evaluate the differenceditited
parameters from an experiment to the other so @simplement the analysis of the measurements aitakfu

investigate the effect of i orpky On zinc emission dynamics.

4.1.2.2. Modelling results

The wash-off dynamics simulated from equation @)séactorily describes the variation of zinc comication
monitored for the different experiments (R2 = 0#860.99). Optimal values for parametergs &d K vary
moderately from an experiment to anothgr=2.0 mg/l,c = 0.46 mg/l for l§ andp =2.6,c = 0.69 for K),
whereas important differences are observed faedittl,cc (t=0) values. Although moderate, the correlation
between Mcc (t=0) and Bry remains statistically significant (R2 = 0.66, gua< 0.01). The results of these
simple model adjustments hence indicate that ziashaoff can be well described as a source-limitetgss at
the beginning of rainfall periods, and again sugg#sat the temporal variability of zinc conceritsat could be
largely driven by the formation of easily solublermsion products over zinc surfaces during drygasr (even
though the rate of corrosion is believably unsteadg affected by other environmental factors). @ dther
hand, no relation between, Kind rainfall intensity is observed, and the valtighe second wash-off parameter

K, (Eqg. 2 and 3) can thus probably be expected spheewhat close to 1.

4.2.IN-SITU EXPERIMENT

4.2.1. Data description

Zinc concentrations in the 150 runoff samples obdd from May to September 2014 range between &ns8
15.16 mg/l  =4.23 mg/l,c = 2.20 mg/l). Surprisingly, these concentratioresralatively close to those obtained
for the simulated rainfall experiment, despite differences in the age of the zinc panels. As lier simulated

rainfall experiment, pH here remains relativelythand exhibits moderate variations<6.7c = 0.4).

The evolution of zinc concentrations from the owatdpanel is generally similar to the one observedtlie
simulated rainfall experiment, starting from relaty high and quickly decreasing concentrationghia first
samples (cf. Figure 4.a). As shown in figure 4le, tagnitude of this decrease may, however, sigmifig vary
depending on the sampling period. Besides, corggomis associated with the last runoff fractions rad
always stabilize around an approximately constahterlike in the simulated rainfall experiment. gtzown in
figure 4b, an increase of zinc concentrations cateéd be observed for some rainfall periods afterinitial
decrease of concentrations with the first millirestrof runoff. Such variations are nonetheless rsilye
interpretable in the case of average concentratiodgr unsteady rainfall intensities (as one rufraition may
actually cover very different durations, encompighly variable rainfall conditions or even be asated with

several distinct rain events separated by relatilelg dry periods).
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Fig4 In-situ experiment results — 4a: zinc concentrattee different runoff fractions (circles represamerage
values over the 15 rainfall periods and minimum araximum values are displayed as error bars), #iz. Z
concentrations as a function of cumulative runafime (example for periods 6 and 9)

Again, the overall evolution of zinc concentratiof@s a function of the runoff volume) is consistsvith
previous findings, although higher concentratiorluga have generally been reported. In the expetimen
conducted by Schriewer et al. (2008), concentratimanging from 6 to 20 mg/l were measured in thst fi
fractions of runoff, with “steady-state” concentoas between 3 and 8 mg/l. These differences aneher not
completely surprising as an older metal surface wassidered (14 year old zinc roof). Steady state
concentrations are also lower than those obtaiyedebet al. (2001) for new zinc panels, but thisuleis quite

expectable as more acidic pH values (3.8 to 4.8 wensidered.
4.2.2. Runoff quality model evaluation

The performance of the accumulation and wash-offlehdequations 3 and 4) is evaluated against in-sit
measurements, using the calibration and uncertain&yysis method described in the section 3.2.rbdel is
implemented at a 1-min time-step to replicate zouncentrations in runoff from precipitation records
(continuous modelling from May to September 201} average simulated concentration values are etefiwr
the runoff fractions corresponding to the measurgme

4.2.2.1. Application of the model with K3=1

The model is first evaluated under the simplifyingothesis that “steady state” concentrations reroanstant,

regardless of rainfall intensities, i.e. assumingK.

The performance of the model appears quite satsfaonith a 0.61 Nash-Sutcliffe efficiency coeféat for the
maximum of posterior distribution (cf. Figure 5)h& model however does not systematically succeed in
replicating zinc measurements (cf. Figure 6a) dnus texhibits a high predictive uncertainty, despitdecent
overall performance. Interestingly, while the cdmition of parameter uncertainty remains relativelyderate,
coverage intervals tend to be wider for high cotraion values, which suggest that larger uncetiggrmight

be associated with accumulation parametergyMnd Dicc) controlling the magnitude of concentrations & th

beginning of each period.
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Fig5 Posterior probability distribution of model paraens and Nash-Sutcliffe efficiency coefficient Ei¢inal

model formulation)

Posterior distributions computed from the Metropadfiasting algorithm (cf. Figure 5) indicate thattioml
values could be identified for all model paramef@rimodal distributions) and suggest that thebcation was
not significantly impeded by equifinality problerfdiscussion on this concept can be found BevenBinkty,
1992; Beven, 1993). Posterior probability distribns however exhibit a relatively important dispensfor all

model parameters (which tends to be more pronoufwseatcumulation parameters j and Dicc).
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black line = simulated concentrations (maximumikélihood), dashed line = measurements, light stiadea =
5-95% total uncertainty coverage, dark shaded af®85% parameter uncertainty coverage, black area

rainfall intensity)

The uncertainty associated with accumulation ratecappears to be particularly high, with values raggi
from 0.05 to more than 4 da}isWhile a relatively low optimal accumulation rg27 days) can clearly be
identified from the posterior distribution, the jgiégsion towards higher values ofdg, for which accumulation
is mostly instantaneousasts doubts on the validity of the accumulatiordetdKanso et al., 2005; Sage et al.,
2015). The shape of the distribution neverthelesicates that the model remains sensitive to actation
parameters, which confirms that formation of coiwosproducts during dry period could partly govehe
variability of zinc concentrations in runoff. How&y more than for the simulated rainfall experimehte
dependence between the concentrations in thesirsiple of each period as a function gkJhere remains
unclear (cf. Figure 7). Results therefore sugdeatthe variability of zinc concentrations at tlegimning of rain
events cannot be solely explained by the modelRicfure 6a), which was expectable as corrosion rigpen
various environmental factors such as temperatalative humidity or atmospheric pollution (Leuendper-
Minger et al., 2002; Schriewer et al., 2008).
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Fig7 Relation between the concentration in the firghi@ of each rainfall period of the in-situ expegimh and

antecedent dry period duratioRgF.

As compared to accumulation parameters, the mddaflg displays a high sensitivity tooKK; andK, (low
dispersion of model parameters in figure 6) andnaegitvalues for these parameters €K3.12 mg/l, K = 3.08,
K, = 1.01) are relatively similar to those obtained the simulated rainfall experiment (differencedidvably
result from the age of the material or exposuredi@é@ms). Posterior probability distribution for,kdicates that
this parameter remains close to 1, and once ma@gests that rainfall intensity does not signifitaiffect the
removal of corrosion products at the beginning cdia event. Furthermore, a correlation betweemikd K (R?
= 0.28) is evidenced during calibration, which soqe the idea that deviations of, Krom unity are not

completely behavioural and call for a simplificatiof the runoff quality model with }& 1.

Because K does not significantly differ from he amount of water needed to dissolve the majaftyhe
corrosion products can be directly estimated froma€cording to calibration results, 99% of accurteddoads
are here washed-off after 0.8 to 2.0 mm of rundised on the "5and 98' percentile of the posterior
distribution for K;), which is in good agreement with the results @nésd in figure 2. In the case of small
rainfall events (less than 5mm), this early fractad runoff may therefore significantly contribute the overall
load discharged to surface waters or sewer syst@oscentration time-series simulated for 10.00G st
parameters sampled from the posterior distribuR@jD), indicate that the load generated by both thece
and the transport limited component of equationu@ind) these first millimetres of rainfall (computed the
amount of precipitations needed to remove 99% ot@iatilated loads) could for instance represent beivie3
and 55% (8 and 98" percentiles) of the total amount of zinc dissolfedthe 5 month period considered in the
in-situ experiment. The implementation of stormwaseurce-control systems retaining the contaminatio
associated with the first millimetres of runoff @rito the discharge to conveyance systems (wheee th
concentration decrease is likely to be attenuated)d hence be particularly relevant, providing tpportunity

to manage significant amount of pollutants througk capture of relatively small rainfall volumesheT
simulation results obtained for the 10.000 sampfabe posterior distribution of model parameteosetheless
reveal that the load generated by the source-linimponent of equation 3 (e.g. without taking iatzount
the load simulated by the transport limited ong)resents, for the same 5 month period, a much small

proportion of the total zinc discharge (betweern3.6%, for the 8 and 95 percentiles), indicating that large



fraction of the load washed-off at early stagesumiff is in fact associated with constant concaign term of
equation 3. Hence, the benefits associated witlirtfegception of the first millimetres of runoff dwt solely
result from variability of zinc concentrations anthy also be largely explained by the contributidrsimall

rainfall events to the overall rainfall volume.

Regarding K, despite a high sensitivity, uncertainty assodiatgth this parameter remains important, with
values ranging from 2.7 to 3.9 mg/l for th& &nd 9%' percentiles of sampled distribution. This uncertgai
believably reflects the inability of the model tepticate the fluctuations of zinc concentrationgm€orrosion
products have been removed (cf. Figure 5). It cangver be noticed from Figure 6 that the fluctuadian Zn
concentration from one period to another remairitéid) despite significant differences in rainfaiténsities

after the first millimetres of runoff.
4.2.2.2. Application of the model with Kz #1land K, =1

Based on previous modelling results, a differentdehoparameterization is tested. The “source-limiited
component of equation 3 is simplified by setting & 1, whereas a dependence between the concensratio
simulated by the transport limited term and rainfatensities is introduced @& 1) in order to determine if the

description of zinc concentration fluctuations \itthe steady state period can be improved.

As compared to previous application, modelling lssshow a slight increase of the Nash-Sutclifficefncy
coefficient, from E = 0.61 to 0.67 for the maximwinposterior distribution (and E = 0.70 to 0.72 floe highest
value of sampled distribution). Regarding the lifkebd function (Eqg. 8), which assigns more weightawer
and intermediate concentration values (as opposethdé Nash Sutcliffe criterion which is a least agu
objective function), a significant improvement Isaobserved, with log-likelihood (logarithm of thikelihood)

rising from -19.75 to -15.5 for the reformulatedsikeoff equation.

This increase of the likelihood is accompanied lijearease of parameter uncertainty, with substgntaver
dispersion of posterior probability distributiors some parameters (cf. Figure 8). The reductiocatibration
uncertainty associated with model reformulationpesticularly visible for accumulation parameter Bs
compared to the one generated for initial applicatof the runoff quality model (cf. Figure 5), pesor
distribution indeed here exhibits a sharper pegkifg D = 0.25 for the maximum of likelihood), and longer
stretches out to very fast accumulation rates.ti@ioptimal Dvalue, two weeks are needed to reach 97% of the
maximum of easily removable storage ¥l which is again consistent with the simulated rdirdaperiment.
Calibration results therefore support previousdifipses regarding the formation of corrosion présldaring
dry periods and once more suggest thgtyTmay be a relevant predictor of zinc concentrationghe first
millimetres of runoff.From figure 8, it can however be noted that, wiile uncertainty associated with D is
significantly reduced for the reformulated runoffiadjty, posterior distribution of My remains relatively
unchanged. As a matter of fact, the negative caticel between D and My (R? = 0.44, also detected for the
initial model) indicates that the magnitude of siated concentrations may often be driven by,MD. Hence,
because the posterior distribution of model parameinclude low Dvalues, the model no longer produces
asymptotic accumulation for some configurationsNag, xexp(-DxAt) = -M |y xDxAt when Dis small). Such

result is not surprising given the weak relatiotmm®n the concentration at the beginning of a adligferiod



and Tpry (cf. Figure 7). Nonetheless, further simplificatito a constant rate accumulation model is beligvab
not desirable, as the simulated rainfall experimatiier suggests that concentrations in the fiiinmetres of
runoff are asymptotically related tedy.

Fig.8 Posterior probability distribution of parametemsf¢rmulated runoff quality model)

Calibration results could at first glance indicttiat the introduction of dependence between “stesale” zinc
concentrations and rainfall intensity (controlledgarameter k) in the reformulated model is relevant. Posterior
probability distribution for l§ indeed exhibits a relatively low dispersion (cfglite 8) and no correlation with
other parameters could be observed, which suggesatsthis parameter is behavioural. Uncertaintylyesis
additionally reveals that this parameter can beeetgnl to remain less than unity (exceeded for 9 9
percentile of sampled distribution), and hence poed a decrease of zinc concentrations at highefalia
intensities for most configurations of the postegoobability distribution. Nonetheless, becausggknerally
remains larger than 0.90 (most likely value = 0,%His parameter only produces slight fluctuatiohthe steady
state concentrations (20% difference between 0d528&mm/h for k=0.94). While this very moderate effect of
rainfall intensities is consistent with the resudfsthe simulated rainfall experiment, the littieduction of the
uncertainty regarding & as well as the very limited improvement of mogetformance at lower concentration
values (cf. Figure 9), suggest that the model ramanable to capture all the variability of zinmcentrations
after the first millimetres of runoff. (The uncdrtty associated with the concentrations measuredhi® last

fractions of runoff probably had a knock-on effeet the calibration procedure and believably explaime
relatively large uncertainty associated witg).K
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Fig.9 Simulation results (reformulated runoff quality ded) — 9a: Period n°6, 9b: Period n°9, 9c: Peritithn
(dashed line = measurements, light shaded areanodids = 5-95% total uncertainty coverage for the
reformulated/initial model, dark shaded area/cs6teb-95% parameter uncertainty coverage the

reformulated/initial model, black area = rainfaiténsity)



Previous findings therefore indicate that, althotigh modified runoff quality model might be prefsirover the
initial formulation (as it results in a reductiof parameter uncertainty), further simplification the wash-off
equation with K=K3=1 could as well be considered (as the reformutadioly produces a slight improvement of
model performance). While both simulated rainfatperiment and calibration support the adoption toé t
asymptotic accumulation model (Eq. 1), previoueréiture results may cast doubts on its applicgbilit
(Schriewer et al., 2008), and the poor represeamtaif zinc concentrations for some sampling periwmldd thus
partly result from model’s inability to capture #fle variability associated with the corrosion gss: However,
large predictive uncertainties and modest perfoeas a trait of many runoff quality models (Dotb al.,
2011; Kanso et al., 2006; Vezzaro and Mikkelseri,220and comparison to previous studies suggestthiea
model presented here is in fact fairly satisfactdile such conceptual models have often beendaompoorly
represent reality for large catchments or roadased, this study indeed suggests that commonly ol
structures could be probably adapted and implerdentsimulate the temporal variability of zinc centrations
in runoff. Besides, the ability of the model to liegte zinc concentrations solely from precipitatiata remains
surprisingly good given the complexity of zinc réfh@nd corrosion processes, which potentially ineol
numerous other environmental factors such as daioéanposition, temperature, moisture conditionsadr
pollution (Bertling et al., 2006; Leuenberger-Mimge al., 2002; Reiss et al., 2004). It is howewnagportant to
acknowledge that, in this study, the averaging iot zoncentrations in the sampling system after firs
millimetres of runoff (cf. 2.2) necessarily dissilaies some of the variability of zinc concentratiofurther

research is thus believably needed to improve dseription of zinc runoff process.

5. CONCLUSION AND PERSPECTIVES

Two distinct experiments were conducted to exptbeeinfluence of rainfall intensity and dry periddration on
the variability of zinc concentrations from smaha panels, combining a simulated rainfall approaint in-situ
measurements under real weather conditions. Afs@male analysis of concentration patterns obtafioedhe
simulated rainfall experiment, a generic runoff lgyamodel was introduced, assuming that the valitstbof
zinc concentrations principally results from thewoulation and the removal of corrosion productsrainc
surfaces. The ability of the model to replicateczimncentrations from the in-situ experiment wasgtigated
for two alternate formulations, allowing for a dission on the factors controlling the variabilifyzinc runoff.
Calibration and uncertainty analysis were performsthg a Markov Chain Monte Carlo sampling method,
accounting for both the non-normality and the aotoelation of the residuals. The results can bersarized as

follow:

e Similar concentration patterns were obtained fahkexperiments, with relatively high (4 to 15mg/l)
and quickly decreasing concentrations in the fitdlimetres of runoff (0.5 to 2 mm), stabilizingaamd
lower values (1.5 to 5mg/l) with moderate fluctoas in the remaining fraction of runoff. This
observation is consistent with previous studies predumably reflects the “source limited” natuneczi
wash-off at the beginning of a rain event, as alltesf the removal of highly soluble corrosion
products. For the simulated rainfall experimentghsbehaviour was satisfactorily approximated by a

first order decay equation.



The laboratory experiment evidenced an increaseiraf concentrations in the first millimetres of

runoff for longer dry period durations. This depende was however less visible for the in-situ
experiment. While the model generally simulateslyfaivell the evolution of zinc concentrations in

runoff, the lower performance observed for somafadli periods suggests that many environmental
factors (such as air pollution, relative humiditgmperature...) actually govern the formation of
corrosion products over zinc surfaces which carbmtsolely explained by dry weather duration.
Further investigation of the corrosion processhatristimescales, during both wet and dry periods, i
thus probably needed to better replicate the viitialof zinc concentrations and to account for the

influence of these environmental factors on zinéssion dynamics.

Regarding rainfall intensity, neither of the twopeximents could evidence an impact of rainfall
intensity at early stages of runoff, suggestingt ttftee removal of corrosion products is neither
influenced by mechanical forces (as a result ohéigintensities), nor increased contact times of
rainwater (as a result of lower intensities). Casedy, both experiment tend to indicate that lower
rainfall intensities could result in a slight inase of zinc concentrations for the remaining fracof

runoff (e.g. after the initial decrease of zinc cemtrations).

The performance of the runoff quality model was egally satisfactory, despite a relatively high
predictive uncertainty, indicating that the overthission dynamic of zinc could be approximateanfro
very simple conceptual equations using rainfall soe@aments as the sole model input. The model could
therefore be adopted to generate long zinc coretémtis time-series, exhibiting a realistic intenda
intra-event variability, differing from those trdidinally considered in runoff quality modelling
(essentially focusing on suspended solids) and aripjpe design of efficient stormwater control
source-control devices. Besides, because zinc otnati®ns in runoff exceeds EQS by several order of
magnitude, the model presented in this study casldvell be part of a more integrated modelling
framework and be associated with other environnmentalels so as to assess the effect of stormwater

discharge on receiving waters.

The strong decrease of zinc concentrations obseavéeginning of each rainfall period suggests that
managing the first millimetres of runoff could résim a significant reduction of the amount of zinc
discharged to surface waters or sewer systemshdtuivestigation is however needed (1) to clarify
the importance of the inter- or intra-event vaifiigpiof zinc concentrations for the design of sairc
control system and (2) to specify relevant stornewatapture targets. In this context, the model
presented in this study believably offers oppotiasi for a better understanding of the benefits

associated with the interception of the first miktitres of runoff.

This study finally illustrates the possibilitiesfefed by formal Bayesian methods for the develogmen
and the evaluation of stormwater runoff quality misd In this example, careful selection of the erro
model and the likelihood function allowed for aaigus assessment of parameter uncertainty, which

appeared as a relevant tool for the identificatibthe most suitable model structure.
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