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Abstract. Vegetation buffers like vegetative filter stripgHS) are often used to protect water bodies fronfase runoff

pollution from disturbed areas. Their typical pla@mt in bottomland often results in the presenca stasonal shallow
water table (WT) that can decrease soil infiltnatend increase surface pollutant transport durimgirafall/runoff event.

Simple and robust components of hydrological modets needed to analyse the impacts of WT in thdskeape. To

simulate VFS infiltration under realistic rainfalbnditions with WT, we propose a generic infiltoatisolution (Shallow
Water table INfiltration algorithm: SWINGO) based a combination of approaches by Salvucci and HEratek(1995) and

Chu (1997) with new integral formulae to calculatagular times (time of ponding, shift time, anthéi to soil profile

saturation). The algorithm was tested successfoily5 distinct soils both against Richards’s nunsrisolution and

experimental data in terms of infiltration and saibisture redistribution predictions, and appliedstudy the combined
effects of varying WT depth, soil type, and raihfatensity and duration. The results show the sthess of the algorithm
and its ability to handle various soil hydraulimftions, and initial non-ponding conditions undessteady rainfall. The
effect of a WT on infiltration under ponded conalits was found effectively decoupled from surfadidtiation/excess

runoff processes for depths larger than 1.2 to 2shallower for fine soils and shorter events. Fon-ponded initial

conditions, the influence of WT depth also varigthwainfall intensity. Also, we observed that soilith a marked air entry
(bubbling pressure) exhibit a distinct behaviouthvidVT near the surface. The features and good imesgioce of SWINGO

support its coupling with an existing VFS model the companion paper, where the potential effectsezfsonal or
permanent WTs on VFS pollutant transport and coam® studied.

1 Introduction

The use of vegetative filter strips (VFS) can redlsediment and surface runoff pollutants (i.e.reedt, colloids, nutrients,
pesticides, pathogens) movement into receiving miaddies. The dense vegetation/soil system reducexf pollutants in

three ways by increasing: a) soil infiltration thratluces total runoff volume (and dissolved rumiflutants); b) surface
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roughness that reduces surface velocity and pradeettling of sediment and sediment-bonded polistar) contact
between dissolved and particulate pollutants with 4oil and vegetation surfaces that enhances rdngioval from runoff
(Muscutt et al., 1993; Mufioz-Carpena et al., 1998sskey, 2001; Fox et al., 2010; Mufioz-Carpend.e2@10; Yu et al.,
2013; Lambretchs et al., 2014; Wu et al., 2014 €fficiency of VFS in trapping pollutants is hdgvinfluenced by the
highly variable spatial and temporal dynamics idtroed by site-specific combinations of soil, climavegetation, and
human land use. For the case of runoff pesticithese influences have been recognised in multipld $tudies ( Lacas et
al., 2005; Reichenberger et al., 2007; Poletikal.et2009; Sabbagh et al., 2009). Other effects tikdraulic loading under
concentrated flow conditions (Fox et al., 2010}iming of the pesticide application (Sabbagh et2013) can also result in
reduced filter trapping efficiencies. As these syst are complex, the practice of using genericplgimegression equations
relating the reduction efficiency of pollutants wi¥FS physical characteristics (i.e. length, sloge)ften inadequate (Fox
and Sabbagh, 2009).

Mechanistic understanding of VFS behaviour has ack@ significantly in the last 20 years and nunariimulation tools
are available to analyse this important best mamagé practice (BMP) under upland field conditionkene runoff is
governed by excess rainfall and field inflow praees (Mufioz-Carpena et al., 1993, 1999; Abu-Zre@)12 Mufioz-
Carpena and Parsons, 2004; Poletika et al., 2088h&h et al., 2009; Carluer et al., 2017). A retiasked mechanistic
model has investigated multiple input factors amartrelative importance and uncertainties of anphedicted reduction of
runoff, sediments, and pesticides (Fox et al., 2Qaénbretchs et al., 2014; Mufioz-Carpena et allp2@015).

However, because of their location near or at ibarian zone, VFS can at times be bounded by aosahshallow water
table (WT)(Borin et al., 2004; Ohlingerlow and Schulza, 20EXamples of ubiquitous areas where these condigaist
either seasonally or on a more permanent basibared coastal flatland zones, bottomlands near miatdies, and soils
with limiting horizons resulting in perched WTs. iiggally, capillary effects from a WT can reducdlirdtion and increase
subsequent runoff processes, and have a majot effemontaminant transport to surface waters (&ilih1984). In spite of
the potentially important environmental impactstioé presence of shallow water under VFS, there death of studies
addressing this problem either experimentally ocimaaistically. Several authors suggest the impogaof this factor in
VFS experimental studies (Lacas et al., 2005; Armetral., 2010) or when designing or implementings tteld BMP
(Simpkins et al., 2002; Dosskey et al., 2006, 20bl} they do not provide a mechanistic interpretatSome authors
suggest that the reduction of infiltration and V& 8ciency can be problematic for seasonal WT dgjathove 2 m typical of
hydric soils (Dosskey et al., 2006, 2011; Lacaalet2012). As cited by Salvucci and Entekhabi &9%e importance of
accounting for areas of WT effects in water balaaied runoff studies has been recognized for a tong and specialized
analysis and simulation approaches have been pedgmsnumerous authors (for example, Vachaud e1@r4; Srivastava
and Yeh, 1991; Salvucci and Entekhabi, 1995; CB@71Basha, 2000).

In spite of the ubiquity and importance of theseaarand previous specialized analysis and modedfifogts, commonly
used field and watershed hydrological models anédid when describing infiltration and soil watedistribution with WT

(Beven, 1997, Liu et al., 2011). Among existing siation approaches, solutions to the fundamenteth&ds (1931) partial
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differential equation (RE) can describe the irdifton and redistribution of water in soil, includithe specific case of when
a system contains a WT. However, RE does not hageneral analytical solution and its applicatiealsworld systems
requires computationally intensive numerical appr@tions that can result in mass-balance and iilisyabrrors in some
cases (e.g. for coarse soils and highly dynamiatary conditions) (Celia et al., 1990; Paniconi &nudti, 1994; Miller et
al., 1998; Vogel et al., 2001; Ross, 2003; Seibeml., 2003). As a result, soil infiltration istedi modelled in field and
watershed models using simpler physically-basedogmhes (Jury et al., 1991; Smith et al., 1993;nHztaal., 1994; Singh
and Woolhiser, 2002; Talbot and Ogden, 2008; Oggteal., 2015). One of the most often used appraaohéydrologic
modelling is the Green-Ampt (1911) model adjusted¢count for variable rainfall (Mein and Larso®,73; Chu, 1978;
Skaggs and Khaleel, 1982). The model has the aalgastof being computationally efficient and thatgarameters can be
directly estimated from physical measurements,esivdd indirectly from soil texture (Rawls et @982, 1983). However,
the limitation of the original Green—Ampt modeltigt it assumes isotropic soil with uniform initi@oisture content, and
saturated “piston” infiltration. Even with thesemrealistic assumptions, if effectively parameted, this method still
generates useful and reliable results comparedatlithr numerical and approximated approaches (Skapal., 1969; Mein
and Larson, 1973). Considering its advantages, Bou#969) highlighted the utility of this method evh taking into
account the computational trade-offs with RE soli

Extensions of the Green-Ampt model beyond itsahitissumptions have enabled its application torathtural infiltration
cases, such as non-uniform soil profiles (Bouw869 Beven, 1984), and multistorm infiltration amdlistribution (Ogden
and Saghafian, 1997; Smith et al. 2002; Gowdish lndioz-Carpena, 2009). A particularly important eagshere an
extension of the original assumption of the GreenpA model is necessary is when there is a WT. Imegd, depth-
averaged soil moisture values in traditional irdilton equations like Green-Ampitg, semi-infinite, uniform initial soil
moisture) overpredict infiltration estimations whitye soil is bounded by a WT. This is due to tH&adilty in obtaining an
equivalent initial uniform soil water content theffectively represents the real non-uniform watentent condition with
WT (Salvucci and Entekhabi, 1995; Chu, 1997). Régehiu et al.(2011) presented a modification to Craigal. (2010)’'s
non-dimensional form of the Green-Ampt model tocant for the presence of a WT. Although this madifion is shown
to provide acceptable results as compared with as®lftion for a range of WT depths, the method m&suan initial
uniform soil water content profile, and its perf@amee relies on an empirical correction between R siandard Green-
Ampt results. Alternatively, previous works (Chi/d$960; Holmes and Colville, 1970; Duke, 1972) hatmgested
describing the soil-water redistribution over a \&& an equilibrium hydrostatic condition (Fig. 1hi§ approach assumes a
linear relationship of soil matric potentidi, ([L]) and soil depth %, [L]) above the WT, whereby the non-uniform water
content of the soil{[L3L ")) is described by the soil water characteristioveud = 4(h) (Jury et al., 1991),
h=L-z=6=6(L-2) 1)

where L [L] is depth to the WT (i.e. the distance from therface). Based on this initial and boundary hgtatic
equilibrium conditions, Chu (1997) proposed an @neental calculation technique to evaluate infiitnatinto ponded soils

with a WT. This calculation relies on Bouwer (19@&Xpression of the Green-Ampt equation that aceofamtinfiltration of
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water into a non-uniform soil as,

t= IOZF {W}dz 2)

100  wheret [T] is time since the beginning of the evefit{L*L 7 is the saturation water contefifLT™] is the rate of surface
infiltration; z¢ [L] is the wetting front depth. Following Neumarf,9¢6), cumulative and instantaneous infiltratiote rean
be calculated by,

F, :j:F[QS—B(L—Z)]dZ 3)

_ 1=
f _Ks+EIo K (h)dh @

105 where the subscrigt denotes under ponding or "capacitiy®&, when the flux at the surface is not limited byitkde water
and is therefore maximum for each tint&; and K(h) [LT™] represents the soil saturated hydraulic conditgtignd
unsaturated hydraulic conductivity function. ChO9I) proposed the solution to eq. (2-4) using sidgffitly small
increments ok, Az=z-z_, . If an initial value off; andf; for the firstAz (from the surface to a small depth) is known, then

successive values of timg={ ;.1 + At) for eachAz can be approximated by substituting eq. (3) ig)oas,

F-F

110 t =t +dt=t_ +— "1
0.5(f + )

Chu (1997) further proposed that a valid initi®psttould be obtained by assuming standard Green-Aomlitions (i.e.

(5)

piston flow) from the surface, hydrostatic equililbn of the surface water content with the WiT,)( and calculating the

suction at the wetting frongg,) as (Bouwer, 1964),

5, =+
K

av

K (h)dh ©)

O ———y

S
115 Vachaud et al., (1974) was able to use experimelatta to test the solution of this equation sudogs However, their
experimental data did not allow enough time to aetee how the model would respond when the wettiagt reaches L.
An elegant and useful approximate solution to pdndéltration with WT was proposed by Salvucci adtekhabi (1995).
Their solution is based on the assumptions ofahitydrostatic equilibrium and uses Philip (195%egral approximation of
RE (Fig. 1). This approximate solution is advantage as it describes not only the infiltration kaso soil water
120 redistribution during infiltration, and the charagstics of the wetting front as it moves towarids WT during long events.
In addition, the method assumes a more realisticepiise linear wetting front with a variable sla@heing infiltration @ in
Fig. 1). This algorithm was successful when compavigh RE solution for three different soil typesdawhen tested with
the soil moisture profile data from Vachaud and Mh(1971)’'s experiments. However, the applicabitifyhe algorithm for

coupling with commonly used hydrological modeldimited as it requires ponded conditions, Brooksl &orey’s soil
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water function (Appendix, eq. Al), and similarlyttee original Green-Ampt it requires an implicituon.

The overall objective of this work and its compamipaper is to analyse the impact of the presenca WT on VFS
efficiency. In this first paper, we will expand tl@&een-Ampt-based infiltration solution to soilsubded by WT under
variable rainfall with no initial ponding. We accplish this by combining Salvucci and Entekhabi @Rand Chu (1997)
approaches with a generic solution technique, @awetldping novel integral formulae to calculate shegular times (time to
ponding,t, shift timety, and time to column saturatioty) for soils with no initial ponding. We assess #islity of the
simplified method to accurately predict surfacdltirdtion and water content predictions for a varief soils as compared
with RE numerical solutions and previously publdhexperimental data. An illustrative example ofcaédtion during an
unsteady rainfall event is also presented alonf mples of applications of the proposed algorith analyse the effects
of WT depth. In a companion paper, we couple the sieallow water infiltration algorithm with an ekisg VFS numerical
model (VFSMOD) and analyse the effects on run@fiiment and pesticide removal efficiency.

2 Proposed algorithm

2.1 Infiltration rate in soils bounded by a WT with a non-ponded initial state and subject to constantainfall

In general, the infiltration rate[(T™]) of a WT bounded soil with uniform rainfall rate [LT™]) and no initial surface

ponding will have a similar profile to the exampleown in Fig. 2a, described by,
f=i O<t<t,
f=fp tp<t<tW 7
f =min(f,,i) t=t,

The identification of three singular times duritg infiltration calculations is necessary for autioh to eq. (7). These three
singular times are: a) time to reach pondigy @) shift time {), and c) time to column saturatiof)( when the wetting
front approaches the capillary fringe at depfl{see Fig. 1). The effective saturation depthelies onL and soil air entry
pressurely,), z,~L-h,. Often,h, is set at Oi(e. z,~L), even if some of the soil characteristic functidake the air entry
pressure into account (Brooks and Corey, 1964;Céaq Hornberger, 1978). &}, the soil column is saturated and the rate
of infiltration sharply drops td,, ori if i< f, (Fig. 2a).t,, depends on L and the slopekifh) (Salvucci and Entekhabi,
1995). If the WT is very shallow, the time to sationt, can occur before the time to ponding. Salvucci Bnthekabi,
(1995) and Liu et al., (2011) initially proposedathhe infiltration rate is equal iy =K, when t> t,, meaning that the
vertical hydraulic gradient at the initial WT is However, in most field situations when the wettfngnt has reached the
WT, the profile’s hydraulic gradient is less thararid the proposed solution might overestimate ithed fnfiltration rate.
Instead, another solution is to consider that fat,, the infiltration flow at the surfac&) is controlled by lateral drainage

flow (Q.) at the downslope boundary of the simulated deihentary volume (Fig. 1b), applicable to bottordl@onditions
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typical of VFS. If we consider that the soil prefis saturated attt,, and following Dupuit-Forchheimer assumptions (Van
Hoorn and Van Der Molen, 1973) the dischar@g=Q,) can be estimated as,

Q, =f,wb

K,S L
= = f =0~ 8
QL:KshSLW Qf QL w b ( )

whereKy, is the lateral (horizontal) soil saturated hydi@aabnductivity,w andb are the width and length of the VFS surface
area, and is the slope of the initial WT. In hillslope hydegical modellingS is typically assumed to equal soil surface
slope &) (Beven and Kirkby, 1979 ; Vertessy et al., 199Bdhe position of the infiltration elementary wohe is close to a
draining stream where S >,%q. (8) may underestimate the infiltration ratel @ 2-dimensional drainage approach like
Hooghoudt (1940) equation should be used insteab (& al., 2001; Ritzema, 1994; van Schilfgaardg7). In the
algorithm developed here, the two options for tbaraary condition are implemented: with “laterahidage” (eq. 8) and
Vachaud'’s “vertical drainagef,{=Ky).

2.2. Calculation of singular time points

Following Mein and Larson (1973), time to pondiggs the time foif, = i (intersection of the curves in Fig. 2a), typically
when the surface water content is equal to saturgfrig. 2c). Att = t, the equivalent wetting front deptia,X can be
calculated by equating eq. (4) and (7),
f =i 1.0 1 .
. ~Z 77
1oz =i=K +=[ "K(hdh=z,=———[ ""K(h)dh )
f,=K +=[ " K(h)dh z %o i—K_‘o
p S zJ0 p

Since equation (9) is implicit im, it can be solved for each time step by defining functionG,: R- R, as well as its

derivativedGy/dz, so that the rodat, U[0,z,] (i.e. G, (z,) = 0) is the wetting front depth &t

1 L-z,
G,(z,)=z, _Wjo K (h)dh
) (10)

de(zp):1+ K, K(L—zp)
dz i—K K

S S

z,can be obtained applying a bracketed Newton-Raphkmrithm (Press et al., 1992). Here, we dekads the Newton-
Raphson iteration level, thereby obtaining,

G (¢
z"”:zk—ka) with ‘z
T 4G (2)

dz

K+l _

k
<
b Zp‘ £ (11)
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with € as the error tolerance (here, it is set t8)16rom eq. (3) at=t, (z=z,) andF,=i-t, we obtain,
1 L-z,
t, == 6z,+[ "6(h)dn (12)
PojUsTr L
Next to ensure thdt, andi-t, match at the intersection of the two curves (Big), an abscissa translation (shift tirg,is
applied toF, (Mein and Larson, 1973). Setti@gz,on eq. (2) yields, as,

G

13
0 t(2) (13)
Lastly, t, is determined by calculating the integral eq.&i2 =z,~L-h, (Fig. 1) and adjusting fdy andt,,
2,6, 6(L - 2)
=t -t + - . Sen—
ty =t~ + [ = dz (14)
and using eq. (3), the cumulative infiltratiortais determined by,
L
F,=0z,~[ e (15)

tw is equivalent to the non-dimensional titdg proposed by Liu et al(2011) that relies on the empirical error corrattio
between RE solution and the Green-Ampt model. Heweveret,, (eq. (14)) is calculated analytically for the mgeneral

case of non-uniform soil water content.

2.3 Infiltration capacity algorithm after surface ponding

The solution of Salvucci and Entekhabi (1995)’s barsimplified by setting the wetting front slojgezero {.e. a horizontal
front (@=0) at the deptlz, Fig.1). This approach reduces the solution, n@kimnalogous to eq. (2), which was employed
by Bouwer (1969) in his explanation of the Greenptrmodel's applicability. For initial non-pondingeditions, the
equation becomes,

w 6,-6(L-2)

t=t —t,+
p 0 0 1,eL-z
|<S+Ej0 K (h)dh

dz ;t <t<t, (16)

As the wetting front travels deeper into the saiould increase, contingent on the type of sotj.(e.is larger for fine
soils). However, as the wetting front approaches W& pore space available for infiltration is skmahich limits the error
of the calculations (Salvucci and Entekhabi, 199hjs assumption is tested in section 2.4.

To solve forz=z(t) using thez-implicit eq. (16), we specify the functid®: as RxR - R and its derivative adG/dz, so that

the rootz][ 74, z,] of the functionG is equal to the depth of the wetting front forieeg timet,
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G(zt)=t—t, +t,~ [ —= L-2 4
"Ko+ 2 TK(hyh G(Z.1)
s 2Jo ktl — Sk _ dG(ZIZ t) with ‘Zk+1_zk‘ <g an
dG(zt) . 6.-6(L-2) =
dz - 1eL-z
K, +Ej0 K (h)dh

In summary, for each time increment the proposgdridhm computes the depth of the wetting frastz (eq. 17)F (eq.

3, 15) andf (eq. 7-8 and 4) using the singular times auxiliagy (12-14). A bracketing step in the Newton-Raphs
algorithm is necessary, as the funct®®is undefined outside its physical rangg<g¢<z,). The proposed algorithm is generic
in that it can be used with any soil hydraulic ftiois like those of Gardner (1958), van Genucht80) or Brooks and
Corey (1964) (Appendix A) if numerical integratios used. Here, we used a Gauss-Quadrature intgratheme
(Abramowitz and Stegun, 1972; Press et al., 1992).

2.4 Infiltration of soils with a WT and variable rainfall without initial ponding

For real VFS field situations, unsteady rainfalkheiut initial soil ponding must be considered. Theoff produced by
excess infiltrationi(e. Hortonian) and WT saturationg. Dunne) are then determined at each time by watlembe at the
surface without accounting for evaporation during tain event (Chu, 1997),

AP = AF + As+ ARO (18)

where A is the increment for that rainfall perioB, and RO [L] are cumulative precipitation and excess rdinfeunoff
volume), respectively, arglis the surface storage (8ss.x). When present, the surface storage teérenrfon-zeros,,) acts

as a reservoir that must be fill¢sks,,) before runoff is generated (Chu 1978; Skaggs kamaleel, 1982). Non-uniform
rainfall is described by a hyetograph as a serignostant rainfall period (i.e. i=i;j for ti<t<t;,;). After the initial rainfall
period (.e. tj with j>1) and when surface storage becomes zgi@ndty) must be recomputed for the subsequent rainfall
event (Chu, 1978),

t, = i—l[(eszp +| L“" H(h)dh) -P(t)+ RO(t].)}tj (19)

j

Also, each timd,, andt, are calculated,, has to be re-calculatet}= t,=0, at the beginning of the event when ponding is
present.

To allow for predictions of soil water content retdibution during the event (Fig. 1) and to mainteiass balance during
infiltration for alternating periods of ponding andn-ponding conditions, it is necessary to trdek ‘effective” position of
the wetting frontz for periods with no ponding. To do this, the vahfezz must satisfy the total cumulative infiltration

amount at every time step; (Fig. 1) such that,
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_ L-z _ z
F,=0z +| "6hdh=6z -["6(L-2)dz (20)

which is an implicit equation ig= and as before requires finding the rapt][zpi_l, Zu] (zFi_1 is the wetting front depth at

previous time stef the functionGg: R- R such as:

L-z Zk+1 — Zk _iz:i)

G.(z)=F,~8z - "@h)n PTG ()
_ 4G, ()

Tt g ra-2) gl s
7 ‘Z - ZF‘ <&

(21)

F

The wetting front depth estimates play a key raoléydrological applications where the aim is todete the potential for
direct contamination of the WT by pollutants.

The next section provides an illustrative applimatdf the full algorithm (herein refereed as SWINGEballow Water table
INfiltration alGOrithm) under unsteady rainfall adifions, typical in VFS settings (see Supp. Materfar coding detalils,
source code, inputs and outputs).

3 Testing and applications
3.1 Numerical testing

A first step to validate SWINGO is done for theea$ initially ponded soil and steady rainfall bg@mparison with a finite
difference mass-conservative numerical solutiofREf (Celia et al., 1990) using Nofziger and Wu, @00 CHEMFLO-
2000 model. We used four soils that representedriety of attributes. The Brooks and Corey soil evatttributes and
hydraulic conductivity curves (Table 1) were used the initial soil description, and this descrptiwas later compared
with van Genuchten parameters yielding similar ltss(results not shown). The first 3 soils repréggpical clay, silty
loam, and sandy loam soils with a 1.50 m deep Walv(fci and Entekhabi, 1995). The fourth soil cepends to a fine
sandy soil experimentally studied by Vachaud andnyh(1971) with a WT at 1.01m.

The soil water initial condition in CHEMFLO-2000 waet to hydrostatic equilibrium with a WT (eq. The bottom
boundary condition was set to a fixed matric po&ri(z=L) =0, to be representative of a WT at depth L. Troutate
rainfall, the top boundary condition is set to aeai type boundary with the flux density equal te ipecified rainfall rate
and the critical matric potential equalling zercofdger and Wu, 2003). To allow for the developmehtistinctt, andt,
values during the simulation, the constant ratemwifall were chosen based on the soil texturds Fhlection was done
utilizing a ratio ofi/Ks=6 for the fine soils (clay and silty loam) ailld=2 for the coarse soils, corresponding to the sandy
loam and fine sandy soils studied by Vachaud arehy§1971).

The comparison of the relative infiltration rat&¥() calculated by RE (symbols) and the proposed SWONIBes) for the
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case of vertical drainage end boundary conditige Ks) is shown in Figure 3. The performance of the atgm is similar
to RE for all soils studied. The median efficiermefficients Gt (Nash and Sutcliffe, 1970) ranged from 0.927-0/999
with the highest values being for clay, and yieidstatistically acceptable models at 0.01 levesighificance (Ritter and
Mufioz-Carpena, 2013) (Table 1). For the same addywsth ponded conditions and a WT, Salvucci amdekhabi (1995)
reported errors of approximately 5% at tilgeat the point when the wetting front reaches the $#turation £,), and the
infiltration rate switches to the saturated hydiaabnductivityf,=Ks (f/Ks =1). Smaller differences (1% for clay and sandy
loam and 3% for the rest) were found between boliltisns in our tests. These observations inditizdéthe simplification
(horizontal wetting frontp=0) did not affect the predicative ability of thete infiltration. A crucial pattern to notice isath
the estimates of time to ponding acquired acrosgesied soil types and normalized rates of rdimfalsely matched the
outputs of the RE solution. Our results also ingidaat the use of the non-uniform integral equetieq 9-12) effectively
limit errors in thet, estimation that sometimes occur when utilizing@reen-Ampt model (Barry et al., 1996).

Figure 4 displays the cumulative infiltration areb tdepth of the wetting front determined using 2@tZ1) for the vertical
drainage boundary condition for the cases from @4dblSimilar to the infiltration curveg; values exhibited a plateau tgt
as they reach column saturation (Fig. 4b), cornedjppg to the capillary fringe at a depth »f= z,= L-h, (Fig. 1), and
therefore are not equal to the depth of the WTe(§andL=1.01 m; other soil type&=1.50 m).

As the simplified approach is able to produce bdia- predictions, it also allows for the depiction bétredistribution of
the soil water content during infiltration. We desp the predictions of soil water (Figure 5) calteld by the proposed
algorithm (dashed lines) as compared with the datpfithe RE solution (solid lines) for the non-domg numerical test
examples used previously. The simplified modelie &o identify the midpoint of the wetting frong¢jpth at all time points.
Additionally, our simplification of including thednizontal wetting front¢=0) generates an accurate prediction of soil water
at earlier time points for all soil types, but tipiediction decays somewhat at later time pointerwlpproaching column
saturation for fine soils. The model does not dégrat later time points for the sandy soil type whenatches a horizontal
wetting front redistribution. As mentioned previgysecause of the smaller pore space near colaturagion, the mass
errors generated by non-zero slopes stay negligiitle infiltration mass balance error at the enthefsimulation (Fig. 4a)
ranges from 3—8%. This range of error values igvégksatisfactory, as these errors are the summatiapproximation
errors of both the infiltration and redistributiohsoil moisture generated during the simulation.

3.2 Experimental testing

The physics of the model were tested in a secamlsing experimental data from Vachaud et al.741@nd Chu, (1997).
The data collected in the laboratory representhration under ponded conditions in a verticalwnoh of fine sand soil with
a WT at 0.925 m depth. To demonstrate the gengm@ithe proposed algorithm, the Vachaud et ab74) measured soil
hydraulic characteristics were fitted to van Genetsoil water characteristic and related unsatdrhydraulic conductivity
function based on Mualem (1976) simplification (vGj), and the later was also fitted to Gardner fiomc{vG/Grd) (see

Appendix A and soil parameters in Table 1). Thedyass-of-fit of these hydraulic functions (insetf. 6) shows a small
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improvement of th&(h) function for Gardner over that of van Genuchtenallm against the experimental data.

The simulated relative infiltration rates obtaingith the proposed algorithm matched the observed dall (Gy= 0.913-
0.942, RMSE forf= 5.07x10P-6.20x10°m/s), yielding statistically acceptable modelsiatl% for vG/Grd anch=5% for
vG/vG combinations (Ritter and Mufoz-Carpena, 200&ble 1). The main differences observed betwgmraximated
solutions with vG/Grd or vG/Grd soil water funct®are near the time when the wetting front deptir@gches the WT,
with a small advance (~0.1 h) introduced by the @/ option. These small differences are relatethéoslope of the
wetting front being different than 0, especiallps®s to the intersection with the WT at the endhef évent (Fig. 5). Note
also that in this experimental case no observea wat available for comparison at the time whenatétting front reached
the WT.

In all, these results provide not only a test &f $implified model against experimental data, b&a dlustrate its robustness

and flexibility to handle other soil hydraulic fuians.

3.3 lllustration for unsteady rainfall conditions

The use of SWINGO to simulate realistic unsteadpfadl conditions is presented for a storm composéd! rainfall
periods:i;= 1 cm/h (0 < & 2.8 h),i,=0.25 cm/h (2.8< K 4.2h),i;= 1 cm/h (4.2 < € 5h) andi,= 0.25 cm (5 < € 6.9 h)
(Table 2 and Fig. 7). The soil is clay (Table 1)halbottom vertical drainage boundary condition apg=0 (i.e. no surface
storage). At the beginning of the event the saildsponded and is in equilibrium with the WT aD1dn below the surface.
For the initial period, we calculate first the tirtee ponding with eq. (9-12, 19),£4657.2 s=1.29 h), the correspondipg
(2319 s=0.64 h) with eq. (13), and the time to hethe WTt,, (16100 s=4.47 h) with eq. (14). Since thés higher than the
rainfall period and, lower than the rainfall period, infiltration is @@ to the rainfall ratef<i,; 0<t<ty) before ponding.
After ponding it follows the infiltration capacitgurve described by the solution of eq (16-17). & beginning of the
second rain period, since the new rainfall ratess than the infiltration rate at the end of thevpus periodig=0.25 cm/h
< f,=0.52 cm/h) and, is still beyond the period, the infiltration ratgquals the new rainfall raté=(,). At the beginning of
the third period, the new rainfall rate is largear the corresponding potential infiltration ratettaat time {3=1 cm/h >
f,=0.44 cm/h) and ponding starts again immediatebhghat the new,=t; (15000 s=4.2 h, beginning of the new rainfall
period), and, (13764 s=3.82 h) ani], (18500 s= 5.14 h) are recalculated. Sifces beyond the period, the infiltration is
maintained at capacity for the duration of thisfall period. For the last period, the rainfalleas lower than the ending
infiltration capacity for last period4£0.25 cm/h € =0.34 cm/h), and infiltration is initially set tbe rainfall rate. However,
sincet, is within this period, the soil saturates when weter front reaches the WT depth>(t,), and this results in
saturated vertical drainage flow with unit hydrauradientf=f,=Ks (eq. 7-8) until the end of the storm. The valutthe
wetting front position %) in Table 2 are calculated from the solution of (&F) during infiltration capacity (ponding)
periods, and the equivalent depths described by(Zk). during non-ponding periods. Similarly, cuniiva totals are
calculated with eq. (3) or (20), and excess ralirgfalounts are calculated with the surface massbalaq. (18) for every

time step.

11
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3.4 Evaluation of WT effects on infiltration under conditions of ponding and non-ponding

Figure 8 presents the effect of the WT depth viariafL=0-200 cm) and event duration (0.5D<< 6.0 h) on cumulative
infiltration under ponding conditions for the sditsTable 1. The two end time boundary conditioress@mparedf,, vertical
(a-d) andf,, lateral (e-h). For the conditions tested it isgiole to identify three clearly defined regionsrideed I, Il and I

in Fig. 8) based on the influence of the WT depihtlee cumulative infiltration. Region | (left, shetlin Fig. 8) represents
the WT near the surfacee. when it is within the capillary fringe aréah, (Fig, 1). The position of the WT in this region
does not affect infiltration since the soil colunsnalready saturated regardlessLowith F=D-f,. Next, Region Il (clear
background on Fig. 8a-d) is the most sensitiveaidations of WT depth, located betwelerh, and a limit depthl(= 125-
180 cm) where the variation d&f is small (slope less than 0.2%). This limit depemh the shape of the soil water
characteristic curve for each soil. Finally, Regibhrepresents a region where surface infiltraticem be considered
effectively decoupled from the presence of the WT.

Next, the robustness and physical behaviour ofitherithm under non-ponded initial conditions wastéd with different
rainfall rates i0.1-20 cm/h), event durationB£1-12 h) and WT depth&££0-400 cm). Fig. 9a-d summarizes the results for
D=6 hours and the vertical drainage boundary camifi, = K;). Two main effects are identified. Firstly, as egfedF is
insensitive to changes Infor rainfall intensities lower thald;, whenf=i (no ponding) and=D-Ks. Notice that this effect,
although present, is not visible in the clay séilg( 9b) since th& is below the first contour line. Secondly, formnfaill
rates abové, the sensitivity td. varies by soil, depending di and the time to ponding values for each rainfai r(eq.
12). As in the ponding case, the soil column isirgded wherl < h,, and there is no sensitivity below this depthfiher,
less permeable soils (Fig. 9a-b) ponding happerigretor the same rainfall ratie resulting in an increased sensitivitylto
with lower rainfall rates. For the lateral drainadgegundary condition, results are similar for theefi soils (Fig. 9e-f), but
much more sensitive to WT depth and rainfall ratki@s for more permeable soils (Fig. 9g-h).

Importantly, since excess rainfall runofR®) is complementary té¢ (eq. 18), these results also quantify the impartan
influence that the combined effects of WT, soildygnd rainfall intensity can have on surface rufiloffv and transport
processes in the VFS.

Summary and Conclusions

Limitations in current modelling approaches hamjber evaluation of the effects of WTs on soil iméition and runoff in
vegetative filter strips (VFS). A promising way e@ercome these issues is by utilizing simplified eslistic specialized
algorithms in conjunction with available hydrologienodels to evaluate the impact of WTs in the mmrnent. Previously,
Salvucci and Entekhabi, (1995) and Chu, (1997)menended the use of Green-Ampt implicit integralagmns to examine
infiltration into ponded soils with WT. We develapand assessed a simplified generic algorithm ithappropriate for
coupling with available hydrological models, in pewlar the study of WT effects on VFS runoff paitin control

performance. The proposed SWINGO algorithm is gererit can utilize any configuration of soil hydiaufunctions—
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and can be operated under non-ponded, ponded, estidtic variable rainfall conditions to determingnoff (excess
rainfall), infiltration, and soil-water redistribion during the event.
SWINGO performed well @eff from 0.91 to 0.99) in comparison with the RE solutand using experimental data on 5
representative soils. The algorithm also was abldescribe successfully the soil water redistrdoutiiuring the simulated
350 event. These useful and reliable predictions indidhat the proposed approach incorporating a boté slope of the
wetting front is suitable for most real-world aaliions. Through an application of our proposed BB algorithm, we
showed the sensitivity of the infiltration and esseaunoff to the depth of the WT, the length anérisity of the rainfall
event, the soil texture and drainage bottom cooraliti
Some of the limitations of the proposed algoritima the assumptions of a homogeneous soil profitehemizontal wetting
355 front for fine soils. Future research is recommehtie determine the general validity of the assuamptf a hydrostatic
equilibrium and the proposed computation of singplaints during the infiltration episode. Additidrexperimental testing
of the model should be conducted using data celteahder various experimental and natural conditi@specially during
events long enough for the wetting front to redeh\WT).
As SWINGO was accurate, fast, and robust when amajya variety of conditions, it is appropriatectauple with currently
360 available hydrological models to gauge the infleernd the presence of WTs on other processes ofattiscape. The
dynamic coupling with overland flow and transporbgesses in the VFS is developed in the companapemp Global
sensitivity and uncertainty analysis of the coupleddel is conducted to identify important input ttas and their
interactions that will provide better understandimigthe fundamental processes controlling VFS &fficy under WT

conditions, and guide users to select effectivampeters for practical applications.

365  Appendix A

The Brooks and Corey (1964) soil water characier{gt=6(h) ) and hydraulic conductivityk=K(h)) functions are defined

as,

=070 _ (h/h)™” ;h>h,
6,-6, 1 ;h=h (A1)
K(h) = K&

with h, = bubbling pressure [L, < 0] ¥ =Brooks and Corey pore size index (shape parajneier Brooks & Corey
370  hydraulic conductivity shape parameter, often 3+2A. 6 andd, are the saturated and residual water contehfjlL

The van Genuchten (1980) soil water characterdstit hydraulic conductivity curves are defined as,

13
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6,-6 1 h<0 (A2)

K(h) = K.S? (1—(1— s;/m)m)2

wherea,s [L™] > 0, n, mare shape parameters. The Gardner (1958) unsatumatiraulic conductivity function is given by,

K K
S — S - ,h>0
K(h)=| 1+(h/h)*  1+(aggh)™ (A3)

K h<0

S

whereh:=1/agq = matric potential constant (5hg < 50), anchg,q = empirical constant (1.8 Rgq < 3.5).

Nomenclature

h [L] soil matric potential hy [L] capillary suction (bubbling pressure)
6=06(h) [L°L®%  soil water characteristic 0s [L°L®  saturated water content
K=K (h) LT hydraulic conductivity Ke [LTY saturated hydraulic conductivity
F [L] cumulative infiltration Fo [L] cumulative infiltration att,
f LT actual infiltration at surface f, LT infiltration capacity (ponding)
[ LT rainfall rate L [L] water table depth
Sy [L] suction at the wetting front Zr [L] depth of the wetting front
tw [T] time to column saturation Zy [L] effective depth of saturation
tp [T] time to ponding Z, [L] wetting front depth at,
to [T] shift ponding time RO [L] cumulative excess rainfall
P [L] cumulative precipitation S [L] surface storage
[T] storm duration
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557  Table 2. Infiltration and excess runoff calculatiors for an illustrative unsteady rainfall event on aclay soil with no initial
558 ponding at equilibrium with a shallow water table & 150 cm depth §,,=0). The + sign in the first column represents any
559  time right after the time step.

Time t t, to t i P f F RO Zr

(s) (s) (s) (s) (m/s) (m) (m/s) (m) (m) (m)
0 4657.. 2319.( 1610( 2.7&10° 0 2.7&10°% 0.000( 0 0

4657.. 4657.. 2319.( 16100 2.7&10° 0.012¢ 2.7&10° 0.012¢ 0 0.013
750( 2.7&10° 0.020¢ 1.8%x10° 0.019: 0.001¢ 0.25:
1000¢ 2.7&10° 0.027¢ 1.46x10° 0.023: 0.004: 0.327
1000¢* 7.0x107 0.027¢ 7.0x1C7 0.023: 0.004¢ 0.327
1500( 7.0x107 0.031: 7.0x1C7 0.026¢ 0.004¢ 0.40¢

1500C" 15000 13763." 1850( 2.78x1(° 0.031: 1.21x10° 0.026¢ 0.004: 0.40¢
1650C 15000 13763." 18500 2.78x1(° 0.035¢ 1.0&1C° 0.028: 0.006¢ 0.46]

1800¢ 2.7&10° 0.039¢ 9.4%1C07 0.030( 0.009¢ 0.53¢
1800¢" 7.0x107 0.039¢ 7.0x1C° 0.030( 0.009¢ 0.53¢
1850( 7.0x107 0.039¢ 7.0(x1C7 0.030¢ 0.009¢ 0.56¢
1850(" 7.0x107 0.039¢ 3.4(x1C° 0.030: 0.009¢ 0.60(
2500( 7.0x107 0.044F 3.4(x1C7 0.032¢ 0.011¢ 0.60(
2500 0 0.044: 0 0.032¢ 0.011¢ 0.60(
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FIGURE CAPTIONS

Figure 1: Conceptual depiction of infiltration and soil water redistribution for soils with shallow water table for: a) time
before wetting front reaches the water table; and ptime after the wetting front reaches the water tale (t > t,), where
surface infiltration flow ( Q) is limited by lateral Boussinesq subsurface flo{Qy). See explanation of symbols in the text.

Figure 2: Conceptual curves of (a) infiltration rate, f; (b) cumulative infiltration, F; and (c) soil water redistribution, 6,

under shallow water table, for soil without initial ponding, and constant rainfall rate {) conditions. The singular times for
ponding (t), shifting (to) and to reach column saturation ,), and final infiltration rate ( f,,) after the wetting front reaches
the water table ¢ >t,) are represented.

Figure 3: Comparison of normalized infiltration rates €/Ks) obtained with the simplified model (lines) againsRichards
equation numerical solution (symbols) for soils whout initial ponding in Table 1 with vertical drain age (Vachaud) bottom
boundary (f,) conditions.

Figure 4: (a) Comparison of cumulative infiltration (F) obtained with the simplified model (lines) agairts Richards
equation numerical solution (symbols) for soils whout initial ponding in Table 1 with vertical drain age (Vachaud) bottom
boundary (f,,) condition; (b) Wetting front depth (zz) movement.

Figure 5: Comparison of soil water @) redistribution between Richards equation numeric solution (solid lines) and the
simplified model (dashed lines) during infiltration without initial ponding and with vertical drainage (Vachaud) bottom
boundary condition (f,) for soils in Table 1.

Figure 6: Comparison of the simplified and RE resuk against Vachaud et al., (1974) experimental daset (figure body),
and fitting of soil water characteristics to different equations (inset). vG and Grd represent respegely the van
Genuchten and Gardner’s soil characteristic curvesised to parametrize the simplified and RE models é& Table 1 for
details).

Figure 7: Calculations for an unsteady rainfall evat on clay soil in initial equilibrium with a shallow water table at 150 cm
depth, non-ponded conditions and vertical drainagévVachaud) bottom boundary condition §,,): a) infiltration and rainfall
rates; b) cumulative rainfall (P), infiltration ( F), excess runoff (RO) and wetting front depthZ:) during the event.

Figure 8: Effect of water table depth ) on cumulative infiltration (F, represented by isolines) for distinct soils under
initial ponding and different durations of infiltra tion events D) for four types of soils and two end drainage bottm
boundary conditions {,): (a-d) vertical; (e-h) lateral.

Figure 9: Cumulative infiltration ( F, represented by isolines) as a function of watemble depth () under non-ponded
initial conditions after a 6 hour rainfall event of intensity i for four types of soils and two end drainage bottm boundary
conditions (,): (a-d) vertical (e-h) and lateral.
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