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Abstract

The environmental impact of subsurface drainage and agricultural activities has been widely studied
in the literature. Agricultural subsurface drainage modifies the hydrological behavior and accelerates
the transfer of pollutants of agricultural origin into surface water during the drain flow period, which
is often limited to winter. The main objective of this study is to present a modeling approach allowing
an accurate modeling of subsurface drainage discharge and prediction of drain flow start times, by
integrating a new conceptual soil reservoir, managing the water flow in the unsaturated zone, to the
SIDRA model. A comparison of the model results with field measurements of drainage discharge at the
“La Jailliere” site (France) shows that such a model can efficiently simulate drainage discharge (KGE

values > 0.75) and predict, with good accuracy, the drain flow start time (with a median value of 5 days
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and a standard deviation of 10 days). The split simple test conducted for the model calibration and
validation shows that the model is temporally robust. A sensitivity analysis conducted using the Sobol
method on the five model parameters reveals that the drainage discharge simulation is mainly
sensitive to the hydraulic conductivity and drainable porosity parameters. On the other hand, the date
delimiting drain flow start is sensitive to the soil reservoir parameters. The model's ability to accurately
predict the start of drain flow serves to avoid the application of farm inputs (pesticides or fertilizers)

during this critical period in order to limit their transfer to surface waters.

Keywords

Subsurface drainage, modeling, drain flow start, tile-drained field.

1 Introduction

Land improvements contribute to agricultural intensification, which in turn leads to greater crop
production from the same parcel. Among such improvements, subsurface drainage (SD) is practiced to
remove the temporary excess water from the root zone for purposes of: better aeration, higher
temperatures and enhanced workability of the soil in humid regions. In arid and semi-arid regions, the
primary function of SD is to prevent irrigation-induced waterlogging and soil salinization (Ritzema,
1994). In Europe, SD is mainly devoted to preventing waterlogging in specific hydromorphic soils; this
practice is principally employed in Northern Europe, on over 50% of arable land (from the Netherlands
to Finland), vs. approximately 10-20% for other European countries. In France, out of the 27 million
hectares of arable land, more than 10% are subsurface drained (AGRESTE, 2010; Vincent, 2020).
Subsurface drainage was established in France later than in other European countries, i.e. during the
1980's; it was promoted by European and national-level subsidies until 1992, when current water laws

began limiting the extent of additional SD practices.

Agricultural SD introduces significant modifications to the hydrological behavior and results in nutrient

and fertilizer losses from farmland to surface water (Blann et al., 2009; Gramlich et al., 2018). During

2
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the drainage period, the application of mobile pesticides or fertilizers before a heavy rainfall increases
their losses toward the SD outlet and the water surface (Boithias et al., 2014; Nolan et al., 2008). The
temporary functioning of SD systems, mainly during the wet season, allows adapting the timing of
when to apply farm inputs to reduce losses, e.g. increasing the interval between an application and
the first drain flow of the drainage season (Brown and van Beinum, 2009; Trajanov et al., 2015; Wilson
et al., 2020). An accurate prediction of this first drain flow is key to optimizing the timing of farm input
application, thereby decreasing the risk of their transfer toward the water surface (L Jones et al., 2000;

Lewan et al., 2009; Nolan et al., 2008; Trajanov et al., 2015; Willkommen et al., 2019).

The behavior of SD systems can be simulated by means of a physical or hydraulic approach. The
physical approach is based on the numerical resolution of a physical law, such as the 3D Richards
equation. Several physically-based models propose specific conditions for considering the presence of
SD, e.g. in HYDRUS, SOIL, CATHY, DDM and 2D-DPERM (Al Jabri and Youngs, 2015; Boivin et al., 2006;
Dusek and Vogel, 2014; Gardenas et al., 2006; Gatel et al., 2019; Gerke et al., 2013; Mehdinejadiani
and Fathi, 2020; Shokri and Bardsley, 2016). The hydraulic-based approach merely considers the flow
in a saturated zone and proposes a simplified equation, derived from both the Boussinesq equation
(1904) and Forchheimer's hypothesis (Guyon, 1963; Henine et al., 2014; Van Schilfgaarde, 1963), to
calculate drainage discharge as a function of water table height at mid-drain. The Hooghoudt drainage
equation (Hooghoudt, 1940), which relates steady-state drainage discharge to the water table height
at mid-drain, is the most widely used approach in SD modeling. When the water table rises to the soil
surface for relatively long periods, drainage discharge is computed using the Kirkham equation
(Kirkham, 1949) for ponded water. The approach proposed by Moriasi et al. (2013) couples Kirkham's
simplified equations with the Hooghoudt equation (Hooghoudt, 1940; Kirkham, 1949) to examine long
time series of subsurface drained experimental facilities; this approach offers the advantage of
simulating both small and peak flow discharges. The Kirkham and Hooghoudt equations were
integrated into the DRAINMOD model (Skaggs, 1980). The models MACRO (Jarvis and Larsbo, 2012),

SWAP (Kroes et al., 2008) and many others adopt different equations (such as Hooghoudt, Kirkham’s



72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

and Ernst equations) or use seepage potential theory by considering the drain as a sink term to take
into account subsurface drainage (Qi and Qi, 2016; Youngs, 1980). Guyon (1963) and Lesaffre and
Zimmer (1987) developed the SIDRA (SImulation of DRAinage) model to simulate drainage discharge
during the drainage season, based on the numerical integration of Boussinesq's equation between the
drain and mid-drain. In relying on this same Boussinesq equation, Stillman et al. (2006) proposed
another semi-analytical equation to simulate drainage discharge. These various simplified approaches
have been incorporated into several distributed hydrological and GIS-based models for the purpose of
integrating the SD function, e.g. SWAT (Moriasi et al., 2012), HYPE (Lindstrom et al., 2010) and ADAPT
(Gowda et al., 2012).

The models derived from the Boussinesq equation are well adapted to simulate the hydrological
behavior of SD, including peak flow prediction (Lesaffre and Zimmer, 1988). However, they become
less suitable once the goal turns to predicting the environmental impact of agricultural SD. It is
necessary to take into account the hydrodynamic behavior of the unsaturated zone as well as the plant
growth impact on water table recharge and, hence, on drainage discharge. In this context, a coupling
of the behavior in both saturated and unsaturated zones within a simple hydraulic approach for SD
behavior modeling would offer a better understanding of the underlying environmental impacts. A
coupled agronomic-hydrological model, namely STICS-SIDRA (Tournebize et al., 2004), was developed
to manage the saturated and unsaturated zones; however, this crop model requires numerous

parameters only available in certain fields of experimental research.

This paper integrates a new conceptual soil reservoir module into the hydraulic-based SIDRA model in
order to predict both drainage discharge and drain flow starts. The conceptual module simulates water
transfer in the unsaturated zone and calculates the recharge of the perched water table, which then
serves as SIDRA input data. To simplify the model as much as possible, this conceptualization needs to
be easily implemented and should improve both the prediction of drainage discharge and drain flow

start every hydrological year.
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The proposed model has been calibrated and validated using the dataset collected from two
experimental drained plots located at the “La Jailliere” site (western France). The model's performance
evaluation criterion is based on a comparison between simulated and observed drainage discharge, as
well as on the drainage season start date. A global sensitivity analysis has also been conducted to study

the influence of input parameters on model performance.

2 Experimental set-up

The "La Jailliere" experimental site (Figure 1) is located in western France's Loire-Atlantique
Department (47°27' N, 0°57’ W); it has been managed by the Arvalis Institute (French agricultural
institute) since 1987. The experiments and research work carried out here focus on several study
objectives, in particular to achieve satisfactory control over both water quality and quantity of the SD
system. Several experiments have been ongoing since its inception, thus providing a most valuable

dataset covering nearly 30 years.

La Jailliere
*

Legend b
== Runoff trap
T Measurement chambers
—> Drain line direction
[ undrained field
[ Drained field

Figure 1: The "La Jailliere" experimental study site and its general location (Arvalis, Maine-et-Loire, France)

100 m

—_—2
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The climate in the study area is oceanic with a mean annual rainfall of 709 mm; the mean annual
temperature is approximately 11°C. The mean potential evapotranspiration (PET) reaches 738 mm a
year. The period of water budget deficit begins in April and continues until the end of September.
Subsequent to this period, the excess net rainfall allows for a progressive saturation of the soil and the

formation of a temporary perched water table, at which point the drain flow starts.

The soil at the La Jailliere site is a brown, hydromorphic stagnic luvisol (FAO 2006) developed on a low
permeability, altered schist formation (Dairon et al., 2017). The soil surface layer (< 30 cm deep)
consists of a sandy loam (16-22% clay), while the underlying layer, of variable thickness (from 30 to 90
cm), is richer in clay (> 30%, clayey-silty texture). The depth of the altered schist formation is highly
variable within the studied plots, ranging from 0.6 to 1.2 m, and represents a natural obstacle to water
infiltration. This impervious layer is responsible for temporary waterlogging through the formation of
a perched water table. For each experimental plot (Table 1), the water holding capacity (see Section
3.1) was estimated from the textural soil analysis at a 0.8-m soil profile, by use of Rawls' linear

regression equation (Rawls and Brakensiek, 1982).

Table 1: Characteristics of the experimental plot at the La Jailliere site: drainage design (depth and

drain spacing), surface area, and Water Holding Capacity (WHC) calculated at a 0.8-m soil profile

Drain Drain Surface | WHC Type of collected
Plot
depth (m) | spacing (m) | area (ha) | (mm) water
TO1 - - 0.83 97 Surface runoff
T02 - - 0.90 96 -
Surface runoff /
T03 0.8-1.0 10 1.04 84
Drainage
Surface runoff /
TO4 0.8-1.0 10 1.08 104
Drainage
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TO6 0.8-1.0 10 1.01 103 Drainage

Surface runoff /
T10 0.8-1.0 10 0.42 95
Drainage

Surface runoff /
T11 0.8-1.0 10 0.42 99
Drainage

To prevent soil waterlogging and improve crop growth during winter, an SD network was installed in
the 1980's (Table 1). Each experimental drained plot has been equipped with an individual drainage
network (10 m drain spacing, installed at a depth of 0.8 - 1 m), connected to a non-perforated collector
extending to the measurement chamber. For each field, the drainage discharge and surface runoff are
collected and measured separately. The surface runoff is collected using traps around each plot (Figure
1). The flow discharge is then measured hourly at each collector outlet using a V-notch weir. The water
level upstream of the weir, measured with an automatic pressure probe, is proportional to the flow

discharge.

Meteorological data are available at two stations (Trajanov et al., 2018). The former station from 1982
is located 1.4 km from the fields, while the new one (in operation since 2006) is located at the

experimental site.

For purposes of model assessment, the dataset collected for experimental plots TO3 (1.04 ha) and T04
(1.08 ha) is used to validate SIDRA-RU model. These datasets comprise hourly subsurface drainage

discharge (from 1994 to 2010) and surface runoff (from 1994 to 2004).

Since the meteorological data recorded at the study site contain many gaps, we have used the rainfall
and Potential EvapoTranspiration (PET) data from the SAFRAN meteorological reanalysis produced by

the Météo-France Agency (Vidal et al., 2010), defined on 8 km x 8 km grids at the national scale. While
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these PET data can be considered as homogeneous on the 8 km x 8 km SAFRAN grid, the rainfall data
should display more local variation, which can exert a rather significant impact on modeling accuracy

of the two studied plots.

One of the mitigation solutions of pesticides losses from subsurface drained fields is to increase the
time interval (of several days) between their application and first drain flow (Brown and van Beinum,
2009; Trajanov et al., 2015). Thus, the SIDRA-RU model needs to be efficient and capable of accurately
predict drainage discharge and drain flow start. This accuracy depends on the method or criterion used
to set the drain flow start date. At the beginning of the drainage season, drain flow is often low and
quick; also, several days may pass without any drain flow at all. This specificity is difficult to reproduce
with acceptable accuracy by the models. To overcome the low flows that fail to indicate the actual
start of the drainage season, we have introduced herein a new method using two static thresholds
conditions: (1) the calculated cumulative drainage discharge must be greater than the initial threshold;
and (2) the additional cumulative drainage discharge within the 5 subsequent days must be greater
than the second threshold. Based on the experimental dataset, the first and second thresholds are set

to 2 and 2.5 mm, respectively.

From the drainage discharge measurement, we defined the drain flow start dates for each season. The
yearly cumulative values of meteorological data, drainage discharge and surface runoff plus the drain

flow start dates used in this study are listed in Table 2.

Table 2: Yearly cumulative values of meteorological data (PET, rainfall), drainage discharge (Qdrain)
and surface runoff, plus drain flow start dates on Plots TO3 and T04. Values between parentheses (*)

represent the cumulative rainfall and PET over drain flow periods (Qdrain > 0)

TO3 plot TO4 plot

Drainage PET (*) |Rainfall (*) | Qdrain | Runoff | Drain flow | Qdrain | Runoff | Drain flow

seasons (mm) (mm) (mm) | (mm) start (mm) | (mm) start
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1994-1995 | 723 (586) | 947 (787) 484 64 24-Oct 500 - 23-Sept
1995-1996 | 763 (334) | 586 (414) 134 13 22-Dec 109 10 27-Dec
1996-1997 | 727 (117) | 606 (286) 189 16 28-Nov 165 15 29-Nov
1997-1998 | 675 (162) | 709 (399) 221 15 11-Dec 193 22 10-Dec
1998-1999 | 706 (342) | 779 (610) 280 34 19-Oct 290 37 24-Nov
1999-2000 | 634(288) | 945 (764) 438 34 19-Sept 382 57 19-Sept
2000-2001 | 644 (292) | 1128 (990) | 519 76 11-Oct 512 113 16-Oct
2001-2002 | 631(110) | 614 (260) 156 39 18-Oct 144 14 29-Dec
2002-2003 | 649 (164) | 887 (566) 398 46 4-Sept 328 28 2-Nov
2003-2004 | 681 (246) | 629 (427) 247 - 14-Nov 237 29 16-Nov
2004-2005 | 704 (66) 506 (85) 24 - 5-Jan 10 - 20-Jan
2005-2006 | 739 (131 | 594 (298) 122 - 4-Jan 121 - 4-Dec
2006-2007 | 677 (352) | 1029 (778) | 278 - 19-Oct 274 - 21-Oct
2007-2008 | 691 (279) | 682 (464) 231 - 27-Nov 174 - 5-Jan
2008-2009 | 668 (247) | 646 (353) 133 - 10-Nov 113 - 9-Dec
2009-2010 | 735 (231) | 650 (423) 181 - 28-Nov 226 - 28-Nov

Mean 690 (247) | 746 (494) 252 37 10-Nov 236 36 23-Nov
Standard 40 (127) | 184 (238) 141 22 - 140 32 -
deviation

Table 2 shows that the yearly drainage discharge correlates with the yearly rainfall. The PET shows a
small inter-annual variation (with a mean value of 690 and a standard deviation of 40 mm). In the wet
period (autumn and winters seasons), the PET demand is generally satisfied and the excess of rainfall
(P-PET) causes drainage discharge (Qdrain) and surface runoff. Assuming that deep infiltration under
the drainage network is negligible during the drain flow period, the average evapotranspiration (AET,

computed as Rainfall - Qdrain - Surface Runoff) accounts for 86% of PET. However, in the dry period,
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the PET demand is poorly satisfied and there occurs neither drain flow nor surface runoff. The yearly
average AET accounts for 67% of PET. The rainfall and drainage discharge dataset displays high
hydrological variability with respect to both dry (e.g. season 2004-05) and wet seasons (e.g. 2000-01).
Analysis of Table 2 suggests that the start of drainage season is highly variable from one season to
another. In average, the drainage season starts in mid-November, however, it can start early (in
September) or very late (in January). The drainage season 2004-2005 started later in January 5 and
presented a low cumulative drainage discharge (of 10 mm). Drain flow often starts earlier on plot T03
than on T04, despite their similarity during the intense drainage season. The low WHC value for plot
TO3 (Table 1) allows filling the soil profile and generating a water table flow toward drains earlier on
the this plot, as compared to TO4. From the data observed in Table 2, surface runoff accounts for 12%

and 10% of the total outflow of plots TO4 and TO3, respectively.

3 Model description

Drain flow occurs when the perched water table rises above the drains. The SIDRA model simulates
drainage discharge during the soil profile saturation period, defined as the Intensive Drainage Season
(IDS) by Lesaffre and Zimmer (1988). The new SIDRA-RU model presented herein allows SIDRA to
simulate SD discharges and hydrological behavior at the plot scale during a full hydrological year and
extending for several subsequent years. The proposed model has been based on three coupled
modules (Figure 2) managing the flow paths: in the soil surface, in the unsaturated zone, and in the
water table temporally perched above the drains. These three modules, integrated into the current

version of SIDRA-RU, are as follows:

1. Module 1: Estimation of net infiltration from climatic data, by integrating a more realistic
evapotranspiration algorithm that takes into account the potential evapotranspiration
rate (PET) and available soil water content in the soil reservoir S(t). The new value
calculated during this step is referred to as “corrected evapotranspiration” (or CET). Net

infiltration is equal to rainfall (P) minus corrected evapotranspiration (CET);

10
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2. Module 2: Management of water transfer in the unsaturated zone, in order to calculate
the net recharge into the drained water table, based on the conceptual reservoir
approach. This module calculates net recharge as a function of the available soil water
content in the soil reservoir S(t), relative to three distinct soil reservoir levels, namely
minimum (Smin), intermediate (Sinter) and maximum (Smax);

3. Module 3: Simulation of the SD discharge (Q) as a function of the mid-drain water table

height above drain (H) by applying the SIDRA model (Lesaffre and Zimmer, 1988).

P CET
Soil surface: ‘ t
Calculation of net CET =f (PET, S(t))

infiltration (P-CET)

!

Unsaturated zone:

Calculation of water
table recharge (R)

!

Saturated zone:

Calculation of drainage
discharge (Q)

Figure 2: Diagram presenting the three SIDRA-RU modules, with P: rainfall [LT!], CET: corrected
evapotranspiration [LT™]; S(t): actual water level in the soil reservoir [L]; Smin: minimum soil reservoir
level (= 0 mm); Sinter: Intermediate soil reservoir level [L]; Smax: maximum soil reservoir level [L]; R(t):

water table recharge [LT}]; L : distance between the drain and mid-drain [L]; H: mid-drain water table
height above drain [L]; and Q: drainage discharge per unit area [L>TL?2]. The dashed horizontal lines
indicate the soil reservoir module levels. a: partition coefficient representing the part of net

infiltration which recharges the water table during the stage 2.
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To estimate net rainfall infiltration, this module calculates a more realistic evapotranspiration value,
referred to here as corrected evapotranspiration (CET). This CET depends on the potential
evapotranspiration (PET), the available soil water content in the soil profile and the type of vegetation
(Hansen, 1984; Kristensen and Jensen, 1975). Depending on the type of vegetation, CET is transformed
into the maximum evapotranspiration rate (MET) by means of the crop coefficient, B. When the soil
water content lies in the range of the extractable soil water (ESW), the CET/PET ratio is equal to B. This
value represents the share of the WHC that allows plants to extract water from the soil without either
water constraints or growth limitations (Hansen, 1984; Jacquart and Choisnel, 1995). Soil WHC
represents the amount of water held by soil against gravity force that can be extracted either by
evaporation or by root plant (Bordoloi et al., 2019). Under France's agro-climatic conditions, ESW
varies from 0.4 to 0.6 of WHC, as a function of root depth (Jacquart and Choisnel, 1995). In this study,
ESW has been set equal to 0.6 of WHC. This value defines the lower limit of soil water content in the
soil profile, at which CET equals the maximum evapotranspiration rate (MET). When the soil water
content in the soil profile lies below ESW, less water is available for root extraction; Eq. 1 proposes an
exponential decrease of CET with water level in the soil reservoir S(t). To simplify the model
parameterization and to take into account the non-uniformity of the soil water content in the soil
profile, WHC has been approximated at the intermediate soil reservoir level Sixer of the conceptual soil

reservoir model (Section 3.2 below). The module computes CET [L] as follows:

Case 1: 1f (S(£) > 0.6 * Siper ) CET = MET = B * PET
Case 2:If (S(t) < 0.6 * Sipter ) CET = B = PET x exp (— W) (Eq. 1)
Case 3:1f (S(t) < 0) CET =0

where S(t) [L] is the actual water level in the soil reservoir, B [-] is a correction coefficient that depends

on the type of soil cover. In this study, B has been set equal to 1.

12
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It has been assumed herein that throughout the hydrological season, the soil water content only varies

under the effects of rainfall, evapotranspiration and drainage discharge.

Modeling soil water movement in unsaturated zone to assess water table recharge should cover
several complex processes (Milly, 1988; Nielsen et al., 1986; Siminek and Bradford, 2008; van
Genuchten and Jury, 1987). In the literature, numerous models describing water flow in this zone are
available and they use either physical-based or conceptual approach. In this study, we present a
conceptual calculation of the water table recharge. Downward water movement through homogenous
soil profile is governed mainly by both gravity and matric pressure gradients ( ) effects. When the soil
is dry, the  gradients effect is dominating, and when the soil is very wet, gravity effect becomes
dominant (Nimmo, 2005). Along the soil profile (extending from the soil surface to the impervious layer
under the drains), the soil water content is not uniform and variable with respect to time (Zimmer and
Lesaffre, 1989). Indeed, the soil profile can present at the same time dry condition near the soil surface
and wet condition at the drain level. Thus, instead of considering this spatial variation, the soil reservoir
model depicts the filling of the soil profile and calculates water table recharge as a function of three

global thresholds (see Figure 2), i.e.:

1) The minimum soil reservoir level (Smin) represents the lower limit of the soil reservoir, below which
no water moves in the soil under the effects of either evaporation or root extraction, herein set equal

to zero; this reflects the driest soil profile condition.

2) The maximum soil reservoir level (Smax) represents the upper limit, at which the total net infiltration
recharges the water table gravitationally. In this case, the soil water content lies close to the saturation
condition throughout the soil profile. The SD network reaction to a rainfall event is rapid, mainly
occurring during the high rainfall events that generate drainage discharge peaks. This subsurface

drainage period is referred to as Intense Drainage Season (IDS).

13
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3) Between Smin and Smax, the reservoir model includes an intermediate threshold (Sinter). When the soil
reservoir lies between Sinter and Smax, the soil water content can exhibit a saturation condition close to
the drain, while remaining unsaturated at the upper part of the soil profile. In this case, one portion of
the infiltrated water contributes to the water table recharge and flows toward drains. The other
portion of the infiltrated water continues to fill the soil reservoir. The distribution of net infiltration
between water table recharge and soil reservoir filling was conducted by means of partition coefficient
a. Thus, the Sineer defining the start of the drainage season is used as first soil reservoir parameter. The
soil water level difference between Sinter and Smay, is referred to as the intense drainage season reservoir
level (Sips). As Smax Variations are dependent on that of Sinter (Smax Must be greater than Sinter), Sips is used
as second soil reservoir parameter. The two parameters Sinter and Sips of the conceptual soil reservoir
are difficult to estimate from a field measurement; they are mainly determined through model

calibration.

The model responsible for managing the behavior of the unsaturated zone is referred to as the water
holding capacity (WHC) concept, or RU (acronym for réserve utile in French). Consequently, the
reservoir model will be referred to hereafter as the “RU” model. The conceptual reservoir ignores the
deep infiltration flow, given that such contributions are often negligible during the winter period in
hydromorphic soils, due to the presence of clayey layers underneath the drains, which in this study are

assumed to be impervious.

In the RU module, water variations in the soil reservoir (AS) and water table recharge R(t) at time “t”
both depend on the water level in the soil reservoir S(t) at time “t-1”. The RU module considers the
time variable S(t) and R(t) as uniform between the drain and mid-drain. The calculation algorithm can
then be expressed as follows:

- If S(t) lies between Smin and Sinter: Net infiltration increases or decreases the water level in the

soil reservoir, depending on its sign (negative or positive), hence: S(t) = S(t-1)+ (P-CET). The
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minimum soil reservoir level cannot decrease below zero. During this stage, the water table
recharge equals zero.

- If S(t) lies between Siner and Smax: When net infiltration is positive, the RU module splits this
infiltration into two components via partition parameter a, with the first part (a) recharging

the water table and the second part (1-a) continuing to fill the soil reservoir:

S =St—-1)+ (1 —a)*(P—-CET)
(Ea.2)
R(t) = a * (P —CET)
- IfS(t) is equal to Smax: When net infiltration is positive, the entire excess infiltration will recharge

the water table. Otherwise, when net infiltration is negative, the net infiltration rate will be

extracted from the soil reservoir.

In this study, the original SIDRA model is used to simulate water table flow toward drain. The specificity
of SD in France is that the drains overlay a clayey layer, assumed herein as impervious. SD flow only
occurs when the perched water table rises above the drain, as identified during the intense drainage
season. The SIDRA model is only able to simulate drainage discharge during this season. The model
does not consider unsaturated flow, by assuming that the net infiltration, calculated as rainfall minus
evapotranspiration rate, instantly reaches the water table (Bouarfa and Zimmer, 2000; Lesaffre and

Zimmer, 1988; Zimmer et al., 1995).

Water flow toward the drain is influenced by several parameters related to both the SD network
geometry (i.e. drain depth and drain spacing) and soil hydrodynamic characteristics. The SIDRA model
semi-analytically solves the Boussinesq equation according to the following basic assumptions

(Bouarfa and Zimmer, 2000; Lesaffre and Zimmer, 1988):

- The perched water table is a free (unconfined) surface that overlays the impervious horizontal
clayey layer. Within the saturated zone, the subsurface flow is assumed to be horizontal, in

accordance with Dupuit-Forchheimer (Guyon, 1963; Van Schilfgaarde, 1963);
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- The Boussinesq equation is based on the concept of drainable porosity (De Marsily, 1986; Zhang
and Zhang, 1986), which serves to relate water table fluctuations to water table recharge. This
parameter is also approximated with a “specific yield” or “specific storage” value (Anderson

and Woessner, 1992; Rupp and Selker, 2005).

In homogeneous soils, based on these assumptions, a combination of the continuity equation and

Darcy's Law leads to the classical 1D nonlinear Boussinesq equation (1904):

oh 0 o0h
W5 = 5 (Ksath ) +RO (Eq. 3)

where Kqt [LT] is the saturated hydraulic conductivity in the horizontal direction, h [L] the water table
height above the drain, u [-] the drainable porosity, R(t) [LT}] the time-dependent water table

recharge, t [T] the time, and x [L] the horizontal position coordinate.

The Boussinesq equation simulates drainage discharge and water table variations assuming that the
water table shape remains constant or slightly variable during the steady state or tail recession stages
(Guyon, 1963; Van Schilfgaarde, 1963). Modeling of the transient state of a water table depends on
the time step adopted (from hourly to daily). For a daily time step, the Boussinesq assumption of a
constant water table shape is acceptable, as demonstrated by Tournebize et al. (2004). This
assumption allows for a pseudo-separation of variables in both time and space. The spatial integration
of the water table shape between drain and mid-drain, using the factor concepts developed by Guyon

(1963) and Youngs (1966), results in the following equation solely dependent on the time variable:

dH®) _

H2
uc at _KsatF + R(t) (Eq. 4)

where C [-] is defined as the “second water table shape factor”, L [L] the half-drain spacing, and H [L]

2
the water table elevation above the drain at mid-drain. The term J(H) = Ksat% [LT?] represents an

equivalent Hooghoudt equation (Hooghoudt, 1940; Van Der Ploeg et al., 1999) describing the steady-

state drainage discharge, in assuming that the drain lies on the impervious horizontal layer. Further
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details of different steps establishing the model equations can be found in the publication by Bouarfa

and Zimmer (2000).

From Darcy's Law, let's now add the influence of recharge, as established by Lesaffre and Zimmer

(1987), which yields the following equation to calculate drainage discharge:

QM) =AJ(H) + (1 - A)R() (Ea. 5)

where A [-] is called the “third water table shape factor”.

The water table shape factors C and A are equal to 0.904 and 0.896, respectively, as calculated by
integrating % of the ellipse curve, corresponding to the water table shape between drain and mid-drain
(Bouarfa and Zimmer, 2000). Eq. 5 reveals that during the recharge stage, drainage discharge Q(t) is
generated by: (i) the water table recession based on the Hooghoudt equation (the A.J(H) term), and
(ii) the direct contribution of net recharge (the (1-A).R(t) term). In Eq. 5, the water table shape factor
A enables the water table recession to contribute to drainage discharge by a factor of 86.9%, to be

subsequently completed with the direct recharge at 13.1% (1-A) of R(t).

In this study, surface runoff is calculated using a simplified approach. Several empirical models are
available to calculate surface runoff, such as the model by Horton, and Green and-Ampt (Musy and
Higy, 2004). However, most of these models are based on parameters that lack physical meaning and
can only be defined by model calibration. The simplest empirical approach consists of assuming that
surface runoff occurs when the soil reservoir reaches its maximum storage capacity (Dooge, 1959), i.e.
when the soil profile is totally saturated and the water table lies near the soil surface. We thus assume
that the generation of surface runoff is independent of the soil infiltration capacity in drained soils.
Observations in drained fields do indeed show that the surface runoff rate is reduced, compared to an
undrained field, and moreover account for roughly 10% of total outflow, thus confirming the high

infiltration capacity of drained soils (Augeard et al., 2005; Kao et al., 1998; Trajanov et al., 2018). In the
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SIDRA-RU model, when the water table elevation (H) equals drain depth (d), the excess rainfall is

converted into surface runoff.

4  Model evaluation

The aim of this study is to validate the ability new SIDRA-RU model to address the tasks of drainage
discharge and drain flow start at the field scale based on the existing experimental observations. We
begin by assessing the model performance in order to simulate drainage discharge using the classical
calibration and validation criterion KGE (Gupta et al., 2009). Next, we evaluate the model by predicting
the drain flow start. A criterion determining the drain flow start dates from both observed and
simulated drainage discharge is presented. We finish by conducting an analysis to assess the sensitivity

of model parameters with respect to KGE and the drain flow start criteria.

Running SIDRA-RU requires introducing input data (rainfall and evapotranspiration) as well as field
characteristics. The SD geometry data consist of the 0.8-m drain depth (d) and the 5-m half-drain
spacing (L). The correction coefficient for the CET calculation, which depends on the type of soil cover

(B), equals 1.

The water partition parameter (a) is not considered for model calibration, because its influence on
model calibration using observed drainage discharge is negligible (See sensitivity analysis results,
section 5.1). During the period when drainage season starts (delimited by Sinter and Smax), the ratio of
drainage discharge to rainfall is typically low. Field observations have indeed shown that during this
period, the ratio equals approximately 1/3 (Favrot and Lesaffre, 1984; Lesaffre, 1988; Lesaffre and

Morel, 1986). The partition coefficient a is thus set theoretically at 1/3.

The calibration model parameters are: the two soil reservoir parameters (Sinter and Sips), and the two

soil hydrodynamic parameters (K.t and p). This modeling approach assumes uniform hydraulic
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properties within the soil profile, thus leading to calibrate an average value of the parameters set for

each plot.

A performance assessment of the model must acknowledge the fact that drainage discharge is highly
variable during the drainage season. To account for this seasonal variability, the Kling-Gupta efficiency
(KGE, Gupta et al., 2009) criterion (Eq. 6) is used for model calibration and validation. This KGE criterion
has the advantage of incorporating drainage discharge variability throughout the simulation period by

combining the correlation, bias and variability between simulated and observed drainage discharges:

KGE=1—/(r—-1)2+(e—1)2+ (A —1)2 (Eq. 6)

where A denotes the ratio between the mean simulated and mean observed drainage discharges (i.e.
the bias), r the linear correlation between observations and simulations, and € the measure of relative
variability. KGE values range from - to 1. The model performance is improved when the value of KGE

lies close 1 (Gupta et al., 2009).

The limited number of calibration parameters in SIDRA-RU serves to limit the equifinality problem and
the possibility of obtaining secondary optima (Coron et al., 2017). The optimization algorithm is based
on the drainage discharge results, using the KGE criterion as Objective Function (OF) combined with
“airGR” R package (Coron et al., 2017; Michel, 1987). First, a grid-screening algorithm explores the
parameters space by systematic examination and extracts the most likely convergence zone
(Mathevet, 2005). Second, a steepest - descent local search procedure (Michel, 1991) seeks to improve
the OF by refining the previously obtained parameter set. Note that each parameter is independently
calibrated without considering their possible correlations. The sampling procedure is based on the

probability distribution function (pdf) and the limits of the four calibration parameters (Table 3):

- Kstand p follow a log-normal distribution (Kosugi, 1999; Ren and Santamarina, 2018; Rousseva
et al., 2017; Schaap and van Genuchten, 2006; Suleiman and T. Ritchie, 2001). The pdf and the

limits of hydraulic conductivity Ks.t and drainable porosity p values in Table 3 were established
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from 35 hydrodynamic measurements in different drained hydromorphic soils by means of
Guyon's pumping test (Lesaffre, 1990). These experiments were carried out in the 1980’s as
part of the measurement campaign initiated by the French Ministry of Agriculture that allowed
establishing 70 referenced soil areas (Lagacherie, 1987);

- The soil reservoir parameters (Sinter and Sips) follow a normal distribution similar to that used

for maximum soil water content (Biswas, 2019; Brocca et al., 2007);

- Table 3: Characteristics of the pdf representing the variations in SIDRA-RU parameters

SIDRA-RU Pdf type Limit interval Standard
Mean
parameters Min Max deviation
Sips (Mm) Normal 10 55 333 17
Sinter (MmM) Normal 55 225 138.4 53.3
K (m/day) Log-normal 0.03 4.63 0.9 3.17
u(-) Log-normal 0.015 0.13 0.031 1.926

The model evaluation is performed using the split-sample test (Klemes, 1986), by dividing the 16
seasons (Table 2) of daily drainage discharge measurements into two equivalent periods: Period P1,
from 1994 to 2002, and Period P2, from 2002 to 2010. For each period, the model was run in turn for
both calibration and validation of drainage discharge. Figure 3 shows the mean variations in yearly
cumulative rainfall and drainage during these two periods on plots TO3 and T04. Note that Period P1
is wetter than P2, with a higher variation in the yearly cumulative rainfall and drainage discharge
(Figure 3 displays the various box widths). It then becomes interesting to test the behavior of model

calibration and validation during these two defined periods.
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Figure 3: Comparison between periods P1 and P2 - the mean variations in
yearly cumulative rainfall and drainage discharge data on plots TO3 and T04.

The boxes are delimited by the 25% and 75% quartiles.

4.2 Assessment of drain flow start dates

To assess model accuracy in predicting the drain flow start, a criterion has been established in this
study, based on the mean of the absolute difference between observed and simulated drain flow start

dates (Xqiff ). This criterion is calculated as follows:

Xaitf = mean [abs (Dateobs - Datesim)] (Eq. 7)

where Datesm and Dateoss (in Julian days) are the determined dates of drain flow start from the

observed and simulated drainage discharge, respectively, using this dynamic threshold; “abs

represent the absolute value.

The best date prediction occurs when Xt lies near zero. This criterion, in calculating a mean value for
the 8 drainage seasons for each period, is sufficient to evaluate model performance in predicting the

drain flow start. It is not used however for model calibration.
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The objective of the sensitivity analysis is to identify the model input parameters exerting the greatest
influence on two performance criteria, namely drainage discharge (using KGE criterion) and the drain

flow start criterion (Xaitr).

Several sensitivity analysis methods are available to analyze model effectiveness (looss and Lemaitre,
2015; Saltelli, 2008). In light of the low number of input parameters, it is possible to perform a global
sensitivity analysis (GSA) of SIDRA-RU using the Sobol method (Sobol, 1993), based on the variance
decomposition principle. The purpose of this method is to allocate a fraction of the total variance in
the evaluation criterion to each model parameter. The main advantage of this method is its strong
performance with nonlinearities that can be often problematic in hydrological modeling (e.g Gatel et
al., 2019; Mufioz-Carpena et al., 2007). When considering a model with several parameters, the Sobol
method allows quantifying their impact on the model response as well as their interactions regarding

the evaluation criterion (Pianosi et al., 2016; Saltelli et al., 2000).

The total variance of the model output, in this case the quality criteria of drainage discharge and Xai,
is allocated to each parameter using two sensitivity indices: the first-order sensitivity index (Si), and
the total sensitivity index (TSi). The Si index represents the direct impact of each parameter taken alone
on total variability, while TSi is defined as the sum of the impact of each parameter taken alone and in
interaction with others on total variability. Several methods exist to define the Si and TSi index values,
and no single one prevails over the others. Consequently, it is recommended to use several methods
to compute the sensitivity indices in order to assess the robustness of GSA. In this study, we tested
three variance estimators from (i) Saltelli (2002), named Saltelli2002, (ii) Jansen (1999), named Jansen,
and (iii) Martinez (2011), named Martinez. Si has been computed based on the same estimators as TSi,

plus the Roalhs estimator (Tissot and Prieur, 2015), named ROALHS.

The SIDRA-RU sensitivity analysis is focused on the following parameters: soil hydraulic conductivity

(Ksat), drainable porosity (W), intermediate reservoir level (Sinter), the intense drainage season reservoir
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level (Sips), and partition coefficient a. The Sobol sampling procedure is based on the probability
distribution function (pdf) and the limits defined for all calibration parameters presented in Table 3

and the partition coefficient a, which follows a uniform distribution and ranging from 0 to 1.

In practice, input parameter was sampled in its respective pdf, as defined in Table 3. The sampling size
was n = 1,000, and the total number of simulations for Np = 5 parameters was thus: Nt = (Np+2)*n =
(5+2)*1,000 = 7,000. Bootstrap methods were then implemented to evaluate the uncertainty

associated with each estimator, considering the 95% confidence interval, and 100 bootstrap replicates.

5 Results

This section reports the results obtained by the SIDRA-RU model in terms of optimal criterion
performance. The first subsection will discuss the sensitivity analysis results of the five model
parameters (Ksat, W, Sinter, Sips and a) with respect to the drainage discharge (by mean of KGE criterion)
and Xair criteria. The second subsection will provide the results obtained for the calibration and
validation of four model parameters (Ksat, 1, Sinter and Sips) using the daily drainage discharge in the KGE
criterion, and analyze the results obtained for yearly cumulative of drainage discharge and surface
runoff. Next, the reliability of the model in predicting the drain flow start will be assessed using the
Xaife Criterion. The assumption of approximating the soil WHC by Siner (section 3.1) will be assessed by

comparing the Sinter values and the measured WHC for both plots T03 and T04 (Table 1).

Drainage discharge simulation T04_P1 (Table 4, section 5.2) has been used as a reference for the
sensitivity analysis of the five SIDRA-RU model input parameters (Ksat, 1, O, Sinter, Sips). This analysis
generated 20 first-order indices (Si) and 15 total-order indices (TSi) per criterion (using drainage
discharge and Xgif). Figure 4 shows that the various methods used, all present a similar hierarchy of
input effects on each criterion, with small deviations, thereby confirming the reliability of the

sensitivity analysis conducted. As regards the drainage discharge, hydraulic conductivity (Kst) is the
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parameter featuring the highest Si index (from 0.4 to 0.6); it explains nearly half of the total model
variance with respect to this criterion. Drainable porosity u reflects values of the Si index around 0.2.
The TSi index exhibits an identical trend; its values for K., are close to 0.8 and for p close to 0.5. The
last three parameters (., Sinter, Sins) all display values for both the Si and TSi indices of close to zero and
have negligible influence on drainage discharge. Sobol (2002) and Martinez (2011) estimators show a
greater difference between Si and TSi for Ks.t and |, hence highlighting strong interactions between
them. In contrast, the TSi for a, Sinter and Sips parameters lie close to zero, thus indicating that taken
alone or interacting with others, these parameters exert no influence on drainage discharge. In
considering the very limited effect of parameters a, Sinter and Sips, it can be concluded that the
interactions are essentially occurring between K.t and p, thus demonstrating that these two

parameters are the only ones sensitive to the drainage discharge.

As regards the Xgisr criterion, Sinter is the parameter with the highest Si and TSi indices, with values close
to 0.8 for both, hence the importance of this parameter in the model defining drain flow start. The TSi
and Sl index values for Sips are nearly zero, thus demonstrating that the Xqi criterion is insensitive to
this parameter taken alone or in interaction with the other model parameters. Parameter a, reflecting
values of Si index around 0.1 and TSI index around 0.18, has little impact on the model performance
regarding the drains flow start. The hydrodynamic soil parameters Ks.t and u exert no influence on the

Xuiff criterion.
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Figure 4: Sensitivity analysis of the five SIDRA-RU model input parameters with respect to both
drainage discharge and Xqif criteria using the Sobol method with four variance estimators
(Saltelli2002, Martinez, Jansen and Roalhs). The blue points represent the first-order Sobol (Si)
indices and red points the Total-order Sobol (TSi) indices; dashed lines indicate the uncertainty of

each index, considering the 95% confidence interval.

5.2 Model performance assessment

The split-sample test yields calibration and validation results in two parameter sets for each plot (Table
4). Simulations using either period P1 or P2 for calibration are followed by the suffix P1 or P2, for plots
TO3 and TO4, respectively. The KGE values obtained exceed 0.81 for calibration and 0.75 for validation,
thus indicating that model calibration can be considered good enough for hydrological modeling
(Knoben et al., 2019). However, the calibrated parameters differ slightly depending on the selected
calibration period. This variability is mainly influenced by the hydrological variability of period P1, as

compared with P2 (Figure 3). For the various calibration tests, the resulting values of drainable porosity
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u are identical, while those of hydraulic conductivity Ks.: range from 0.54 to 0.73 m/day. This difference
is more pronounced for the soil reservoir parameters. Note that the calibrated Siner values
overestimate the measured WHC, calculated as water held by the soil between the drain and the soil
surface (see Table 1). As the WHC has been approximated by Siuer (see section 3.1), this result reveals

that part of the soil below the drains can contribute to water storage before the start of the drain flow.

Table 4: Split-sample test results of model performance based on drainage discharge data

from plots TO3 and TO4

Calibration period | Validation period

Simulation Calibrated parameters
P1 (1994-2002) P2 (2002-2010)
Xdiff Ksat H Sinter Smar
KGE KGE
(days) (m/d) () | (mm) | (mm)
T03_P1 0.846 0.751 5.5 0.73 0.05 105.5 | 110.6
T04_P1 0.818 0.82 8.0 0.71 0.05 119.3 | 127.1

Calibration period | Validation period
Calibrated parameters

P2 (2002-2010) P1 (1994-2002)
T03_P2 0.839 0.78 7.5 0.54 0.05 | 102.4 |130.7
T04_P2 0.871 0.785 6.0 0.73 0.05 | 140.0 |152.9

The graphical comparison between the measured and simulated drainage discharges of plot T04, using
calibration period P1 (simulation T0O4_P1), is illustrated in Figure 5. The results obtained from plot T03
show the same variations as from plot T04, discussed herein. The two graphs, for the calibration and
validation steps, indicate that the simulated daily drainage discharge is in good agreement with
observed values, during both high and low drainage seasons (Figure 5). This simulation slightly
underestimates the observed peak discharge and slightly overestimates the low and medium discharge
values. The model does not capture some of the observed peak flows, such as those in July 2001,
August 2003 and July 2009, and does not correctly simulate the drain flow start of some drainage

seasons, e.g. December 2001. These inaccuracies might be explained by the use of SAFRAN rainfall,
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defined on an 8 km x 8 km grid instead of that measured in the field as input data, or else by drainage
discharge measurement errors, which are difficult to verify. Aside from these few simulation

shortcomings, the model faithfully reproduces the drainage discharge observations.
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Figure 5: Calibration (period P1) and validation (period P2) of the SIDRA-RU model

using observation data from plot T04

For simulation TO4_P1, Figure 6 shows the variations in yearly cumulative rainfall, the measured and
simulated drainage discharge and surface runoff (mm/season), and the drainage flow start time
differential (days). At the scale of a hydrological season, except for a few wet years, the simulated
cumulative drainage discharge lies close to the observed values (to within 10%). The mean simulated
drainage discharge of 250 mm/season is in good agreement with the observed volume of 236
mm/season (Table 2). The yearly simulation of surface runoff (calculated by the model as excess

rainfall) is of the same order of magnitude as the available data observations (from 1995 to 2004).
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Figure 6: Comparison between yearly cumulative observation and simulation results for plot T04,
using the parameter set of calibration period P1 (TO4_P1): rainfall, simulated and observed drainage
discharge and surface runoff [mm/year], and the difference in simulated and observed drainage flow

start times [days].

The reliability of the SIDRA-RU model in predicting drain flow start was also assessed using the Xaitt
criterion (Eq. 7). The median values of Xqitr are less than 8 days for both plots (Table 4). For simulation
TO4_P1, Figure 6 shows that the model accurately simulates the drain flow start, except for seasons
1994-95 and 1998-99, when the difference in simulated and observed drain flow start times was equal

to 34 and -32 days, respectively. For the entire simulation period, the model output a median Xqir value
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of 5 days with a standard deviation of 10 days. These results demonstrate that model calibration based
on the drainage discharge observation does not reduce the large discrepancies between drain flow

start observation and simulation.

6 Discussion

The main objective of integrating a soil reservoir module (RU) into the SIDRA model consists of
simulating a continuous drainage discharge over several hydrological years, as opposed to the original
SIDRA model, which is only applied during the intense drainage season and a priori qualified by users.
The SIDRA-RU performance analysis has been based on optimizing the four model parameters (Ksat, W,
Sinter, Sips) to maximize calibration criterion KGE, based on drainage discharge. The comparison between
daily observation and simulation of drainage discharge proves to be satisfactory in most seasons
examined. Simulations reveal good flow dynamics, with KGE values greater than 0.75, which are
efficient in hydrological modeling (Knoben et al., 2019). The peak flows have been correctly simulated,
yet some events have been slightly under-or overestimated. These small deviations might be related
to the input data or the model's simplifying hypothesis, e.g. neglecting deep infiltration and
preferential flow (Pluer et al., 2020). In terms of yearly cumulative drainage discharge and surface
runoff, these results show that the simulations lie very close to the observations. As for the

observations themselves (Table 2), the simulated surface runoff is less than 12% of total outflow.

The model evaluation demonstrates that for most drainage seasons, the observed drain flow start
times are predicted with good accuracy. However, large gaps can be noticed when predicting the drain
flow start times for certain seasons; the main cause may be related to the rainfall regime. Indeed,
continuous rainfall does in fact cause a progressive rewetting of the soil profile until formation of the
perched water table. Any heavy rainfall on dry soil can generate preferential flow toward the drains
before total saturation of the soil profile (Zimmer, 1992). Since this process is neglected in SIDRA-RU,
the prediction of drain flow start time gets delayed. Despite such simulation differences, the model is

still capable of predicting drain flow start with a relatively acceptable standard deviation of 10 days.
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Thus, the model can offer farmers and agricultural operators accurate critical period to avoid the
application of pesticides and fertilizers, other than changing or limiting their application to the autumn

or winter period (Brown and van Beinum, 2009; Lewan et al., 2009).

The sensitivity analysis of SIDRA-RU parameters, according to the Sobol method, indicates that model
performance with respect to the drainage discharge (using KGE Criterion) solely depends on
hydrodynamic parameters Kt and W. The soil reservoir parameter Sinter, Which describes the threshold
when the soil reservoir is capable of recharging the drained water table, has negligible impact on model
sensitivity, as regards drainage discharge. Meanwhile, model performance relative to the drain flow

start (as described by the Xqis criterion) mainly depends on the parameter Sinter.

In our modeling approach, the soil hydrodynamic parameters K.t and p, governing the water table
flow, have zero impact on the determination of the drain flow start dates. Indeed, the water table only
starts to form when water storage in the soil reservoir lies above the Sinter threshold in the RU module
(Section 3.2). This module considers the unsaturated zone as a single reservoir system defined by its
storage level parameters (Sinter and Sips), with instantaneous input (net infiltration) and output (water
table recharge). Thus, the RU module does not take into account dynamic flow in the unsaturated zone

(e.g. (Niswonger et al., 2006)) nor any influence of the soil hydrodynamic parameters.

The sensitivity analysis has also shown that model parameter a has a negligible impact on the model
performance regarding the drainage discharge, thus confirming the assumption to set this parameter
to 1/3, within the limit of the SIDRA-RU model proposed in this study (Section 3.2). However, this

parameter has a little influence when defining the drain flow start.

In situ, the soil hydrodynamic parameters (Ksat, 1) can be estimated using Guyon’s pumping test
(Chossat, 1995; Guyon and Lesaffre, 1986; Lesaffre, 1990). However, the field estimation of the soil
reservoir parameters (Sinter and Sips) is difficult. Theoretically, their values lie close to the measured
WHC of the soil profile, which is available from farming professionals. We would suggest determining

these values by means of model calibration based on the drain discharge observations.
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7 Conclusion

This study has presented a modeling strategy based on the integration of a new module (RU) in order
to manage the behavior of the SIDRA model's soil reservoir. This novel concept allows calculating the
recharge of the perched water table. Integration of the RU module makes it possible to simulate the
flow of soil water through the drainage system. This model is run with four parameters, serving to
control the behavior of both soil water storage and hydrodynamic flow of the perched water table,

both of which are determined by means of model calibration.

Application of SIDRA-RU at the “La Jailliere” experimental site has revealed its efficiency in simulating
drainage discharge during both wet and dry seasons. Simulation output is in good agreement with the
observed daily drainage discharge and yearly cumulative volume in most of the seasons studied; in
addition, the model correctly identifies the drain flow start, i.e. accurate to within a median value of 5

days and a standard deviation of 10 days.

The sensitivity analysis conducted for five model parameters (Ksat, M, Q, Sinter, Sips) indicates various
dependencies on the performance criteria tested. The calibration of drainage discharge is mainly
sensitive to hydraulic conductivity and drainable porosity, whereas the determination of drain flow
start time is sensitive to the soil reservoir parameter Sinter. TO reduce simulation uncertainties, it is
recommended to calibrate Sinter and Sips independently of the Ksat, 1 calibration using the observed

drainage discharges.

The model's ability to predict drain flow start times with good accuracy allows preventing the transfer
of agricultural pollutants into the water surface. Predicting the first drainage flows, using 6-days
weather forecasts, allows farmers and agricultural operators to plan for the critical application timing
and, hence, reduce the level of pesticide transfer. Moreover, this new model simulates the drained
yearly volume with a good level of approximation, thus offering the potential for realistic estimations

of the annual transfer of various pollutants of agricultural origin by means of SD systems.
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