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Abstract — The generic crop model STICS was modified to take into account shallow water-table fluctuations and subsurface drainage in the
context of French waterlogged soils. This was accomplished by incorporating a subsurface drainage component into STICS code. The SIDRA
(Simulation du Drainage) model was adapted to a daily time-step. For the dimensional aspect, the passage from two-dimensional drainage
functioning to STICS one-dimensional conceptualization is done by taking an average water elevation between drain and mid-drain spacing.
Simulation performances of the new STICS were evaluated by comparing its predictions with six years (1979-1983 and 1985-1986) of
measured data from the field experiment of Arrou, located in northern France. Comparisons of STICS predictions with the measurements of
drain-flow rates, total drained volumes and depths to water table for different crops and drain spacings were satisfactory. Nevertheless, the
performances were better for drain spacings of less than 20 m and for winter crops or covers.

subsurface drainage / Hooghoudt’s equation / crop water model / flow / water table

1. INTRODUCTION

In temperate climates, many shallow soils suffer from tem-
porary waterlogging during humid seasons. In most cases, this
waterlogging is a consequence of an accumulation of infiltrated
rainwater above a geological or pedological “impervious” layer
located close to the soil surface. Soil waterlogging is detrimen-
tal to crop yield and constitutes a major constraint for the man-
agement of 30% of French agricultural areas [17] (artificially
drained land in France is about 3 million hectares [8]). In French
waterlogged-soil areas, the waterlogging period occurs from
the end of fall to the beginning of spring. By reducing climate
and soil constraints, agricultural drainage contributes to
increasing crop yield and optimizing soil tillage. Artificial
drainage efficiency depends on drainage density, i.e. the depth
of the drain base and drain spacing (about 0.9 m and 10 m,
respectively, in the French context). It is commonly accepted
that agricultural drainage strongly influences shallow water-
table functioning.

Estimation of drain-flow rates and drained volumes are cru-
cial in order to quantify water and solute fluxes and to assess
agricultural and environmental impacts [2, 19]. Existing drain-
age models traditionally follow various approaches. Each kind
of model is developed to satisfy specific objectives, which
determine the nature of the model (conceptual, deterministic,
etc.), and the particular assumptions used. Lorre and Lesaffre
[15] distinguish four different model types on the plot scale: (1)
saturated flow models; (2) unsaturated flow models; (3) satu-
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rated and unsaturated flow models, i.e. complete models, and
(4) water balance models. In model classes 1, 2 and 3, the mod-
eling is deterministic and based on physical local equations.
Generally in water balance models (class 4), the modeling is
more conceptual. Model resolution is based on analytical or
semi-analytical equations or based on a numerical scheme for
steady state or unsteady state. These equations are derived from
the solution of Laplace or Boussinesq’s equation, using appro-
priate assumptions. In many drainage models, a steady state
relationship between water-table elevation at drain mid-spac-
ing (H) and drain-flow rate (Q) is assumed to be valid regardless
of the possible effects of the time-dependent recharge on this
relationship. For instance, in models such as DRAINMOD
[23], EPIC-WT [20], GLEAMS-SWAT [18] or RZWQM [22],
drain-flow rates are predicted by Hooghoudt’s equation. In
models such as SWACROP [10] or SWAP [24], Ernst’s equa-
tionisused. In AGRIFLUX [1] the Bouver and van Schilgaarde
equation is solved.

Among them, acomparison has been done by El-Sadek et al.
[7] between two different models including different approaches:
SWAP and DRAINMOD. SWAP is a one-dimensional, phys-
ically-based and daily time-step model for water, heat and sol-
ute transport in the saturated and unsaturated zones, and also
includes modules for simulating irrigation practices and crop
growth. SWAP takes into account hysteresis for soil hydrody-
namic properties and can simulate preferential flow [21]. The
water transport module in SWAP calculates water flux in the
soil profile by solving Richards’ equation based on Darcy’s law
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and by using hydraulic functions for each horizon. Drain-flow
rates are calculated by applying Hooghoudt’s or Ernst’s equa-
tion. Moreover, SWAP distinguishes the drain-flow rate above
the drain and the drain-flow rate of all the plots at the bottom
profile. This is why SWAP is usually considered as a quasi-
two-dimensional model [21]. On the other hand, the DRAIN-
MOD model is based on the water balance of a thin section of
soil located midway between the drains and extending from the
impermeable layer to the soil surface. The percolation rate of
water into the unsaturated zone from the soil surface to the top
of the water table is calculated by Green and Ampt’s equation.
The method used to derive drainage rates is based on the
assumption that lateral water movement occurs mainly in the
saturated region. The drain-flow rate is also calculated by
Hooghoudt’s equation in steady state. When the water table
rises to the surface and the surface is ponded, the DRAINMOD
model switches to Kirkham’s equation. The model can use dif-
ferent time-steps (hourly and daily). Water movements into the
soil profile are vertical and depend on system depth and time.
The soil profile is a succession of 10-cm horizontal layers in
which water content is determined from water redistribution.
In spite of the different approaches, the authors conclude that
in their conditions the two models perform equally well.

Despite a few coupling attempts [e.g. 18, 20-22], drainage
models are not really crop models. Inversely, most crop models
do not correctly predict subsurface drainage rates. Neverthe-
less, taking subsurface drainage into account in crop models is
a good and inexpensive way to test new management practices
and to elaborate on agricultural recommendations. With the
increasing application of crop models, these tools are beginning
to be used as technical aids for decision-making in the areas of
agronomy and the environment [5]. In an agricultural context
where inputs are limited (for reasons concerning the environ-
ment, product quality, etc.) it is difficult to explain the interac-
tion between basic processes without the help of an integrated
model. STICS (Simulateur mulTIdisciplinaire pour les Cul-
tures Standard) thereby appears, like many other crop models,
to be useful for research on cropping systems and for assessing
their agronomic or environmental impacts. STICS is a generic
crop growth model constructed as a simulation tool capable of
simulating agronomical variables under realistic agricultural
conditions. The model is described in detail in Brisson et al. [3,
5]. It simulates crop growth as well as soil water and nitrogen
balances driven by daily climatic data. It predicts both agricul-
tural variables (yield and input consumption) and environmen-
tal variables (water and nitrogen losses). The formalism used
in STICS and the parameter values are largely inspired by the
existing literature. This has the advantage of being able to rely
on equations that have been validated independently from each
other [5].

Two main requirements must be followed to incorporate a
subsurface drainage module into the new STICS version 5, as
advised by the model designers: (i) the use of simple concepts
and introduction of a minimum of new parameters, and (ii) the
robustness of the module structure to facilitate subsequent
developments.

The objective of this study is to adapt a classical drain-flow
model (SIDRA, SImulation du DRAinage, [2, 12]), to the par-
ticular water balance scheme of STICS. The modified STICS
version 5 was tested against experimental data from a set of

agricultural plots in France. This paper focuses on hydraulic
aspects rather than cropping management and solute transfers.

2. THEORY

2.1. STICS (version 4) water balance concept in soil

STICS is a soil-plant-atmosphere model with an atmos-
pheric upper boundary (characterized by standard climatic var-
iables: net radiation, minimum and maximum temperatures,
precipitations, reference evapotranspiration or eventually wind
and air moisture) and with a soil/subsoil lower boundary. This
dynamic model operates on a daily timescale and simulates car-
bon, nitrogen and water balances of the soil-plant-atmosphere
system for various agricultural cases. Data required to run the
model relate to climate, soil (water and nitrogen initial profiles
and permanent soil features) and crop management.

The soil is described as a vertical succession of layers. Each
layer is characterized by water quantity, organic matter and
nitrogen content. The model uses the concept of field capacity
and introduces two porosity classes. Description of soil includes
four compartments: microporosity (or textural porosity),
macroporosity (or structural porosity), cracks (in the case of
swelling clay soils) and stones. The soil is divided into five hori-
zons but calculations in the microporosity are done per 1-cm-
thick layer. Water transport in soil micropores is calculated for
each 1-cm layer using a tipping bucket approach. Parameters
concerning soil hydrodynamic properties are provided for each
horizon: field capacity, permanent wilting point, bulk density,
stone content and type of stone and infiltrability. Water supplies
cascade down, filling up the layers up to field capacity. The per-
manent features of the 1-cm layers (field capacity, permanent
wilting point and bulk density), as well as initial water content,
are deduced from those of the 5 horizons describing the soil.
The macroporosity and the crack compartments play a role in
drainage and run-off processes. For each horizon, a daily infil-
tration parameter is defined that can limit the amount of infil-
trated water, thereby filling up the macropores in the horizon.
For non-swelling soils, macroporosity is calculated as usual on
the basis of the total porosity (a function of bulk density) and
field capacity. Water thereby reaching the horizon above can
be used to supply the micropores, before filling the macropores.
In those conditions, the STICS version 4 water balance module
does not predict subsurface drainage flow.

2.2. Coupling and adapting the agricultural drainage
module

2.2.1. SIDRA

The SIDRA model uses an original approach combining
analytical and numerical resolution techniques. An analytical
approach leads to spatial integration of Boussinesq’s equation.
It is based on the assumption of either a constant water table
shape allowing the separation of the variables in the Laplace
equation, or a time-dependent water table shape. The final dif-
ferential equation, providing the water table elevation midway
between drains, depends only on time and is solved by a simple
numerical technique (the Runge-Kutta method). Due to its orig-
inal approach, the SIDRA model has in addition the advantage
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of accurately simulating peak flows. The model uses hydrom-
eteorological data (rainfall and potential evapotranspiration) as
input data and provides the hourly midpoint water table level
and drain-flow rate as output data. Depth-dependent soil prop-
erties are taken into account by the model. SIDRA introduces
the drainable porosity concept that takes into account interac-
tions of the water table with the unsaturated zone. The drainable
porosity (W) is defined as the ratio between the volume of water
released or stored as the water table moves by unit distance and
the volume of drained material affected by the water-table
movement.

SIDRA uses net recharge for each time-step and calculates
water-table elevation fluctuations at the drain mid-spacing and
drain-flow rates. The net recharge is defined as the difference
between rainfall and evapotranspiration. The assumption that
the net recharge of the water table is equal to the infiltrated rain-
fall is in generally realistic for wet periods [11]. Drainage
design is characterized by a constant spacing between the par-
allel drains and by the tile depth. The differential equation is
derived from Boussinesq’s equation and can be written as [2]:

o Y = gy g -m w0

where C is a water-table shape factor [-], u drainable porosity
[-], H(t) water-table elevation at drain m1d spacing for the time
t[L], R(¢) net recharge for the time ¢ [L. T! 1, J(H) Hooghoudt’s
functlon and corresponds to the drain-flow rate in steady state
[L. T ] For more details on the water-table shape factor, see
[9].

Hooghoudt’s formulation in the case of a drain lying on the
impervious barrier, is defined as:

2
K- H(t
s = 220, @)

with K, saturated hydraulic conductivity [L.T‘l] and 2L, drain
spacing [L].

2.2.2. Boussinesq’s equation simplification

The right term of equation (1) shows that the drain-flow rate
can be expressed as the sum of three components. The first term
represents the recharge contribution. The second term repre-
sents the water-table contribution. The third term corresponds
to contribution due to water storage affected by changes in the
water-table shape. The relative weight of these three compo-
nents depends on the drained system properties and on the sim-
ulation time-step. Concerning the drained system, Bouarfa and
Zimmer [2] showed that a particular combination of parameters
determines the relative weight of the three components. Indeed,
this factor (called o) determines how peaky the response of a
drainage system is. It is defined as:

o=K/u-1» LT 3)
Most French drained soils are usually characterized by a factor
o greater than 1: they are called “nervous” and the changes in
water-table shape occur very quickly. As a consequence, it can
be assumed that water-table deformations have minimal impact
on simulations even at the hourly time-step. Thereby in the case
of the daily STICS model, the third component on the right-

hand side of the equation (1) can be neglected. Hence equation
(1) is rewritten as:

dH(1)
dt

After this first step, the second right-hand term of the right
equation (4) is tested. A study of time-step sensibility was done
to assess its influence on drain-flow calculation. The simplified
approach is compared with the complete model based on the
SIDRA model (Eq. (1)). The complete model [2] is based on
numerical computation of Boussinesq’s equation and calcu-
lates the three components of drain flow. The complete model
can simulate drain-flow rates for different time-steps: 1 hour,
4 h, 8 h, 16 h, 24 h and 48 h. In comparison, drain-flow rates
are computed by different simplified approaches including the
two-component equation (5 derived from 4) and the one-com-
ponent (J(H)) equation (6 simplified from 5):

C-u = R(t)-J(H). )

Ot) = A - JH)+(1-4) - R(t)= 4 - K= H +(1-4) - R(D)
5)
2
o = sy = &A1 ©)
L

where Q(7) is drain-flow rate [L.T_l]; A is a dimensionless
water-table shape factor defined as the ratio of the first water-
table shape factor B by C, the second water-table shape factor
[-]; R(¢) net recharge [L. T! ].

The first and second water-table shape factors B and C are
defined analytically in [2], and the third water-table shape fac-
tor C is deduced from A and B by the relation: A = B/C. For
example, in the case of drains lying on the impervious barrier
and for steady state the water-table shape is elliptic and B = w/
4=0.785, C=0.904 and A = 0.869 [24].

Hence, in order to assess the weight of simplification, sim-
plified (Egs. (5, 6)) drain-flow rates were used to compare the
time-step effect on the quahty of the simulation considering two
different drained systems: a nervous” system (6=125m Thl)
and a “slow” system (¢ = 0.05 m™~ Lpl ). These values corre-
spondtoa range of possible values in land drainage. The highest
one (1.25m "-h! ) would correspond tolarge values of K, small
values of W, and small drain spacings (for instance, K =1mdl;
U =1.9% and L = 6 m). The lowest one (0.05 m~ Lhh would
Correspond to small values of K, large Values of 1, and larger
drain spacings (for instance K = 0.25 m- 47! ;W=3.6% and L =
8 m). We compared the efficiency of cornplete (which is con-
sidered as a reference) and simplified simulated drain-flow
rates for each time-step and system. For this theoretical
approach, one representative set of data is taken from those
described in Section 3.

Moreover, the Nash criterion e [16] is used. It is defined as:

i (le. - Qs )2

i=1

" — 2
> (Qp,— )
i=1
where Q,; is the drain-flow rate computed from the complete
Boussinesq equation (reference simulation) at time i, O, the

e =1-

@)
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Figure 1. Nash’s criterion versus time-step to compare the daily
drain-flow rates between the two simplified models and the reference
complete model in the case of a “nervous” system and a “slow”
system.

corresponding average complete value computed in n time, and
Qi the drain-flow rate computed by one of the two simplified
models (Eq. (5) or (6)). The greater the consistency between
the two simulated sequences (complete and simplified), the
higher the Nash criterion would be. It reaches 1 when both
sequences are identical.

Figure 1 presents the Nash criterion values versus time- steP
The curve of the “slow” response system (6 = 0.05 m™ Lnh
shows two parts. For small time-steps, simplified models dlffer
from the complete model. Calculated Nash criterions are below
0.9. This kind of system does not generate high peak-flow rates.
The “net recharge” term in equation (5) and water-table shape
changes cannot be neglected for small time-steps. Water-table
recharge contributes to inflating the water-table shape and mit-
igates its effects on the drain-flow rate. Nevertheless, the Nash
criterion is improved with increasing time-steps. For 24 h the
output data for simplified and complete models are almost the

same (e > 0.94).

For the “nervous” system, both kinds of calculation are close
for each time-step (Nash criterion values between 0.97 and 1).
Fast-response systems (6 = 1.25 m™ Lnh generate high peak
flows because of the quick inflating/deflating processes of the
water table. In such systems, peak-flow values largely exceed
the transient recession stage A(f).J(f) component. Besides, at a
daily time-step, water-table shape changes are fast enough to
be neglected in the computations so that drain-flow rates can
be evaluated by equation (5) or (6).

We conclude that in both cases (nervous and slow systems)
errors due to simplified equations (5) and (6) decrease (e greater
than 0.9) when the time-step increases (¢ greater than 16 h).
Concerning STICS adaptation, this daily time-step is supposed
to be acceptable and STICS drain-flow rates calculation uses
the simplest expression: equation (6).

2.3. Effective incorporation of the drainage module
into the STICS model

The previousSTICS version 4 did not take into account sub-
surface drainage. Water in excess in the soil profile is directly

| Constant Elliptic Shape |

L mid drain spacing

O Tile drain

| Equivalent Rectangular Shape |

max

nappe
cotedrain

Impervious barrier

Figure 2. Conceptual scheme of drained shallow water table in soil
profile.

evacuated as surface runoff. Our adaptation is based on the cal-
culation of an equivalent drain-flow rate and on integrating this
water quantity into a new final water balance. This operation
needs two steps: (1) dimensional coupling (to transform the
two-dimensional drained system SIDRA model into a one-
dimensional plot-scale column system) and (2) time coupling
(to transform the hourly SIDRA time-step into the daily STICS
time-step) including new concepts. In the following, the vari-
ables are those used in STICS.

2.3.1. Dimensional coupling

To transform the 2D drained hydraulic functioning into a 1D
column system, the concept of equivalent drainage behavior is
introduced by way of an average water table elevation (H,,,,,.),
shown in Figure 2. This approach is similar to those developed
in the AGRIFLUX model [1]. The general shape of the water-
table elevation between drain area and mid-drain spacing could
be assumed to be constant. This entails that the shape draws a
semi-ellipse (in the case of drains lying on the impervious
layer). Considering the first water-table shape factor (B) as con-
stant, the area of the semi-ellipse, in a two-dimensional water-
table representation, must be identical to the area of the rectan-
gle in the one-dimensional STICS representation. This average
water-table elevation (H,, e) is mathematically linked to the
mid-drain spacing Water-ta le elevation (H,,,,) by integrating
the water-table elevation function depending on the distance
from the mid-drain spacing to the drain, as:

H = H,,,,. — cotedrain ®)
max Bfonnnappe

in which “cotedrain” is the measured tile-drain elevation [L]
and Bformnappe is the first water-table shape factor (B=0.785,
drains lying on the impervious layer) [-].

The dimensional coupling needs to add complementary
assumptions. First, the drainable porosity (W) is supposed to be
equal to the macroporosity compartment of the STICS model
(“calmacro”). When gravity flows appear after microporosity
saturation in the soil, water fills the macroporosity up and
defines an equivalent shallow water table. The roof of the water
table is equal to the highest level of the layer in which the
macroporosity is waterlogged. This height corresponds to the

average water table H,,,,,.. Fixing the value of the drainable
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porosity (see Sect. 2.3.4), equation (9) allows the calculation
of the other water contents (field water capacity hcc):

hcee(nh) = [(%‘ééﬂh))
—(calmacro SR e;c(nh))} . dal(oii)h) )

where epc(nh): depth of soil layer of the soil horizon nh [L];
da(nh): bulk density of the soil horizon nh [M-L’3].

Secondly, the lower boundary in the last soil horizon is sup-
posed to be an impervious barrier fixing a low value (close to
zero) of the hydraulic conductivity (ksol).

The average water-table elevation (H,,,,,,) is assimilated to
the excess level profile obtained by the SlljliCS model consid-
ering water excess that fills and circulates into macroporosity
(see Sect. 2.1).

2.3.2. Time coupling

For every daily time-step (Sect. 2.2.2), an average water-
table elevation is calculated and maximum water-table eleva-
tion at mid-drain spacing (H,,,,,) is deduced (Eq. (8)). With the
drained system parameters, and H,,,,,, a drained water quantity
(assimilated to the drain-flow rate) is calculated, eventually
including some exchanges between successive horizons
according to the following expression (derived from Eq. (6)):

. ksol - H,zmu
gdrain = —_— 10 (10)
ldrain

where gdrain: drain-flow rate [L.T_l]; ksol: hydraulic conduc-
tivity [L.T71]; H,,,: maximal water-table level at mid-drain
spacing [L]; Idrain: semi-drain spacing [L]; 10: conversion

coefficient.

2.3.3. Algorithm

Both couplings were integrated into the STICS algorithm by
adding the module to a subroutine, LIXIV.FOR, of the STICS
model. The subroutine LIXIV.FOR manages water and nitro-
gen transport in the soil profile: for each daily time-step, a
drain-flow rate is estimated and withdrawn from the soil col-
umn. The drained water amount is removed from water con-
tained in the macroporosity. Thereby a new average water-table
elevation is determined in the soil profile by redistribution of
water moving upwards in the soil profile (Fig. 3).

2.3.4. Parameter determination

Model parameters can either be measured in situ during
drainage project planning, or calibrated on experimental drain-
flow recession curves, or on experimental drain-flow rates and
water-table elevation sequences. Field effective and depth-
dependent values of hydraulic conductivity and drainable
porosity are seldom available [25]. A few methods are available
[14]including Guyon’s pumping test [6] that, although lengthy
to implement, appears to be the most accurate method. In
French subsurface drained soils, drainable porosity ranges gen-
erally between 1 and 8%. The order of magnitude of drainable
porosity and saturated hydraulic conductivity could be deter-

New drainage module Water Balance Module
STICS version 4 STICS version 4

i Calculation of Hnappe
Assessment of Hmax (eq 8) RN
Calculation of drainflow rate (eq 10)

Microporisity filing (deep infiltration)
And upward circulation
in the mocroporisity compartment

! Macroporosity of the last horizon:
Withdrawn drained water amount.

Downward circulation %4
in the macroporosity compartment

Calculation of the drain flow sum
(Qcumul)

Distribution between
Runoff and slip filing

A
Continue

Figure 3. Integration of the drainage module in subroutine
LIXIV.FOR (dashed line shows the pathway when drainage module
is activated).

mined by the STICS users by taking into account a simplified
soil typology and corresponding data available in Table 1.
Table I gathers soil types that are mainly represented in France.

3. TEST METHODOLOGY: EXPERIMENTAL
DATA USED

To assume practical applications of the model, no attempt
to calibrate parameters was carried out. Outputs provided by
the modified STICS model were compared with water-table
depths, drain-flow rates and cumulated drainage volumes
measured on a set of experimental plots. In order to test the
model, water balances were compared and Nash’s criterion was
used.

The monitored plots were in the experimental site in Arrou
[12], located in the southwest of the “Bassin Parisien”. The
Arrou site included eight experimental plots of about 2 hec-
tares. Seven of them were equipped with drains with different
spacings (see Tab. II), and one undrained control plot. Drained
flows in some plots had been measured using calibrated over-
flow containers (V-notch weirs) in which water height was
recorded at hourly time-intervals. Observation wells had been

Table I. Value of drainable porosity and saturated hydraulic conduc-
tivity according to mainly French soil textures.

Soil texture ~ Drainable porosity value Saturated hydraulic

conductivity

Sandy 6-8% 5-10 m-d™!
Loamy 3-4% 1 md!
Clay 1-4% 0.01-0.1 m-d™!
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Table II. Characteristics of the measured plots, Arrou, France.

Plot Surface (ha) Drain spacing (m)  Year Crop
1 2.006 10 85-86 Wheat
6 2.004 10 78-79 Wheat
6 2.004 10 79-80 Corn
6 2.004 10 81-82 Wheat
6 2.004 10 82-83 Corn
2 2.006 15 80-81 Rye grass
8 2.004 20 81-82 Wheat
8 2.004 20 82-83 Wheat

set up in the plots and automatically monitored the water-table
height. The hourly data were used to obtain the daily values
(total daily drain-flow rate, mean daily water-level elevation).
The soil is a luvisol with a silty-clayey texture to a depth of
0.50 m and then clayey-silty from 0.50 to 1.30 m. The depth
of the impervious layer is considered to be 0.80 m. Soil prop-
erties are supposed to be similar for all plots. The values of
drainable porosity and mean hydraulic conductivity are,
respectively, 3% and 30 cm-d~! [13]. Tests were done for sev-
eral situations (crop and drain spacing over several years) for
which data were available. As shown in Table II, the plots were
conducted under maize, winter wheat or rye grass. Conven-
tional tillage practices, consisting of a sequence of moldboard
plow, harrow and rotary hoe, were adopted in the plots. Com-
parison was focused on the well-known intensive drainage sea-
son. Generally in subdrainage monitoring, four periods are dis-
tinguished in the whole drainage season. The first drain-flow

rates correspond to the beginning of the drainage season. The
second period is the intensive drainage season (almost all “net
recharges” are converted into drain-flow rates). The third
period corresponds to the end of the drainage season, and the
fourth period corresponds to springtime drainage, which occurs
for a few springtime events. The main points to check are the
first drainage events (when water soil storage capacity starts to
get full) and the total discharge during the intensive drainage
season.

4. RESULTS AND DISCUSSION

Table III summarizes the statistical results of the simula-
tions. For the intensive drainage season, the observed amount
of precipitations and discharge are shown. In most cases, sim-
ulated drain-flow rates agree with the observed data. For each
simulation, Nash’s Criterion e was computed from predicted
and measured drain-flow rate values, restricted to the intensive
drainage season. This method is justified because the simula-
tions are thus independent of the initial conditions and drain-
flow rates are generally null the rest of the year. Analysis of
Nash’s Criterion e raises two points. With e greater than 0.5
(between 0.56 for plot 6, 1982—1983, and 0.77 for plot 6, 1981—
1982), the model shows an acceptable accuracy with the
observed drain-flow rate. However, for the large drain spacing
(20 m in plot 8), criterion e is less than 0.5 (0.01 and 0.25,
respectively, for 1981-1982 and 1982-1983) whereas for plot
6, criterion e is equal to 0.77 and 0.56 for the same years. In
this particular case, the model does not predict the drain-flow
rate accurately. It is probably due to constant values of the
drainage parameters (the water-table shape factor and drainable

Table III. Statistical results of the simulated and observed data for the Arrou survey, 1979-1983 and 1985-1986 (P: precipitation; £Qobs:
observed cumulative drain-flow rate; ZQgycg: simulated cumulative drain-flow rate; XETPgrycg: simulated cumulative evapotranspiration;
2Rgrycs: simulated cumulative runoff; WB = ZQgrycs + ZETPgrics + ZRgrycs: simulated water-balance value; error WB = P — WB: error
between observed precipitation and simulated water balance; error TotalQ (mm and %): error calculated between total observed drain-flow rates
and total simulated drain-flow rates, respectively, in mm and in percentage; eq: Nash’s criterion e computed on daily drain-flow rates).

Plot  Year Intensive Precipitation  £Qqps  XQgsrics XETPsrics ZRgmics WB  error WB - error TotalQ  error TotalQ — eq
drainage season mm mm mm mm mm mm mm %

6 78 01/19/79- 2213 200.28  184.35 393 0 223.65 -1.06% 15.93 7.95% 0.7642
04/10/79

6 79 12/09/79- 315.6 206 249.14 55.35 1.44 30593 3.06% —43.14 —20.94%  0.6341
04/01/80

6 81 12/15/81- 144 138 128 15.8 0 143.8  0.14% 10 7.25% 0.7743
01/21/82

6 82 12/06/82— 375 227 2779 81.9 198 29535 1.21% -50.9 —2242%  0.5667
05/14/83

1 85 02/24/86— 103.8 44 57.5 42.17 0 99.67  3.98% -13.5 -30.68%  0.3848
04/27/86

2 80 12/20/80- 227 146 171 47.63 6.94 22557 0.63% -25 -17.12%  0.6285
03/28/81

8 81 12/15/81- 131 61 98.6 15.11 19.9 133.61 -1.99% -37.6 -61.64%  0.0176
01/26/82

8 82 12/06/82— 285 113 161 79.01 56.01  296.02 -3.87% —48 —42.48%  0.2512

04/11/83
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Figure 4. Daily simulated (Qsim) and observed (Qobs) drain-flow
rate (mm-d’l) curves for Plot 2 (L = 15 m), 1980-1981, and
precipitation curve.
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Figure 5. Daily simulated (Hsim) and observed (Hobs) water-table
elevation above drain pipe (85 cm depth) for Plot 8 (L = 10 m),
1982-1983.

porosity non-applicable for longer distances) used in the sim-
plified model. As an example, observed and simulated curves
for plot 2, year 1980-1982 are reported in Figure 4. The esti-
mated values are very close to the observed ones.

A detailed analysis of Figure 4 reveals that for the whole
intensive drainage season, discrepancy between measured and
estimated data is greatest for peak flows, and the simulated
drain-flow rate cannot exceed a limit, which is determined by
the maximum water-storage amount in the soil profile depend-
ing on the drainage parameters. For all simulation cases, the
model predicts water-level elevation accurately. From a qual-
itative point of view and in spite of drain volume discrepancy
between measured and observed values for plot 8, the simulated
water-table elevation above the drain, Figure 5, shows a trend
in accordance with the observed data. This point underlines
STICS’ ability to assess interaction between crop root devel-
opment and waterlogged conditions. The crop influence is also
evaluated for plot 6 [1978 to 1982]. Nash’s criterion is higher
in the case of winter wheat (0.76 and 0.77, respectively, for
1978 and 1981) than in the case of corn (0.63 and 0.56, respec-
tively, for 1979 and 1982). Before the corn sowing date (in
May), there is no cover and the plot soil is assumed to be bare.
The error could be attributed to a bad estimation of the soil

Ll
160 | P **

s

0 Y=X
0 50 100 150 200
Qobs (mm)

Figure 6. Cumulative simulated drain-flow rate versus cumulative
observed drain-flow rate for intensive drainage season of Plot 6 (L =
10 m), 1979-1980.
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Figure 7. Double cumulative curves: cumulative simulated (Cumul
Qsim) and observed (Cumul Qobs) drain flow rates and cumulative
precipitation for intensive drainage season of Plot 6 (L =5 m), 1981—
1982.

evaporation. Nevertheless, for a bare soil, interactions between
the crop and waterlogged conditions do not exist.

Simulated water-balance terms (simulated Runoff, Dis-
charge and ETP) are presented for different situations (plot,
crop and year) and the sums are compared with total precipi-
tation for the same period. The error between the simulated
water balance and observed precipitation (error WB) is inferior
to 4%. Concerning the comparison of cumulative observed and
simulated drainage discharge, the double cumulative curve and
observed versus simulated curve are used to assess the perform-
ance of the simulation (Figs. 6, 7). It confirms that the modified
STICS model predicts water balance for subsurface drained
soils with an acceptable error.

On the whole, the statistical analysis of simulated and
observed data, as shown in Table III, reveals that the model is
able to predict observed drain-flow rates with a good accuracy.
Excess water input generates drain-flow rates. Recession tails
are also well simulated. Initial conditions are crucial to cor-
rectly predict first drainage events. Nevertheless, this study
highlights three main problems in the model. Peak flows are not
well simulated, mainly due to the simplification of equation (6).
Otherwise the model reaches its limits in the case of large drain
spacings (greater than 20 m). However, in the French context,
drain spacing is most of the time between 10 and 15 m. A third
drawback of the model concerns spring episodes that are appar-
ently badly simulated. It is generally linked to rainfall intensity,
fugacity and other non-drainage parameters. A daily time-step
is not appropriate in these cases. The validation study shows
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that model performances are linked to the considered crop. We
conclude that the modified STICS model presented herein is
acceptable for drain spacings of less than 20 m and for a winter
CIop or cover.

5. CONCLUSION

The new version 5 of STICS needed to adapt the classical
approach to integrating a subdrainage module, reaching the
objectives of simple, robust and modular formulation. There-
fore approximate methods are preferred and used to simulate
drain-flow rate to avoid prohibitive computer times for long-
term simulations due to the application of numerical solutions
to non-linear differential equations. Concerning subsurface
drainage, Hooghoudt’s equation is widely used to estimate
drain-flow rates in steady state: we have shown that for a suf-
ficiently long time-step (greater than 16 h), this simplified
equation provides correct prediction of flow rates and water-
table heights. The SIDRA model [12] was thus adapted to a
daily time-step. Besides introducing agricultural drainage into
the STICS model, the main difficulty lies in a realistic water-
balance management compatible with subsurface drainage
modeling. For the dimensional aspect, the passage from the 2D
or pseudo-2D classical approach to STICS conceptualization
is done by taking the equivalent water elevation between the
drain and mid-drain spacing. Its value depends on a parameter
(B or Bformnappe in STICS) that is defined as a water-table
shape factor and the analogy between the STICS defined
macroporosity parameter and the classical drainable porosity
(w). Drain-flow rates are calculated, hence the equivalent water
amount is withdrawn from the soil profile, and finally a new
water-table elevation is defined. This new original drainage
module has been included in the STICS version 4.0 algorithm.
This hydraulic aspect leads to the adaptation of STICS includ-
ing geometrical, water-balance calculation and time discreti-
zation aspects.

The STICS approach needs a minimum of new parameters.
Drainage parameters were introduced. Geometrical parameters
such as drain spacing and depth of drain pipe are obvious input
parameters. The conceptual hydraulic parameter B (Bform-
napp) is supposed to be equal to 0.785 (assuming that the drains
rest on an impervious layer), [12]. Hydraulic conductivity
(Ksol) has to be measured in the field or determined from lab-
oratory experiments. Determination of the drainable porosity
is indirect. From the value in Table I, a new humidity field
capacity is calculated (Eq. (8)).

These theoretical results have been tentatively validated in
the field experiment of Arrou (France). The model provides the
daily drain-flow rate, daily water-table elevation, and cumula-
tive drain-flow rate. Simulations were conducted between the
years 1978 and 1986 under different crops (wheat, corn and rye
grass) and different drain spacing (10, 15, 20 m) in plots. On
the whole, the simulations are in a good agreement with the
observed data. Recession tails are well reproduced. Nash’s Cri-
terion confirms the relative accuracy of the model. For the
intensive drainage season, the water-balance calculation and
cumulative drain-flow rate comparison led to acceptable pre-
cision. Moreover, this study underlines the model’s limits in

predicting peak-flow events for large drain spacings and bare
soils.

Further work should be carried out to extend this concept.
Indeed, these results should allow the integration of water-
logged consequences on crops (growth and yield). Interaction
functions between the water level and crop roots’ activities
have been introduced in [4] and should be incorporated into
STICS version 5.0. These perspectives should take into account
water stress on wheat, and solute transport under waterlogged
conditions.
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