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Abstract. Vegetative filter strips are often used for préteg surface waters from pollution transferred byface runoff in
agricultural watersheds. In Europe, they are oftescribed along the stream banks, where a seasloalddw water table
(WT) could decrease the buffer zone efficiency.spite of this potentially important effect, theree ano systematic
experimental or theoretical studies on the effédh@ soil boundary condition on the VFS efficignén the companion
paper, we developed a physically-based numerigarihm (SWINGO) that allows representing soil litmfition with a
shallow water table. Here we present the dynamipltog of SWINGO with VFSMOD, an overland flow amchnsport
mathematical model to study the WT influence on \&ficiency in terms of reductions of overland flogediment and
pesticide transport. This new version of VFSMOD wasluated with two contrasted benchmark field isidn France
(sandy-loam soil under Mediterranean semi-contaledlimate, and silty-clay under temperate Oceatiimate), where
testing of the model with field data showed prongsresults. The analysis showed that for the camditof the studies,
VFS efficiency decreases markedly when the watelets 0 to 1.5 m from the surface. In order toleate the relative
importance of WT among other input factors coningllVFS efficiency, two global sensitivity and umnizenty analysis
(GSA) methods, Morris and eFAST, were applied om ltlenchmark studies. The most important factoraddior VFS
overland flow reduction were saturated hydraulimdectivity and WT, added to sediment charactegstmd VFS
dimensions for sediment and pesticide reductiom® felative importance of WT varied as a functidrsail type (most
important at the silty-clay soil) and hydraulic didiag (rainfall + incoming runoff) at each site. Tipeesence of WT
introduced more complex responses dominated bygtinteractions in the modelled system responsguciag the
predominance of saturated hydraulic conductivity iofiltration under typical deep water table coiatis. This study
demonstrates that when present, WT should be cemesidhs a key hydrologic factor in buffer desigd amaluation as a

water quality mitigation practice.
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1 Introduction

Today, surface waters are threatened by pestictetipn at the local, regional and global scalelalgj et al., 2014; Stehle
and Schulz, 2015). Agricultural surface runoffisimportant contributor to this contamination (Lbad et al., 2001). Grass
buffer zones or vegetative filter strips (VFS), argypical environmental control practice to prot@guatic ecosystems from
sediment, and agrichemicals from agricultural fie{(Roberts et al., 2012). While VFS are recommeridatie USA and
other regions, in Europe they are often mandattogcarivers due to their potential to limit surfapesticide runoff and
aerial spray drift from entering adjacent surfacter bodies (Asmussen et al., 1977; Rohde et &;198DA-NRCS, 2000;
Dosskey, 2001; Syversen and Bechmann, 2004; Paletilal., 2009). However, the effectiveness of eufgfield buffer
strips to reduce runoff transport of pesticides lbarvery different as a function of many local eueristics (land use, soll,
climate, vegetation and pollutant). For examplesgloiaon 16 field studies (Reichenberger et al., 0@ 25th percentile of
VFS pesticide reduction efficiency ranges fromd5% % of the amount coming into the filter frone titeld edge.
Moreover, VFS are typically located down the hdfs along the hydrographic network. As a resul, filier is often
bounded by a seasonal shallow or perched wates, tatblich may significantly inhibit their functiomd must be taken into
account when designing VFS and evaluating theicieficy (Lacas et al., 2005). Dosskey et al. (2Q006) identified
presence of shallow water table (<1.8 m) as an itapbfactor that should be considered for VFS giesind evaluation.
Simpkins et al. (2002) also report that the hydobggic setting, specifically the direction of gralwater flow and the
position of the water table in thin sand aquifengerlying the buffers, is probably the most impottictor in determining
buffer efficiency. Arora et al. (2010), in a reviemn VFS pesticide retention from agricultural runpfesent that soil
saturation from a shallow water table may be aaedsr negative runoff volume retention. Other ggdalso identify the
potential effects of location of the buffers whehallow water table is present (Ohliger and ScH04,0; Borin et al., 2004)
but do not quantify or study its effects (Lacaalgt2005).

The processes occurring in the VFS interact inmptex manner in space and time, thus they musinbalated by dynamic
models accounting for hydrologic (Gatel et al., @0&nd sedimentological variability (Fox et al.,08). The Vegetative
Filter Strip Modeling System (VFSMOD) (Mufioz-Carert al., 1993, 1999; Mufioz-Carpena and Parsort®)28 a
storm-based numerical model coupling overland flavater infiltration and sediment trapping in adiltconsidering
incoming surface flow and sediment from an upsligld (Fig. 1). VFSMOD also includes a generalizsdpirical pesticide
trapping equation as a function of soil and sedinsemnption, dissolved phase infiltration, and sdriphase sedimentation
(Sabbagh et al., 2009). Pesticide degradation enfitter is included between runoff events for lelegm pesticide
assessments (Mufioz-Carpena et al., 2015), butatedlduring events due to their short duration (taih). VFSMOD has
been successfully tested against measured dapagdictions of flow, infiltration, and sediment pyging efficiency (Mufioz-
Carpena et al., 1999, Abu-Zreig, 2001, Dosskey.eP@02, Fox et al., 2005, Han et al., 2005, Paal.e2017), tracers and
multi-reactive reactive solutes (Perez-Ovilla, 20Jhosphorus (Kuo and Mufioz-Carpena, 2009), pdesqPoletika et al.,

2009; Sabbagh et al, 2009; Winchell et el., 20a@} colloids (Yu et al., 2013). Previous work saabithe global sensitivity
2
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of simulated outflow, sediment and pesticide tragpio VFSMOD input factors (Mufioz-Carpena et adQ?2, 2010, 2015;
Fox et al. 2010). At the watershed scale, VFSMOB teen included in methods or frameworks to opgrfilzer placement
and design (Dosskey et al., 2006; Tomer et al.92@¢hite and Arnold, 2009; Balderacchi et. al, 20C@rluer et al., 2017).
Sabbagh et al. (2010) integrated VFSMOD within bigtier, US-EPA long-term pesticide exposure framew
(PRZM/VFSMOD/EXAMS) to estimate changes in aquattmcentrations when VFS are adopted as a runoftitjmi
control practice.

The extended Green-Ampt soil infiltration componesed in VFSMOD does not account for the preserice shallow
water table (Skaggs and Khaheel, 1982). In a comparaper, a physically-based algorithm was deaddp describe soil
infiltration under shallow water table conditior®¥INGO: Shallow Water table INfiltration alGOrithnipynamic coupling
of this new infiltration algorithm to VFSMOD willllmw for mechanistic description of interactionstween surface and
subsurface hydrology under shallow water table damn conditions and ensuing effects on VFS sediraent pesticide
transport.

Thus, the objective of this work is to study théeefs that the change in infiltration introducedtbg presence of shallow
water table has on VFS runoff reduction, sedimam pesticide trapping. This was done by a) dynacoigpling of
SWINGO in VFSMOD; b) evaluating the coupled modelteo contrasted benchmark study sites (sandy-eaihvs silty-
clay soil) and events (Mediterranean semi-contalent temperate oceanic climates); and c) globakiteity and
uncertainty analysis to ascertain the actual globpbrtance of shallow water table depth on thiefficy of the VFS when

compared to other input factors.

2 Material and methods

2.1 Dynamic coupling of shallow water table infiltation algorithm (SWINGO) with VFSMOD overland flow,
sediment and pesticide components
The overland flow submodel in VFSMOD (Mufioz-Carpetal., 1993a) (Fig. 1) is based on the kinematige equation
numerical, upwinding Petrov-Galerking finite elerh@rE) solution (Lighthill and Whitham, 1955),

oh  dq _ . o

E + a =1 f =l

55 M

Sp=8§,->q=
with initial and boundary conditions

{h=0;0§xSVL,t=O @
h=h;x=0,t=>0

whereh=h(xt) [L] is the flow deptht is time (L), g=q(xt) [L?T™] is discharge per unit width [L] is the surface flow
direction axisj=i(t) [LT™] is rainfall intensity f=f(t) [LT ] is soil infiltration rate, ic=i¢(t) [LT ] is rainfall excessS, andS
[LL Y] are the bed and water surface friction slopesaah node of the systemjs Manning’s surface roughness coefficient,
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VL [L] is the filter length, andh,=h,(0,t) [L] represents the field runon hydrograph entgtime filter as a boundary condition
(Fig. 2).

Originally, the overland flow component was coupledeach time step with a modified Green-Amptltrdition algorithm
for unsteady rainfall (GAMPT, see Fig. 1) for soNghout (or with deep) water table (Chu, 1978; Mand Larson, 1971,
1973; Skaggs and Khaheel, 1982; Mufioz-Carpena,et33b). The infiltration component provides thafall excessie

in Eqg. (1), based on a given rainfall distributigrtyetograph) for each FE node and time step. Téld fionditions can be
well represented since the program handles figldvinhydrographs and hyetographs, and spatial kditia of the filter
over the nodes of the grid (Fig. 2).

In the sediment component (Fig. 1), based on sedimechanics (transport and deposition) in shalfilow, the model
divides the incoming sediment into bed load (coaasicles, with diameter >3idm) and suspended load (fine particles,
diameter <37um). Bed load deposition is dynamically calculabeded on Einstein bed-load transport equation setudéy
tested for variable shallow flow through non-subgeer dense vegetation (Barfield et al., 1978). Tpartsand deposition of
suspended patrticles is calculated for non-submedgede vegetation conditions (Tollner et al., 19%fson et al., 1981).
Flow characteristics needed for sediment calculatiare provided for each time step by the overfiowd component. The
particle deposition pattern on the filter is preeétbased on a conceptual sediment wedge, massebalpproach (Fig. 2a).
Pesticide reduction and transport in the filterinigithe runoff event is calculated within the wagemality/pollutant module
(Fig. 1) based on a generalized regression-bagaagh developed from on a large database of $ieidies by Sabbagh et
al. (2009) and further tested by others (Poletikale 2009; Winchell et al., 2011). The equati@msiders reduction of
dissolved pesticide through infiltration, depositiof sediment-bound pesticide, and pesticide adisorpharacteristics. The
integration of the mechanistic (flow and sedimdotatfrom VFSMOD) and empirical pesticide approaclaisws for
identification of important site-specific factorgtdrmining the efficiency of pesticide removal {ack of thereof) under
realistic field conditions (Mufioz-Carpena et a01Q; Fox et al., 2010).

In this work, to simulate VFS water, sediment aedtjgzide dynamics under realistic unsteady rairfaioff conditions for
shallow water table conditions, we dynamically deuhe new algorithm SWINGO (developed in the conmipia paper) as
an alternative, user-selected infiltration subma@ég. 1). Full details of SWINGO are provided imetcompanion paper.
Briefly, SWINGO is a time-explicit infiltration sation based on a combination of approaches by 8eahand Entekhabi
(1995) and Chu (1997) with the assumption of adumtal wetting front. Proposed integral formulalewlestimation of the
singular times: time of pondingy), shift time (), and time ,) when the wetting front depth is equalzp(capillary fringe
above the water table, Fig. 2b). As with GAMPT—dimmd-abeve, the algorithm provides the infiltratiatef (Eq. 1) for
each FE node and time steps,

f=i 0<t<t,
f=fy=K+-[ K@)y t, <t<t, 3)
f = min(f,, 1) t=>t,
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where (Fig. 2b), z [L] is the vertical axik, [L] the depth to the water tabl&=K(¢) [MT™] the soil water hydraulic
conductivity function of soil matric potentigt [L] (non uniform with depth)Ks [MT™] is the saturation soil water content,
andf,, [MT ] is the end vertical boundary condition when thettimg front reaches the water table (or its capjlffringe)
typically assumed as vertical saturated flow oerat drainage (see companion paper for details)r réal VFS field
situations, unsteady rainfall without initial pondimust be considered atdndt, calculated. For each time step increment,
At=t-t;_4, the surface water balance at each VFS FE nodgeftang evaporation during the event) (Chu, 19987)

AP =AF +As+ARO 4)

whereAP, AF, As, andARO [L] are changes for eackt of cumulative precipitationR), cumulative infiltration ), surface
storage and cumulative excess rainfRIDJ. Notice thati.= ARO/At for each time step. Unsteady rainfall is describga
hyetograph of constaijtfor each rainfall period. If surface storage beess+0 thent, andt, are re-calculated at the next
rainfall period as,

t = %Keszp +jLL_Z" H(h)dh) -P(t,)+ RO(tJ.)} +t (5)

0

[’ 0,-6(L-2)], 6
|t (6)

where 85, 8(h) [L3L"] are the soil water saturated content and theveatitr characteristic curve, amg[L] is the equivalent
wetting front depth at, and for periods after the firgt(t)=z,(t) (Fig. 2b) is calculated explicitly from the Newt&Raphson
iterative solutionK iteration level),

G(Z;f,t) =t—t,—ty— fzp 05—0(L-z)

" 0 Ko+l [ PRI
k1 _ ke _ Glzpt) . k+1_k sz
2T P T (k) with |z5*—zf| < e ac(zkt) 05—0(L—2) ()
dz dz KS+§f0L_ZK(1/))d1[)

Finally, the algorithm computég, the time to reach column saturation as,

. 2.6,-6(L-2)

Similarly, this singular timé,, has to be obtained again each tigandt, are computed. When initial ponding is present we

(8)

gett, = to = 0. Additional details are provided in companicapBr 1, and Supp. Material provides instructions for
downloading the free VFSMOD open source code, decuation and sample applications.

2.2 Benchmark field studies

VSFMOD extended for shallow water table was tested analyzed on two experimental VFS sites in FedRag. 3, Table

1), selected because they represent contrastiog@agic, pedological and climatic conditions (Fon&R010). The first site
5
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in a Beaujolais vineyard (Rhéne-Alpes) consista akegetative filter strip on a steep hillslope @) located along the
river Morcille (affluent of the Sabne river). Thé#eswas instrumented from 2001 to 2008 for longrtexxperiments of
infiltration-percolation of phytosanitary produdBoivin et al., 2007; Lacas, 2005; Lacas et al120 The region has a
semi-continental climate, with Mediterranean influae, where intense seasonal runoff events can éneliasion. The soil is
a very permeable granitic sandy-clay. The watelet&bdeep in summer and shallow in winter aftéerise storm events,
from 60 cm deep at the downstream part of the segr the river to 1.5 m deep at the field upstremta of the strip (Lacas,
2005).
The site of Jailliéere (Loire-Atlantique, close taitBany) is an experimental farm maintained by ARMB—Institut du
Végétal where soils are shallow and hydromorphicl eimate is temperate oceanic with mild and raiigters and cool
and wet summers (Madrigal-Monarrez, 2004). Buffenez experiments were conducted at the site underahaainfall
(Patty et al., 1997) and simulated runoff (Souilral., 2002). Crops are mainly wheat and maigeically under tile
drainage conditions, with slopes of around 3%.ySilay soils overlay a virtually impermeable layar alterite shales,
typically leading in winter to the formation of semal shallow water table from 0.5 m to 2 m andappearance of runoff
by subsaturation (Adamiade, 2004).
Among the pesticides used at the experimental, site®luble and low sorption (mobile) herbicigeofioturon) used on
both sites was selected for simulations, contrastgda less mobile product chosen at each site,the. fungicide
_Febuconazole on Morcille and the herbicide Diflufam on Jailliére (Madrigal et al 2002) (Table 1)
For each site, a set of around 20 of observed &ekhts with shallow water table conditions wadyaseal. These consisted
of precipitation, field runoff and water table obssions at both sites. Detailed hydrograph outffoem the VFS was also
available for Morcille. One event considered agesentative (i.e. significant enough to lead tdase runoff at the outlet
of the VFS, but not extreme) was chosen for eaeh(Big. 4a and 4b).

2.3 Global sensitivity analysis

Global sensitivity (GSA) and uncertainty analy4ig\j of the coupled model allows for the systematiady of the influence
of the input factors and their interactions on V&formance for surface runoff, sediment and piegticemoval. The
“global” term denotes that GSA studies output Jaility when all input factors vary globally, withitheir validity domain
defined by probability distribution functions (PDRE)s opposed to locally, (one at a timed,around an arbitrary range from
a base value. GSA allows for simultaneous estimatiothe factors individual importance and inteiacs (Saltelli et al.,
2004). In this study, two complementary sensitivitgthods were used: the qualitative Morris’ (198[BEmentary effects
screening method, and the quantitative variancesdposition extended Fourier Amplitude SensitivitesT (eFAST)
(Cukier et al., 1978; Saltelli et al., 1999). Inttbanethods, input factors are sampled, the modeVaduated on the sample
sets, and global sensitivity indices are compukéalris is generally used as a first, qualitativepsto identify a group of
important input factors, where in a second steprance-based method is computed on the selegbedi fimctors (Saltelli et
6
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al., 2007, 2008). In this study, both methods werewith the full set of inputs as a check for tmmsistency of the GSA
results.

Morris method uses in its original form a reguléscgdetization of thd input factors space defined by their PDFs, reqgig
total number of simulationd\j on the order oN=r(k+1) wherer > 8 is the nhumber of sampling trajectories, typictdken
as 10 (Campolongo et al., 2007). Each factor initee called Elementary Effects (EE), is evaluatgdcbmparison of
simulations where this factor is changed alterrdyi@among the others. Morris is a robust, low-@®stsitivity analysis that
allows identifying quickly the most influent inpdactors without prior model assumptions (i.e. liya additivity)
(Campolongo et al., 2007; Faivre et al., 2013; khetral., 2015). Sensitivity indices for each faeto(i=1, k) are computed
based on the EE: (i)fa(mean of absolute values of EE) that measdrext effects of each factor on the output of interest,
and (ii) o; (standard deviation of EE) that provides a measftirsteractions and non-linearities. The method compares the
input factors’ indices relatively to the others,kimg possible to visually classify the inputs ofud, ) Cartesian plane in 3
groups as a function of their relative effect om thodel: (1) negligible effect (low p* and lowy, (2) important direct
effects and small interactions (high p* and leyy(3) important non-linear and/or interactiongg¢hit* and higlo).

The eFAST method is a quantitative global sensjtivhethod based on high-dimensional variance deositipn. A
pseudo-random multivariate sampling scheme is otieduacross th&-dimensional space, informed by the input factors
PDFs, requiringN\=M*k simulations withM between 512 and 1024. The model total oulpwariance is decomposed in
parts attributed to each factor direct effectsoofactor interactions. First order sensitivity ices (§ for each facto; are
defined by the fraction of the output variance aiged to the direct effect of that factor and esgnts the average output
variance reduction that can be achieved when tpatifactorX; is fixed (Tarantola et al., 2002; Yang, 2011). allot
sensitivity indices (§) are calculated as the fraction of variance assediwith that factor and its interactions. Theydst
values of the sensitivity indices correspond to hiighest influence of these inputs on the corredpmnoutput variable
(Saltelli et al., 2008; Faivre et al., 2013). Sigbebal sensitivity indices are computed from asterandomized multivariate
sampling, it is possible to exploit this samplirgy gerform uncertainty analysis by studying the piility distribution
functions for each output of interest (Mufioz-Caipenal., 2007). eFAST was chosen on this studguzeit is robust and
overcomes the initial limitation of the Fourier Alitpde Sensitivity Test (Cukier et al., 1978) applble only for mostly
additive models (i.eS > 0.6) (Faivre et al., 2013). Interestingly, the i indices (1*c) have been found to provide a
good approximation to the eFAST indicesi(Sr-S) at a much lower computational cost (Saltellile2804, Campolongo

et al. 2007) making it ideal for large and compotally expensive models.

2.4 Selection of inputs and outputs for GSA simulains

The first step of GSA is to define output variabdesl input factors. In this study, changes in VE&iency were selected

as output variables: reduction of water (dQ), sedhits (dE) and pesticides (dP). Both model versianth water table

(SWINGO algorithm) and without water table (GAMPI§a@rithm), were compared on each site. The inpciiofs (Table 2)
7
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were selected considering previous GSA performedl8MOD (Fox et al., 2010; Mufioz-Carpena et alQ2®010), with
new inputs for the water table case (OR, VGALPHA &GN, L). Input factors distributions (Table 2eaassigned based
either on experimental measurements on the cadg plots, expert knowledge, or scientific publioas.

Although the VFS dimensions FWIDTH and VL were mead on the field (Table 1), the effective dimensi@re known
to be different in practice as the runoff doesfotiow perfectly uniform sheet flow (Abu-Zreig, 200 Thus, the measured
values were chosen to vary uniformly within -10% a¥10% for FWIDTH and VL, respectively (Mufioz-Cangeet al.,
2010). The slope (SOA) uniform distribution repmgsefield measured spatial variation across the .MHASFs for filter
roughness and vegetation factors were assigned loaseegetation type (Table 1) (Haan et al. 1994fidkz-Carpena et al.
2007).

For the infiltration components, log-normal PDFsrevassigned to the soil saturated hydraulic comdtic{VKS) from
measured values at each site (Madrigal-Monarre@428ouiller et al., 2002; Lacas, 2005) based d¢ectfe field values
calculated from the harmonic mean of the topsoilZzoms (Bouwer, 1969). The Green-Ampt infiltratieh and OS inputs
were fitted distributions based on values measatethe sites, and the average suction at the \geftont (SAV) was
considered to vary uniformly based on ranges fdlrtegture at each site (Rawls et al.,1983). Sailtav characteristics
parameters (VGALPHA, VGN, OR) needed for calculatdd infiltration under shallow water table (Eq8B3were assigned
normal PDF based on the soil texture (Meyer etl&97). Hourly water table depths (L) that wereoadtically monitored
on Morcille during the case study event (Lacas,53@6llowed a uniform distribution. On Jaillierdet average water depth
and variation was measured manually at the siteu@@dde, 2004) and a uniform distribution aroundgé¢healues assigned.
Sediment particle characteristics from the uppeldfiCOARSE and DP) were assigned uniform distiimst based on
USDA textural class (Woolhiser et al., 1990), andh¢ated to respect the relationship between DPGIDARSE (Mufioz-
Carpena et al., 1999).

For pesticide inputs, field measurements of thegage of clay (PTC) and organic carbon (PCTOChefupper field
followed a uniform PDF (Lacas, 2005; Benoit et 4D98; Madrigal-Monarrez, 2004). The triangulartritisition for KOC
for the pesticides evaluated at each site is basemieasurements; in Jailliére for the base valaeteundaries (Benoit et
al., 1998; Souiller et al., 2002), and in Morciltg the base value (Lacas, 2005) but using bouaddrom PPDB database
(UIPAC, 2007).

In all, considering the two sites, two infiltratioptions (GAMPT without shallow water table wkh18, and SWINGO with
shallow water table with=20, Table 2) and 2 pesticides at each site, tfaé tumber of GSA simulations performed were
75544 for eFAST N1=497=500) and 1600 for Morris. The procedure was regedtémes to ensure the robustness of the
results.

3. Results
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3.1 Model application on benchmark studies

The effect of water table on simulated VFS efficigrusing SWINGO was first tested on the two cogddenchmark
study sites Morcille (Fig. 4a) and Jailliére (Fip). Since a stream at the bottom of the VFS wasegmt on both sites, the
lateral Dupuit-Forscheimer option was selected tfer end vertical boundary conditidp (Eq. 3) (see section 2.1 in
companion paper). The detailed outflow hydrograpmfthe VFS measured during the event at Mordlledmpared with a
direct simulation with base values (no calibrati¢fig. 4a). The dashed line for L=2.5 m correspaiadaverage measured
VKS for the top soil horizons (4.58E-05 m/s), ahe grey envelope represents outflow variability dueincertainty of
measured hydraulic conductivity (between 3.89E-@5 from direct measurement on the soil surfacezboril0-30 cm and
5.29E-05 m/s computed by harmonic mean of measursnan 0-10 cm and 10-30 cm horizons). In additiornthe
measured water table depth at the sites, each ementested with different water table conditiomstudy the response to
these conditions (Fig. 4a,b). The large differenice¥FS surface outflow found between shallow aeamer water table
clearly illustrates the hydrological importancesbillow water table presence on VFS at these sites.

Direct simulation of the VFS surface outflow at Mitle fits observations well for the end of the @ed rain period (4000 to
6000s) but misses the rest (Fig. 4a). The diffezerietween simulated and observed values could romemeasurement
errors at the site, since runoff was expected eanljor an event with such hydraulic loading (ralhfr incoming runoff).
The intrinsic spatial variability of Krepresents also a significant source of uncestajgtey area in Fig. 4a). In all,
considering that base values without calibrationewesed in the simulation, the results are deeratisfactory.

The effect of water table change (from 0-2 m) orSMthanges in runoff (dQ), sediment (dE) and peii¢ilP) reductions
for the two case studies is presented in Fig. dneral, dQ and dP are sensitive to the shalloterntable depth until a
threshold (~1.5 m for the case study sites) bewamdh there are no effects and the filter achiewesimum efficiency for
the event. The two-step curves for Morcille are tlu¢he two storm periods, where relative contiitmg to surface flow
between the first and second events will vary it depth of the shallow water table. Sedimentnt&ie (dE) does not
exhibit similar changes because the relatively ftaw conditions experienced likely result in lowatsport capacity
available and high sediment deposition on the VA& difference in effects introduced by the cheiteracteristics of
the pesticide is observed in the curvegfor Diftidan (high sorption) angl Isoproturon (low sorp}ian Jailliére. This local
study does not take into account all effects amerattions between input factors, but only the wedble depth variation
effect. A global sensitivity analysis presentedgéction 3.2 will address this.

The simulation results for Morcille and Jaillierenéirm that a shallow water table can affect theS\durface hydrological
response by generating saturation surface runeffedding on the soil characteristics and the hydrinading. Conversely,
for deep water table, surface hydrology processeseffectively decoupled after a threshold congllby the soil
characteristics and hydraulic loading. Interesgingimulations with the no shallow-water table opt{GAMPT, Fig. 1) for
the case study conditions closely matched those&SWINGO for the deeper water tables in Fig. 4, phing additional
physical consistency to both components.
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3.2 Global sensitivity analysis of water, sedimerand pesticide reductions

A combination of shallow water table (“WT”, run WiSWINGO) and no shallow water table (“no WT”, nwith GAMPT)
simulations (Fig. 1) for Jailliere and Morcille atitions with two pesticides at each site (Tablengye selected for GSA
Morris and eFAST methods. For simplicity, GSA résdffom Morris and eFAST are presented only for pesticide,
_fsoproturon, which is a common herbicide with ageraoluble properties. A comparison of the diffeppesticides effects is

presented in the uncertainty analysis section.later

Qualitative analysis: method of Morris

Morris sensitivity analysis indices (Tab®l in Supp. Materials) are presented in Fig. 6, whemgortant input factors for
each output are separated from the origin of the @) Cartesian planes. Distinct patterns on the ingmrfactors
controlling the shallow water table effects on #fficiency of the VFS (dQ, dE, dP) are identifiey bomparing the
different soil (fine at Jailliére and coarse at ®lbe) and hydraulic loading across the study sif#se differences can be
interpreted in terms of the interplay between eggamfall (controlled mainly by the saturated hgulic conductivity VKS
and hydraulic loading) and sub-saturation (corgblby the water table depth L).

Finer soils typically exhibit lower permeability ta higher capillarity fringe above a water tablerzaghi, 1943; Lane and
Washburn, 1946; Parlange et al., 1990). For no ¥XEess rainfall (controlled by VKS) leads to relaly more water on
the surface compared to coarse soils. Morris regkiy. 6a) show the strong sensitivity of dQ to ¥Kor this case. With
WT the soil readily sub-saturates and it is lessiige to VKS. This is shown by the strong direffect of L on dQ (Fig.
6d). For dE in finer soils, more runoff presenttlad surface typically results in higher transpapacity available, and
sediment and surface characteristics become argnitictor for transport and deposition (Mufioz-Garp et al., 2010).
This is shown by the importance of DP and intecarctivith VKS (Fig. 6b). This is exacerbated with W¥here excess
rainfall no longer controls surface flow and VK3$an importance while sediment and surface charéstics dominate the
response (Fig. 6e). In general, pesticide redudfith?) is controlled by factors controlling the iqudQ) and solid (dE)
phase transport (Sabbagh, et al., 2009). For noaWdrfor this moderately adsorbed chemical, thecefié excess rainfall
on dQ (controlled by VKS) also becomes the mostoirtgnt process for dP (Fig. 6¢). With WT, the doamice of L in dQ
is also present in dP, with some sediment andgi@stcharacteristics also showing importance (&g.

In contrget, the coarser soil in Morcille exhibither permeability and small capillary fringe amader no WT runoff is
typically controlled by excess rainfall (importangeVKS on Fig. 6g). With WT, the soil might subtgeate depending on
position L and this input gains importance interagtwith VKS (Fig. 6j). For dE and no WT (Fig. 6h\ith more
permeability the surface water flow (controlled ¥KS) is the main limiting factor controlling sedim@&tion (Mufioz-
Carpena et al.,, 2010). With WT, again the VKS andhht control surface flow also interact strongty ¢ontrol

sedimentation, and sediment soil water charadesisire of secondary importance (Fig. 6k). Contblinfiltration
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propagates also into dP, and for this moderatelyesbpesticide, dQ factors also control dP (Fid).6i

Interestingly, introduction of WT increases the t@mof factors and interactions (i.e. more inputdes show highes
values and are separated near or above the dashédide). This indicates an increase in complexifythe VFS response
when the shallow water table is present. This ssiggihat simple relationships to simulate watedjrsent and pesticide

behavior are not able to represent all complexgsses that interact in a VFS.

Quantitative analysis: eFAST method

Figure 7 further quantifies the input factor effeat terms of changes to the output variance (fs®e TableS2in Supp.
Materials). Comparison of eFAST (Fig. 7) and Moffi$g. 6) indices for interactions and first oradfects, $-S ~ ¢ and
St ~ U*, respectively, shows good consistency ambegiethods (Saltelli et al, 2004; Campolongo e2@07) and further
corroborates the results.

The importance of VKS for both soils under no Wentlfied by Morris is quantified by more than 90%tloe dQ and dP
output variance being controlled by first orderédt) effects of this factor (Fig. 7a,g and 7cSimilarly, the importance of
DP for dE for the fine soil is apparent where mitven 60% of the variance is explained by this fingter and interaction
effects of this factor (Fig. 7b,e). For the cas&\&f, the effect of L on dQ and dP is predominanth80-90% of the output
controlled by this factor and its interactions (FQ.

The sum of first order indices quantifies the maaidditivity for each output variablé § insets in Fig. 7), and the visible
exceeding black area in the bars, i.e. differeretevben total and first order{S5) for each input factor, represents factor
interactions. In general, the decrease [® values and increased black bar areas (Fig. 7difjdnsupport the Morris

finding of increased complexity of the system rem@s in presence of a shallow water table.

Uncertainty Analysis

The dense multivariate sampling used in eFAST dalosalizing a formal uncertainty analysis of wdti®), sediment (dE),
pesticide (dP) reduction outputs for the 2 conétdigiesticides at each site (Fig. 8 and T&8en Supp. Materials). As
expected, the reduction in infiltration and inceeas surface flow introduced by the shallow watdslé¢ translates into a
distinct decrease in dQ values, with median dQ gimgnfrom 81% to 7% and 65% to 45% in Jailliereg(R8a, b) and
Morcille (Fig. 8c,d), respectively (Tabi3 Supp. Materials). For dE, for the coarser sbMarcille the smaller change in
dQ with WT does not visibly change the high seditrretention, whereas for the finer soil of Jailiéhe changes in flow
introduce marked changes in median dE from 999%#8b.6Again, changes in dQ and dE with WT affect\#eS pesticide
retention at both sites, with median reductionanfrdP = 99% to 38% and 97% to 84% in Jailliere andrdille,
respectively. Since the VFS pesticide retentioal$® directly related to pesticide sorption charastics (Sabbagh et al.,
2009), some differences are expected for diffecemicals. Reduction gf Diflufenicanil on JailligeP-Dif) (Fig. 8b) and
_febuconazole on Morcille (dP-Teb) (Fig. 8d) is Rglthan the other two pesticides because of tHfiitg for sediment
11
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(higher KOC values in Table 1) and high sedimetanton in the VFS.
These results further support the GSA findings thatnges in surface and subsurface hydrologicpbreses introduced by
the shallow water table, can translate into impdrtaductions on the expected pesticide retentimhuacertainty controlled

by field conditions (soils, hydraulic loading, pe&te characteristics).

4. Summary and conclusions

In this study, we coupled a new infiltration aldbrh under shallow water table conditions (SWING@&veloped in
companion paper) with a commonly used event basgétative filter strips model (VFSMOD). The coupi®ddel takes
into account the dynamic interactions among wadbfet surface runoff, sediment and pesticide fittrain a vegetative
filter strip. The model was applied to two diffetexperimental sites with contrasted soils andfadiconditions. The direct
testing of the uncalibrated model under limited exkpental conditions showed promising results. $atnens varying the
water table depth for two experimental sites predidnteresting insights on the effect on VFS efficies to reduce
overland flow, sediment and pesticides. While tHeS\surface flow, sediment and pesticide reductespenses are very
sensitive when the water table is close to theasetfthe effect is lost after a threshold depthurdol.5 m for the
experimental sites condition, consistent with poesi field studies (Dosskey et al., 2006, Lacasl.et2812). For depths
larger than the threshold, the model showed phlysmasistency when compared to a common Green-Auwiotion (with
no water table assumptions). More comprehensiveafjlsensitivity and uncertainty analyses (GSA) tloe two sites
revealed that the effectiveness of the VFS was edflykreduced in the presence of the shallow watdet and in this case
the VFS response is more complex, dominated byaat®ns between surface, subsurface and trangpocesses. The
most important factors controlling the expectedialality of water and pesticide reductions are watsble depth and
saturated hydraulic conductivity of the soil, bluit importance also depends on sediment charsiitsrcontrolled by the
soil type and hydraulic loading of the event. Utaiety in the pesticide reduction, driven by wabersediment reduction,
also depends on the pesticide sorption propetties)(

This work suffers from some limitations. Firstlymited field experimental data is available foralktd studies of
the response of a VFS under alternative conditafndeep and shallow water table. Further laboratorg field research
should address this limitation, where exhaustiveeeinental datasets must be compiled to reduceauticertainty in the
identification of sensitive input factors contralli the measured and simulated responses studied $erondly, although
two contrasting case studies were selected, thétsgzesented here are limited to these studiesfurther analysis will be
needed for other local, regional and larger scales.

The combination of the limited experimental, tegtievaluation under contrasting set of conditicarg] physical
consistency with other models indicate the robisstrté the revised model for use in VFS sizing avaluation of potential

losses of efficiency under shallow water table ¢timals. Since VFS are commonly placed near stremmisthese areas can

12
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suffer seasonal shallow water conditions, this fildl an important gap in environmental managemamd analysis. For
example, in Europe VFS are often prescribed aloreys drainage networks without objective assesswietheir efficiency

during winter wet periods (Carluer et al., 201R)tHe US, the historical topography-based approahkch links priority for

buffers to locations where runoff water convergesmf uplands and saturates the soil, often resultplacement on
bottomlands next to streams (Dosskey and Qiu 204fernative targeted placement of buffers basedahcharacteristics
and conductivity can improve the efficiency of thaffers (Dosskey et al., 2006). However, both piaeet methods
disregard seasonal shallow water table effectsafiatnow be mechanistically assessed with the imggr@hysical model
developed herein. For the case of the regulatosgsasnent of pesticides, currently long-term exmodtameworks in
Europe and the USA disregard the potential efféwts shallow water effects might have in reducing ¢ffectiveness of in-
label mitigation practices like VFS. Results frohiststudy support the critical need to incorpoiat¢these environmental

exposure assessments the effects of a shallow taderwhen present.
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555 Table 1. Characteristics of the field studies utiied for sensitivity—uncertainty analyses of shallowvater table effects on VFS

performance
Study Authors Lacas (2005); Lacas et Madrigal-Monarrez
al. (2012) (2004), Adamiade (2004)
Location, climate Morcille, Mediterranean Jaillere, Temperate
semi-continental oceanic
Event description Rainfall (mm) 15 10.7
Rainfall duration (hr) 2.1 3
Inflow volume (mm) 0.847 6.347
Inflow duration (hr) 2.1 7.9
Hydraulic loading (rainfall + 2.48 25.9
incoming runoff) (M)
Shallow water table depth (m) 2.5 (0.4-2.5) 0.8®
Source field area (fh 2500 4000
Soil description Soil name Cambisol-luvic Stagnigisol
USDA texture Sandy-loam Silty-clay
VFS description Length (direction of flow)xwidth6 x 4m 5x10m
slope 28% 4%
Field-to-filter area ratio 110 100
Vegetation Ray-grass (20 years) Ray-grass (7 years)
Pesticides (K., ml/g) Isoproturon (144) Isoproturon (144)

Tebuconazole (769) Diflufenican (3000)
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561  Figure captions

562 Figure 1: Conceptual model of VFSMOD showing the agling between overland flow, soil infiltration and
563 redistribution, sediment and pesticide componentsSolid lines indicate required processes and theinteractions, and
564  dashed lines are optional, user selected componentEhe selection of infiltration under either a) deepwater table
565  (extended Green-Ampt, GAMPT), or b) shallow water thle (SWINGO) is highlighted.

566 Figure 2: Details of the dynamic coupling of (a) th overland flow and sediment and pesticide transpbthrough the
567 VFS (contained in VFSMOD), with (b) the new infiltration and soil water redistribution with shallow water
568  component (SWINGO). Colors indicate water (blue), adiment (brown) and pesticide (red) components/, M and m
569 indicate water, sediment and pesticide mass movinthrough the filter, where subscripts indicate inconing (i),
570 outgoing (), in sediment ged), on the filter (f), infiltrated ( F), in mixing-layer (ml) and in runoff (ro). Other symbols
571 are defined in the text.

572  Figure 3: Location of experimental VFS sites: Jailkre, North-West of France, maize crops on a flat I§j-clay soil
573  under Temperate oceanic climate; Morcille, South-Est of France, vineyards on a sandy-loam soil under
574  Mediterranean semi-continental climate. Morcille is located at 46°10'31.3"N - 4°38'11.2"E and Jailliereat
575 47°27'6.25"N - 0°57'58.37"0, in GPS coordinates.

576  Figure 4: Hydrological response of the VFS at thetsdy sites. (a) Event at Morcille Aug. 17, 2004 with.=2.5 m,
577  showing comparison of measured outflow (symbols) anVFSMOD simulations (lines). The dashed Qout linedk
578 L=2.5 m corresponds to average conditions for thatwvent (Ks = 4.58E-05 m/s), and the grey envelope represents
579 outflow variability due to uncertainty of measuredhydraulic conductivity. (b) Event at Jailliére on February 16, 1997
580 with L=0.8 m, without outflow measurements. Qin andQout represent surface inflow and outflow at the VIS. The
581 potential effect on overland outflow of alternativewater table depths in those events is representdéy the dotted lines
582  for L=0.4 (a) and 2.0 m (b).

583 Figure 5: Change in dQ (reduction of surface water) dE (reduction of sediment) and dP (reduction of psicide
584 Isoproturon) with water table depth for experimenta events in Fig. 4a-b. Grey area indicates water ke depths
585  where influence over surface outputs on the VFS i longer observed.

586 Figure 6: Morris elementary effects results for dQ(reduction of surface water), dE (reduction of sednent) and dP
587  (reduction of pesticide Isoproturon) on Jailliere é-f) and Morcille (g-1) sites, without water table(no WT) and with
588  water table (WT) present.

589 Figure 7: Global sensitivity analysis eFAST resultfor dQ (reduction of surface water), dE (reduction & sediment)
590 and dP (reduction of pesticide Isoproturon) outputson the Jailliere (a-f) and Morcille (g-I) sites, vithout water table
591 (no WT) and with water table (WT). Grey and black bars represent first order (S) total sensitivity (Sy;) indices

592 Figure 8: Uncertainty analysis results obtained fron eFAST simulations on output variables dQ (reductio of surface
593 water), dE (reduction of sediment), dP (reduction ofpesticides) on the Jailliere site (a-b) and Mordi (c-d) sites,
594  without water table (no WT) and with water table (WT). Pesticides are Isoproturon (Iso), Diflufenican (@),

595  Tebuconazole (Teb).
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Commentaire sur le texte 
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