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Abstract. The development of an integrated theory of subsurface drainage based on hydrology and
hydrogeology concepts is presented. The historical context, the main hypothesis derived from the
Boussinesq equation and the validation of the model predictions are discussed. Theoretical develop-
ments of this equation demonstrate that a single parameter (0)—a combination of soil and drainage
system properties—is sufficient for predicting the dynamics of subsurface drain flow rates. We also
demonstrate that these drain flow rates are a function of the level of water replenishment in the sys-
tem (classically the water table elevation), of the recharge intensity of the aquifer and of a buffer func-
tion related to the swelling or deflation of the water table shape during recharge events. For values
of o > 1, the buffer role of the water table is negligible. In that case approx. 13% of the water table
recharge contributes to the flow rate, which is shown to explain the observed disconnection between
water table elevations and peak flow rates at the outlet of classic agricultural drainage systems and
to predict these peak flow rates accurately. A modelling approach based on this theory and validated
experimentally (SIDRA model) allowed us to test the quality of the peak flow prediction. The SIDRA
model also includes a surface runoff module and has been coupled to different modelling tools and
used to analyse the impacts of subsurface drainage on water quality. The approach contributed to-
wards the development of tools that helped to connect better the drainage systems to the hydrological
functioning of watersheds.

Keywords. Subsurface drainage, Waterlogged soil, Modelling, Boussinesq equation, Peak flow, Surface
runoff, Water quality.

Quotation. “Somewhere in the scientific community, over and above the modelling work guided by
«useful » aims, work must also continue on models that serve no particular purpose” [de Marsily, 1994].
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1. Introduction

Since the late 1980s, research has been conducted in
France to understand the influence of water manage-
ment infrastructure, such as arterial and subsurface
drainage in rural catchments, on floods and on sur-
face water quality. This became an important con-
cern during a period (1980-1990) in which a na-
tional program of subsurface drainage investments
was supported by the French government [Lesaffre
and Penel, 1990]. During this period, pollution of sur-
face and groundwater progressively became an issue,
linked to the intensification of agriculture, to which
drainage contributed.

In France, many rural areas face seasonal water-
logging in the humid winter period [Lagacherie and
Favrot, 1987]. This is particularly the case in shal-
low loamy soils where an impervious barrier has de-
veloped due to clay leaching and enrichment in the
deeper layers. Waterlogging is detrimental to root
growth and reduces crop yield, particularly of winter
cereals. To increase the flexibility of their crop rota-
tions, many farmers were at that time eager to imple-
ment subsurface drainage in response to the compet-
itive and volatile market context in Europe due to in-
termittent surpluses of various commodities (butter,
milk, meat, etc.) that impacted farmer revenues.

The combination of subsurface drainage installa-
tion (plastic pipes at 10-25-m spacing and an aver-
age depth of 1 m) and of arterial drainage recalibra-
tion (often following land consolidation measures)
has had an obvious influence on the transfer of wa-
ter from the field to the rivers: more rainfall water
flows through the soil into the pipe network, and
less through surface runoff. The transfer from arterial
drainage channels to the rivers may also be acceler-
ated [Lesaffre and Zimmer, 1988, and more recently
King et al.,, 2014 or Valayamkunnath et al., 2022].
But how important are these changes, particularly in
periods of floods or for the quality of the drainage
water?

At that time, the scientific approach to subsur-
face drainage was based on a hydraulic method re-
lating drain flow rates to the elevation of the water ta-
ble mid-way between drains [Van Schilfgaarde, 1963,
Dumm, 1964, Guyon, 1964]. The saturated zone of
the soil only was taken into consideration and two ex-
treme conditions were classically considered: (i) the
tail recession phase, after a rainfall event when a

univocal relationship between water elevation and
drain flow rate was observed; and (ii) the steady-state
situation, when the rainfall recharge of the water ta-
ble is equal to the drain flow rate. However, this ap-
proach was unable to predict the dynamic process of
transient rainfall events inducing a non-univocal re-
lationship between water table elevation and drain
flow rate [Hervé, 1980]. In particular, it was unable
to predict the peaky response of drainage systems
during rainfall events that were a growing concern
regarding the influence of subsurface drainage on
floods. As observed in several field experiments, the
drain flow rates during rainfall events could be 3-10
times higher than predicted by classic equations link-
ing drain flow rate to water table elevation [Lesaffre,
1989].

Since the late 1930s [Flodkvist in Russel, 1934], this
observation has resulted in a debate about the wa-
ter flow pattern generating these peak flows. If there
is no simple correlation between water table eleva-
tion and drain flow rate, could it be that other mech-
anisms are at play? The debate continues today and
several authors [Schneider et al., 2022, Bjerre et al.,
2022, Williams and McAfee, 2021] argue that surface
runoff or water flowing in the plough layer could in-
filtrate through macropores into the drainage trench
and contribute to these peak flows.

The approach implemented in France combined
detailed field experiments [Zimmer, 1989] with re-
visiting of the theoretical approach to subsurface
drainage functioning based on the Boussinesq equa-
tion [Lesaffre, 1989]. This resulted in the develop-
ment of the basic blocks of a drainage model (SIDRA),
as explained below. This model was validated against
experimental results and was then combined with a
number of other processes to assess various impacts
of the changing agricultural water management on
solute and particle transport, on plant growth and
development and on the hydrology of wetlands and
rural catchments.

This paper follows the rationale of the scientific
developments during the period 1986-2020, which
can be presented as a general theory of land drainage
systems translated into the SIDRA model develop-
ment. It summarizes the initial results based on ex-
perimental observations and on an extension of the
classic Boussinesq equation. It then describes in a
synthetic way some of the applications obtained by
the coupling of the SIDRA model with other tools.
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2. Initial experimental results

Among the experimental sites used to analyse the
field drainage design and its impacts on winter crop
yields, the experimental site of Arrou (France, Eure-
et-Loir) was intensively studied for hydrological pur-
poses from 1978 to 1995 [Lesaffre and Zimmer, 1988,
Tournebize et al., 2004]. In particular, water table lev-
els and drain flow rates were monitored at an hourly
time step throughout this period. During the winter
season of 1985-1986 monitoring was completed by
tensiometers installed at different distances (0, 0.5,
1 and 5 m, i.e. until mid-drain spacing) from a drain
pipe and between the soil surface and a depth of 1 m
[Zimmer, 1989]. The purpose was to measure pre-
cisely the water potential inside the water table and
in the unsaturated zone above it, as well as to analyse
the water transfer patterns, with a particular focus on
rainfall events.

The following observations were critical for the
theoretical developments presented hereafter. Dur-
ing rainfall events, a unit hydraulic gradient is ob-
served in the unsaturated zone of the soil as soon as
a threshold pore water pressure of approx. —15 hPa
is reached, meaning that for pore water pressures in
the range of (-15, 0 hPa), the flow is purely vertical,
equal to the soil hydraulic conductivity, and driven
by gravity. Detailed observations reveal that the pore
water pressure in the unsaturated zone during rain-
fall events is not correlated with the rainfall inten-
sity in a simple way. Lower pressure values are ob-
served for a similar rainfall intensity when the event
occurs after previous rainfall events. These empirical
findings were theoretically studied and generalized
by Kao et al. [2001] and confirmed through a labora-
tory experiment by Kao [2002].

Furthermore, as soon as the soil becomes satu-
rated (water pressure becoming positive), the vertical
hydraulic gradients decrease to 0, i.e. the water flow
inside the water table is horizontal. This behaviour
is well known as the Dupuit-Forchheimer (DF) as-
sumption and is largely referred to in hydrogeology
since it enables a simplification of the solution to the
Boussinesq equation.

Similar observations were obtained in other field
experiments, except in some heavy clay soils [Zim-
mer, 1989]. The interpretation of these observations
is that, except in these soils, peak flows can be pre-
dicted by the water table behaviour only, without

specific horizontal water transfer disconnected from
it. If the macroporosity of the soil played a role, it
would seem to be through the establishment of a
downward gravity flow (vertical gradient equal to 1)
as soon as the pore water pressure reaches a thresh-
old of approx. —15-—20 hPa. These findings were also
recently reported in other contexts [Jacobsen and
Kjeer, 2007].

3. Model development

3.1. The Boussinesq approach, associated as-
sumptions and solutions developed

Based on these observations, the classic Boussinesq
approach [Boussinesq, 1904] that describes water
transfers generated by a drained water table was re-
visited. In this approach, and for the specific case of
shallow soils where the drain pipe rests on an imper-
vious barrier, the system is represented (Figure 1) by
a transect section of the soil bounded at the bottom
by a shallow impervious barrier. A drain that can be
a pipe or an open ditch imposes atmospheric pres-
sure at the depth of the impervious barrier. At the soil
surface, assumed to be horizontal, a transient rain-
fall intensity is applied and is assumed to be trans-
ferred in a homogeneous way to the water table in the
case that the water table remains below soil surface.
When the water table reaches the soil surface, a cer-
tain fraction of the rainfall generates surface runoff.
Finally, at a certain distance to the drain, generally
midway between drains, it is assumed that no lat-
eral flow occurs, dividing the pipe space into a sym-
metric system. This latter assumption can easily be
changed.

The Boussinesq approach rests on the combina-
tion of two basic equations. First, a motion equation
(Equation (1)) describes the horizontal flow in the
water table at a given abscissa x, g(x, t); this equa-
tion results from Darcy’s law integrated in the satu-
rated zone between the drain level and water table
surface. Second, a continuity equation (Equation (2))
describes the water balance, i.e. the variation of that
horizontal flow when the water table elevation h(x, t)
changes.

h(x,t)
q(x, 1) :f Kh(z)M dz 1
0 0x
aq(x,t) Oh(x,1)
“ox - R - f a7 (2)
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h(x,t)

Impervious Layer

L///////////////////////_ T2, x axis
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Figure 1. Sketch of a drained transept from pipe to mid-drain spacing with Q(#), drain discharge, R(f)
recharge generated by precipitations, h(x, t) and H(f) water table elevation above the impervious layer

and WT water table surface.

where Kj,(z) is the soil horizontal saturated conduc-
tivity (L-T™1), @(x, z, t) is the total hydraulic head in-
side the water table (L), f is drainable porosity (-),
and R(t) (L-T™Y) is the recharge rate of the water ta-
ble assumed to be independent of abscissa x.

Two important assumptions are associated with
the Boussinesq approach.

The drainable porosity parameter (f) has been the
subject of considerable debate [see, e.g. in Vachaud,
1968]. Drainable porosity also called “specific wa-
ter yield” corresponds to the amount of water which
could be drained from the soil [Moriasi et al., 2013].
The value depends on the soil-water dynamics and
on the water table depth. The associated assump-
tion is that this parameter is independent of the sta-
tus (pressure, water content) of the unsaturated zone
above the water table and that a similar value applies
across the system and during recharge and draw-
down of the water table. This assumption is a sim-
plification of the reality, as it can be derived from
more complete models such as those provided by
the Richards equation including the concepts of dual
porosity or dual permeability [Vauclin et al., 1976,
Akay et al., 2008, Varvaris et al., 2021]. But our experi-
mental data highlight the importance of macropores
in which gravity water transfers occur during rainfall
events. We therefore assumed that these macropores
played a role during both recharge and drawdown of

the water table and that the drainable porosity value
was identical in these two phases.

The second important assumption is the Dupuit—
Forchheimer (DF) assumption introduced earlier
and derived from our field observations. This allows
us to replace the total hydraulic head ¢(x, z, t) by the
water table elevation h(x,t) in Equation (1), which
simplifies its analytical integration. As shown below,
the assumption is only required at mid-drain spacing
(L), and the errors associated with this assumption
can be assessed and corrected [Lesaffre, 1989].

A third important assumption, introduced by
Guyon [1964] on the basis of Boussinesq’s theoretical
work, is that water table shapes during the recession
and steady-state phases are very similar, so that the
water table shape during the transient phase can be
well approximated by the one under steady recharge.
This leads to a relatively simple calculation of water
table shapes.

The integration of Equations (1) and (2) was ini-
tially performed during tail recession, i.e. when the
recharge rate of the water table R(#) = 0. The ap-
proach was later extended to the case of a posi-
tive recharge rate R(¢) [Lesaffre, 1989]. The approach
rests on two separate integrations of Equations (1)
and (2). Equation (1) can be integrated against x
using the discharge potential function introduced
by Tcharny [1951], who noted that g(x,f) can be
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expressed as:

0F(x,1t)
q(xr t) = ) (3)
0x
where
h(x,t)
F(x,1) = f Ky (2)[px, z,1) - z]ldz. (4)
0
This yields:

L
f q(x,t)dx=F(0,t) - F(L, t). )
0

Calculating F in 0 and in L is then the next step. As-
suming that the drain pipe is not surcharged yields
F(L) = 0. Calculating F(0) is also easy using the DF
assumption, which is only used in the case of x = 0,
and assuming Kj(z) is constant (case of homoge-
neous soils). This directly yields:

H(1)?
F0,t) =K},

(6)

where H(t) is the water table elevation above the
impervious layer at mid-drain spacing.

The approach can be extended to the general case
of deep impervious barriers and to the case of hetero-
geneous soils. F(0,%) — F(L, t) can be written in this
general case as:

F(0,8)— F(L, 1) = J(t) * [2/2 )
where ~ .
KH)?+2Kd H(t)
J(H, 1) = Iz 8)

J(H,t) is the classic Hooghoudt equation in ho-
mogeneous soils representing the steady-state drain
flow rate [Hooghoudt, 1940]. In this equation, K is
the equivalent horizontal conductivity as defined by
Wolsack [1978], and Kd' represents the equivalent
transmissivity of the layers situated below the drain
level [see details in Lesaffre, 1989].

The next step is to integrate Equation (2)
twice against x to obtain a second expression of
fOLq(x, t)dx. This is achieved through assumptions
on the water table shape. Guyon [1964] initially as-
sumed that h(x,t) can be written as W(X) - H(t)
(separation of variables), where W (X) represents the
non-dimensional water table elevation (h(x, t)/ H(t))
at abscissa X = x/L.

Recognizing that the water table shape W (X)
could change over time, particularly during recharge
events (as occasionally observed in the field), Lesaffre
[1989] extended the approach to the case of a time-
dependent water table shape, i.e. where h(x, t) can be

written as W (X, t)- H(t), which was further developed
by Bouarfa and Zimmer [2000].
This successively yields three equations:

dqx,n dH(1)
ox =R - fW(X, 1) az
oW (X, 1)
—fH(t)T 9
dH(t
q(L,0)/L=Q(t) = R(t) - fB(1) di)
dB(t)
~fH=—=, (10)

obtained by integration of Equation (9) and replace-
ment of x by L.

L
f q(x, ) dx

0
2

dH(?) dC(1)

R(1) - fC(D) ar _fH(t)T 1)
where B(t) and C(r) are water table shape coeffi-
cients obtained by the simple and double spatial in-
tegration of the non-dimensional water table shape
W (X, t) against X [Lesaffre, 1989].

Combining Equations (5), (7) and (11) finally
yields:

q(L,1)
Q) = —7 - A)J(H, 1)+ (1 - AR
dA(®)
—fC(t)—dt H(t) (12)

where B(t), C(t) and A(t) = B(t)/C(t) are water table
coefficients derived from the integration of the non-
dimensional water table shape:

1
B(t):f W(X,)dX and
0

1 X
C(t) = zf de wX', nHdx'. (13)
0 0

When the pipe rests on the barrier in homogeneous
soils, coefficients B and C are, respectively, close to
0.78 and 0.90 during tail recession.

The drain flow described by Equation (12) has
three components:

¢ the first term on the right-hand side of the
equation represents a water table contribu-
tion that is the classic expression of the flow
during tail recession;

o the second term represents a proportion of
the recharge rate reaching the water table
which contributes directly to the drain flow;
this proportion is determined by the water
table coefficient A, of the order of 0.87 when
the pipe rests on the barrier in homogeneous
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soils, meaning that this proportion is of the
order of 13% of the recharge rate;

¢ the third term is the contribution of wa-
ter shape changes that occur mostly dur-
ing recharge events; this contribution is due
to the swelling or deflation of the water ta-
ble (Figure 1); at the beginning of a rainfall
event, coefficient A increases; the swelling of
the water table shape mitigates the contri-
bution of the recharge rate, thus creating a
buffer.

The second and third terms are called “peak flow
term” and “water table deformation”, respectively, by
Lesaffre [1989]. According to Bouarfa and Zimmer
[2000], these terms provide a physical explanation to
the relative disconnection between drain flow and
water table elevation during peak flow events and a
possible answer to the debated issue of the origin of
the peak flows observed during rainfall events. These
terms also contribute towards explaining the pref-
erential flow, as described by several authors [Akay
et al., 2008].

3.2. The critical driver of subsurface drain flows

Investigations on the sensitivity of the system be-
haviour to the different parameters showed that fac-
tors of water table shape are the most sensitive pa-
rameters [Zimmer et al., 1995] and demonstrated that
parameters K and f were interdependent for the pre-
diction of drain flow rates [Favier et al., 1990], i.e.
that identical drain flow rates could be generated by
several couples of K and f values. This observation
led us to revisit the Boussinesq equation by introduc-
ing the variable g(X, t) = f - h(X, t), which represents
the drainable water content stored inside the satu-
rated zone of the soil at a given abscissa x. Combin-
ing Equations (1) and (2) and introducing the non-
dimensional abscissa X = x/L yields the following in
homogeneous soils:

ogx,n) K
ot f2I2
0g(X, 1) \? 0*g(X, 1)

This equation shows that g(X,t) can be fully pre-
dicted by a parameter combining the key features of
the drainage system, named o, and defined as:

K

o= W (].5)

The prediction of g(x, r) suffices to fully predict the
drain flow rates in shallow soils, as can be deduced
by the continuity equation (Equation (2)), which im-
plies that drain flow rates depend only on param-
eter 0. Another consequence is that o also deter-
mines the dynamics of swelling and deflating of the
water table shape W(X) and, in turn, the respective
parts of the three terms in Equation (12), as shown by
Bouarfa and Zimmer [2000]. The role and importance
of the third term of Equation (12) in the prediction of
drain flow rates are thus strongly influenced by this
parameter.

Solving Equation (14) by a finite element scheme
allowed us to examine in detail the water table shape
changes for different values of 0. “Fast-response” sys-
tems (0 > 1 m~!-h™') generate high peak flows be-
cause of quick inflating/deflating processes of the
water table shape W (X). In such systems, peak flow
values largely exceed the transient recession stage
A(1)J(t) component. Besides, at an hourly time step,
the water table shape changes are fast enough to
be neglected in the computations so that drain flow
rates can be evaluated by the two first terms of Equa-
tion (12). In this case, the numerical solution of the
Boussinesq equation can be simplified: the use of a
simple Runge-Kutta method is sufficient for integrat-
ing the equations.

“Slow-response” systems (0 < 1 m~'-h™') do
not generate high peak flow rates. The water ta-
ble recharge contributes towards inflating the wa-
ter table shape W(X), which mitigates its effects
on the drain flow rate. As a result, for these sys-
tems, accurate drain flow rate predictions require
the computation of the three terms of Equation (12)
through the complete solution to the Boussinesq
equation.

For drainage simulation at a daily time step, wa-
ter table shape changes have a lower impact on peak
flow simulations. In the majority of French subsur-
face drainage systems, o ranges between 0.05 and
1.25 m~1-h~!. Tournebize et al. [2004] tested the er-
rors due to the simplified approach that ignores the
water table shape changes in the drain flow rate pre-
dictions. The authors showed that even for very slow
systems (o = 0.05 m~!-h~!), the simplification error
was negligible for daily flow predictions (Figure 2).
This result was particularly useful when coupling the
drainage simulation with other models running at a
daily time step.
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Figure 2. Evolution of Nash performance cri-
terion versus time step to compare simplified
equations of drainage modelling in the case of
“fast” and “slow” drained soil systems [adapted

from Tournebize et al., 2004].

3.3. The SIDRA simulation tool

On the basis of the experimental and theoretical con-
siderations above, a simulation tool of drainage sys-
tems, named “SIDRA” (Simulation of Drainage), was
developed. The development of SIDRA, based on
the above equations, followed different paths aimed
at: (i) testing the quality of peak flow prediction;
(ii) predicting surface runoff and its relative propor-
tion versus subsurface drain flow; and (iii) coupling
the drainage simulation with other tools simulating
the effect of improved drainage or crop growth or
the integrated hydrologic functioning of rural catch-
ments. These different paths are summarized below
together with the comparison against measured ex-
perimental results.

3.3.1. Experimental sites

Several experiments have contributed to the vali-
dation of the simulation tool (Table 1). These experi-
ments have been equipped since the 1980s and mon-
itored for at least 10 years.

3.3.2. Peak flow rate prediction in “fast” drainage sys-
tems

The Arrou site made it possible to analyse the sea-
sonal functioning of drainage systems and to delin-
eate precisely the periods of classic drainage func-
tioning, termed “intense drainage seasons” [Lesaffre
and Morel, 1986]. The initial validation work of SIDRA

was carried out for the intense drainage seasons of
the period 1985-1995.

The value of ¢ in Arrou is equal to 3.3 (m-h)~!
(K = 0.41 m/d and f = 0.014) for a drain spacing
of 10 m, which makes this drainage system a “fast
system” in which the water table shape changes are
fleeting and can be neglected when simulating ata 1-
h time step. The initial version of SIDRA did not con-
sider these changes in water table shape. The man-
agement of the unsaturated zone was also very sim-
ple: a reservoir transfers the water table recharge in-
stantly when full and is depleted by evapotranspira-
tion between recharge events. During a rainy period,
the reservoir is initially replenished before generat-
ing recharge. The simulation starts at the beginning
of the intense drainage season during a rainfall event
when the reservoir is assumed to be full.

In these conditions, and using the soil parameters
K and f measured by Guyon’s pumping test [Guyon,
1976, Lesaffre, 1990], the drainage discharges, the
water table elevations and the peak flow rates are
well predicted [Lesaffre and Zimmer, 1988]. These re-
sults validated that, in the absence of significant sur-
face runoff, the simple initial modelling of the sys-
tem has a very good predictive capacity when the
soil reaches its saturated status in winter. In such
systems, an average of 13% of the rainfall intensity
generates, together with the water table contribution,
the peak flow rates observed. Outside of the intense
drainage season, when the soil is not saturated, spo-
radic drainage discharges may be observed that can-
not be predicted by the model.

3.4. Water balance of drained versus non-
drained hydromorphic soils

A global understanding of hydrological processes oc-
curring at the agricultural plot scale in subsurface-
drained watersheds is essential for the improvement
of management practices to control water pollution,
soil erosion and flood genesis. The hydrological stud-
ies dealing with water balance in subsurface-drained
areas received considerable attention in the second
part of the 20th century [see Kao, 2008, for a review].

Among the various hydrological effects of sub-
surface drainage, a reduction in saturation excess
surface runoff has been highlighted through the re-
duction of erosion [Skaggs et al., 1982]. Subsurface
drainage lowers the shallow water table, increases the
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Table 1. Experimental sites with the corresponding SIDRA developments

Experiment Main purposes

Monitored data References

Arrou (1 ha)

48°05' 50.42 N

1°07' 17.87E
Luvisol (Silty-Clayey)

Develop drainage
theory, measure
impacts on crop

development and
nitrate leaching

La Jailliére (1 ha)
47°27' 2551 N
0°51'16.83 W
Stagnic Luvisol (Silty-Clayey)

surface runoff and

Chantemerle (36 ha) Impact of drainage on
48°50' 32.01 N water quality
3°06' 41.82 E (nitrogen, carbon,
Luvisol (Silt) pesticides).
Hydrological question

of calibration (using
data assimilation)

Rampillon (355 ha) Impact of drainage on
48°32' 19.66 N water quality and
3°03'43.91E remediation.
Luvisol (Silt) Development of
nitrate modelling
Merlachez (700 ha) Impact of land
48°52' 01.74 N drainage on flood
3°11'28.47E dynamics
Luvisol (Silt)

Impacts of drainage on
crop development, on

nitrate and pesticides
transfers, impact and
design of buffer zones

Zimmer [1989]
Brisson et al. [2002]
Tournebize et al. [2004]

Precipitations, drain
flow rates, water table
elevations, water
pressure, crop
development, nitrate
absorption and
leaching

Kao et al. [1998]
Henine et al. [2022]
Branger et al. [2009]
Jeantet et al. [2022]

Precipitations,
subsurface drain flow
rates, surface runoff,
water table elevations,

solute and pesticides Kao [1994]
transfers
Precipitations, Chelil et al. [2022a]
discharges,

high-frequency
monitoring of
nitrogen, seasonal
exportation of
pesticides

Precipitations, Chelil et al. [2022b]
discharges,
high-frequency
monitoring of
nitrogen, seasonal
exportation of

pesticides

Precipitations, Henine et al. [2014]

discharges

storage volume prior to rainfall events and then re-
duces surface runoff [Lowery et al., 1982, Enright and
Madramootoo, 1994, Kao et al., 1998].

Long-term experiments to record surface runoff
rates in experimental subsurface-drained fields were
performed in some locations in France [see, e.g. Kao
et al., 1998, Augeard et al., 2005], in particular at
the “La Jailliere” experimental site. The field exper-
iment of La Jailliere is located in Maine et Loire
[Henine et al., 2022, Jeantet et al., 2021, 2022] and
was equipped since the early 1990s to monitor the

functioning of drainage systems as well as their
impacts on water quality. For this purpose, it was
equipped to measure both subsurface drainage and
surface runoff, since their relative proportions have
important consequences on the transport of: (i) so-
lute products such as nitrates, mostly transferred by
subsurface flows, and (ii) non-solute products as-
sociated with soil particles such as most pesticides,
mostly transferred by surface runoff.

In these experimental fields, observed surface
runoff volumes are usually small (from 5% to 10%
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Figure 3. SIRUP module structure. I, I and I3
are the water levels in the reservoirs; R1 and
R2 are the volumes of Reservoirs 1 and Reser-
voir 2; T, M and B are the parameters of the
emptying laws for R1 and R2; PET is the poten-
tial evapotranspiration, adapted from Branger
et al. [2009], and Kao et al. [1998].

of the rainfall amount), which confirms the high
infiltration capacity of such soils. After autumn
harrowing, surface runoff is mainly generated mid-
way between drains when rainfall intensity has ex-
ceeded the soil infiltration capacity controlled by the
water table depth. Surface runoff propagation over
the area above the drain depends on the drainage
efficiency (depth, spacing, possibly plugging).

Modelling the distribution of surface runoff and
subsurface drain discharges was managed by cou-
pling the SIDRA model with a reservoir-based model
(SIRUP) aiming to generate three types of flows:
(i) classic Hortonian surface runoff generated by
heavy rainfall intensity before complete water re-
plenishment of the upper soil horizon; (ii) Dunne
surface runoff generated by the saturation of the
soil mid-way between drains; and (iii) water table
recharge rate [see a review and the development of
the SIRUP model by Kao et al., 1998 and Branger
et al., 2009].

The SIRUP model consists of three separate
conceptual reservoirs, respectively, accounting for
(Figure 3):

o water storage in the superficial soil layer,
and infiltration/runoff distribution depend-
ing on the water table depth (Reservoir 1 with
three parameters);

« storage of infiltrated water and moisture dis-
tribution in deeper soil layers, evapotranspi-
ration and recharge to the water table (Reser-
voir 2 with one parameter);

e lamination of surface runoff (Reservoir 3
with one parameter).

Reservoir 1 has a maximum water level R1 (L) and
represents the rainfall water storage on the soil sur-
face. Water flows from Reservoir 1 to 2 according to
the emptying equation:

Q1) =11(0)[T(d - H(1) + M] (16)

where @1 (L-T™Y) is the emptying flow, d (L) is the
depth of the impervious layer, [1(¢) (L) is the water
level in Reservoir 1, and T (L™2T}) and M (T™!) are
empirical parameters.

Equation (16) accounts very simply for the influ-
ence of the water table level on soil infiltration: a
high water table level implies a reduced infiltration
flow. When Reservoir 1 overflows, excess water flows
to Reservoir 3 and is changed into surface runoff, ac-
cording to:

@3(t)=13(1)B 17)

where @3 (L-T™!) is the emptying flow of Reservoir 3,
13(1) (L) is the water level and B (T™!) is an empirical
parameter.

Reservoir 2 receives infiltration flow from Reser-
voir 1 and is emptied by evapotranspiration. It has a
maximum water level R2 (L). The overflowing water
constitutes the recharge to the water table.

Based on the knowledge gained in La Jailliére, and
in order to extend the use of SIDRA to other sites
and to the different stages of replenishment of the
soil water reserves across the year, a simplified ver-
sion of the surface module SIRUP was developed and
named “SIDRA-RU” [Henine et al., 2022; Figure 4].
Three stages were defined: (i) when the soil is unsat-
urated during late spring and summer, the water ta-
ble recharge term is 0; (i) during the fall, as water
reserves are being replenished, one-third of the net
rainfall replenishes the water table and two-thirds re-
plenish the soil water reserves until soil saturation
is reached; this required that the three parameters
of SIRUP be replaced by two new parameters, Sin-
ter and Smax; (iii) after saturation is reached, during
winter, water table recharge R(¢) is the full net rain-
fall. The Sinter and Smax parameters represent two



10

Daniel Zimmer et al.

Soil surface:
Calculation of
net infiltration

Unsaturated
zone:
Management
of soil water
reservoir

Saturated zone:

Calculation of 7

Drainage discharge

AN

8 A

H(t)
If H(t) = DrainDepth then
: Runoff(t) = R(t) — Qmax
v

v

1200

1000

800

(o2}
o
o

&
o
o

N
o
o

cumulative drainage discharge, surface runoff and
rainfall (mm/year)

Runoff Sim  mRunoff_Obs

Figure 4. Coupling of SIDRA-RU and comparison between yearly cumulative observation and simulation
results with SIDRA-RU for plot T04, using the parameter set of calibration period P1 (T04_P1): rainfall,
simulated and observed drainage discharge and surface runoff (mm/year) [adapted from Henine et al.,

2022].

soil water depth thresholds. Sinter (L) is an interme-
diate level of replenishment allowing for initial dis-
charges in subsurface-drained soils. It is of the order
of 85% of the total water holding capacity. Smax (L)
corresponds to the full water replenishment of the

soil profile, allowing for a conventional water table to
be present in the soils.

The simulated total runoff during the intense
drainage season (i.e. when the soil water re-
serves have been replenished) was comparable to
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Figure 5. Experimental sites used for assessment of the SIDRA-RU model in France and related perfor-
mance with the Kling-Gupta efficiency (KGE) criterion. The map also displays the main regions where
subsurface drainage has been implemented [adapted from Jeantet et al., 2021].

observations (35 mm/year) and represented 5% of to-
tal annual rainfall, congruent with the results of Mo-
riasi et al. [2013]. Note that subsurface-drained dis-
charges were estimated at 40% of annual rainfall, as
reported by Moriasi et al. [2013], and surface runoff
volumes in drained plots remain below 10% of the
drained volume [Kao et al., 1998, Henine et al., 2022].

3.5. Robustness of SIDRA approach

The SIDRA model, initially developed and validated
on two specific sites (Arrou and La Jailliére), was
subsequently shown to predict drain flow rates and
water table elevations on other sites. Its robustness
was tested on 23 experimental sites in France with
contrasting soil and climatic contexts [Jeantet et al.,
2021]. These sites were monitored from 1969 to 2017.
Their areas range from plot scale of ca. 1 ha to catch-
ments of ca. 700 ha. The modelling was performed for
a total of 170 years. SIDRA-RU requires few parame-
ters as compared to other drainage models such as
MACRO [Jarvis et al., 1997, Larsbo and Jarvis, 2003]

or DRAINMOD [Skaggs et al., 2012]. To obtain these
parameters, two methods were used: regional delin-
eation from calibrated values of the observed dis-
charges on the 23 sites and using the split-sample test
on nine of these 23 sites [Jeantet et al., 2021], or di-
rectly from on-site measurements through pumping
tests such as Guyon’s test [Lesaffre, 1990].

The performance criterion used in Figure 5 is the
Kling—-Gupta efficiency (KGE) [Gupta et al., 2009], de-
fined as the combination of linear correlation, rela-
tive variability and bias between observed and sim-
ulated values. Values above 0.5-0.6-0.7 thresholds
for hydrological models showed, respectively, accept-
able, good and very good simulation quality [Mori-
asi et al., 2015]. The results showed congruent com-
parisons in simulations versus observations (KG2 >
0.5) especially in loamy soils, representing 80% of
drained soils in France [Lagacherie and Favrot, 1987].
The worst simulations were encountered in swelling
clay soils (KGE < 0.5), due to probable mis-alignment
of the assumptions used in the model (depth to
the impervious layer, important role of soil cracks
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and macropores) such as Courcival (only point with
KGE < 0.5 in Figure 5). Some regions with significant
drained areas in the centre of France (Auvergne, Bur-
gundy) were not tested due to a lack of experimental
data.

4. Impact of land drainage on flood generation
and control

Research aiming to understand the consequences
of subsurface drainage expanded from this experi-
mental and modelling approach. This was achieved
from plot scale to catchments or marshlands with
large field drainage intensities such as the Melarchez,
part of the Orgeval catchment on the Seine basin
(upstream of Paris), or the Moéze marshland, a 22-
km? polder in western France. The SIDRA model was
used to generate the distributed production func-
tions of hydraulic models solving the classic Saint-
Venant equations [Giraud et al., 1997].

The effect of subsurface drainage on floods is a
matter of debate. Does subsurface drainage increase
or decrease flooding? A modelling approach was used
by Henine et al. [2012, 2014] to represent the complex
interactions between pipe networks and ground-
water flows during flood events. In this case, free-
surface flow conditions in pipe drains are no longer
respected and may flow under pressurized condi-
tions due to high water levels in open channels at
the drainage outlets. The approach consisted in cou-
pling subsurface drainage processes through a 2D
Boussinesq equation with a 1D Saint-Venant network
model to take into account the interactions between
subsurface drainage and open-channel flows. This
model was used to investigate the effects of pressur-
ization during flood events as compared with non-
pressurization at the pipe outlet and compared with
experimental observations. The simulation results
were in good agreement with experimental observa-
tions [Henine et al., 2014]. The contribution of sub-
surface drainage flow to floods could be limited dur-
ing peak events by redesigning the pipe outlet diam-
eter (reducing the diameter of the collector into the
ditch). This would be equivalent to an increase in the
field buffer capacity of a few millimetres of rainfall.

In general, the arterial drainage function is the
most influential and its storage and laminating ca-
pacity is essential. This capacity is to a great extent
controlled by the number and position of hydraulic

structures: reduced cross sections (e.g. culverts in
road crossovers) or of a network of small gullies that
has been built over time in wet areas.

In large marshlands (e.g. polders), the key buffer
capacity is related to the large number of small gul-
lies that store water in a decentralized way. Reducing
this number to create large field plots, as is often im-
plemented in the intensification process of agricul-
ture, has been shown to have the greatest impact on
wetland hydrology [Giraud et al., 1997]. By compar-
ison, the influence of field drainage on the buffer-
ing capacity of the marshland is much smaller. In
this application, controlled drainage, as largely stud-
ied in the United States, could be an option [DRAIN-
MOD model application of drainage water manage-
ment such as controlled drainage, i.e. Sloan et al.,
2016].

Similar results can be deduced from observations
and simulations carried out in the Orgeval basin (east
of Paris). In this catchment that is representative
of the French context, the retention capacity of the
ditches determined by the number of culverts and
the capacity to store water upstream of these is criti-
cal for the flood laminating capacity. More precisely,
the number of retention structures along the net-
work is more critical than their total storage capac-
ity, which is explained by the dynamic storage (i.e. the
fact that a given quantity of water is slowed down sev-
eral times successively during its downstream trans-
fer) provided by these structures.

Beyond these generic conclusions, the consoli-
dated impacts of land drainage (i.e. the combina-
tion of field and arterial drainage) on hydrological
regimes of rural catchments depend on the return
periods of floods (Figure 6):

« Stage 1: increase in flood intensity for return
periods aligned with the design of the sub-
surface drainage network (1-2 years); in that
case, subsurface drainage has a negative im-
pact on hydrological regimes by accelerating
the propagation of the flood;

« Stage 2: self-limitation and storage in the net-
work or in the field, for floods with a return
period between 5 and 10 years; in that case,
drainage has a positive impact by attenuat-
ing the propagation of the flood;

« Stage 3: beyond areturn period of 10 years, in
the hydro-system being saturated, drainage
no longer shows any impact.
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Figure 6. Flood return periods of hourly spe-
cific discharges measured at Melarchez Sta-
tion (Orgeval Observatory https://gisoracle.
inrae.fr/) during a 20-year period (1995-2015).
Stages 1, 2, 3 correspond to increasing impacts,
self-limitation, and no additional impacts of
drainage on flooding, respectively [adapted
from Henine et al., 2012].

5. Solute transfer highlights
functioning

hydrological

Drain flow dynamics were studied by several au-
thors [Jacobsen and Kjer, 2007, Dairon et al., 2017,
Kao, 2002, Gatel et al., 2019] using in situ tracer ex-
periments or model results. Since nitrate and some
pesticides are highly soluble, the specific studies
of their transfer dynamics at the drainage outlet
stressed the preferential flow above the pipe and
the matrix contribution from the area between the
pipe and the mid-drain space. This duality of be-
haviour corresponds to the fast and slow transfers.
The C-Q relationships shift during peak events ex-
hibiting hysteresis patterns due to a high variabil-
ity of the flushing/dilution effect [Liu et al., 2020].
From this state, a conceptual approach based on
compartments was developed and coupled with
the SIDRA model. Branger et al. [2009] proposed
PESTDRAIN based on coupling of the SIDRA-SIRUP-
SILASOL modules (Figure 7). The originality of this
approach is the simplified choice of hydrological
process for solute transfer by using transfer func-
tions [Jury and Roth, 1990]. An exponential formula
[Magesan et al., 1994] is applied for two distinct arti-

ficial compartments (fast and slow). The calibration
procedure led to quantification of the volume of soil
reservoirs at 2 mm for fast transfers above the drain
and at 200 mm for slow transfers between the drain
and mid-drain space, thereby successfully reproduc-
ing pesticide transfer at the plot scale. The interesting
point is the surface contribution of the two distinct
compartments to the exported fluxes: 13% for fast
transfers (area above the drain) and 87% for slow
transfers (between the drain and mid-drain space),
corresponding to the hydrological contribution (1-A)
and A from SIDRA Equation (12).

High-frequency monitoring of nitrate concen-
trations (hourly observation at the drainage out-
let) provides clues to improve the conceptual ap-
proach of solute modelling based on hydrological
drainage functioning. Thus, a new model for nitrate,
NITDRAIN [Chelil et al., 2022a,b], considers three
compartments and two distinct transfer functions
(Figures 7 and 8): (1) the Burns equation for pref-
erential vertical transfer [Burns, 1975], and (2) the
Magesan exponential equation for matrix lateral flow
for upper and deeper slow reservoirs. The model suc-
ceeds in reproducing the flushing and dilution typi-
cal of nitrate concentration behaviour in subsurface-
drained soil (Figure 8a and b). The mixing water at
the outlet of the drained plot is composed of fast and
slow flows, as presented in Figure 8. The fast com-
partment (FC) contributes directly to the flow outlet
above the drain pipe. The surface slow compartment
(SSC) transfers solute to the deep slow compartment
(DSC), which is connected to the flow outlet (Fig-
ure 8c). The model provides a temporal evolution
of solute stock in all compartments (Figure 8d). The
results obtained with this model also help to im-
prove our understanding of hydrological drainage
processes. The switch between nitrate flushing and
nitrate dilution concentration behaviour at the pipe
outlet (Figure 8d) occurred specifically when the hy-
drological status of the drained soil switches from
the beginning stage (unsaturated soil profile) to the
intensive drainage season (saturated soil profile).

Both examples of solute modelling confirm the
dual processes between preferential flow above the
drain pipe and the water table slow contribution
from the rest of the transect, as the hydraulic ap-
proach showed. The understanding of hydrological
processes in subsurface-drained soils is thus sup-
ported by the analysis of solute transfer.
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6. Conclusions

During 30 years of research on the functioning of
subsurface drainage, we could demonstrate that rel-
atively simple modelling tools based on a few equa-
tions and a limited number of parameters provide
important insights into the functioning of drainage
systems. In particular, the semi-analytical solution to
the Boussinesq equation offers a simple way to de-
scribe the functioning of a majority of drainage sys-
tems in the French context as well as very important
insights explaining their functioning. Specifically:

e It provides an explanation of the experi-
mental results and confirms that, in most
subsurface-drained soils, there is no need to
advocate preferential flow in the plough layer
or in the trench backfill to explain the peak
drain flow rates at the outlet of these sys-
tems. This result was shown to be relatively
robust in many soils except for heavy clay
soils where the modelling approach did not
reproduce the drain flow rates accurately.

It provides a correct description of the rel-
ative disconnection between water table
elevations and subsurface drain flow rates
observed in experimental fields. Drain flow
rates depend not only on the water table
position in the soil but also on the recharge
rate reaching that water table. The theory
provides a good order of magnitude of the
proportion (around 13%) of that recharge
rate that contributes to the drain flow.

o It goes even further and adds to the water
table elevation and the recharge rate a third
component, i.e. the drain flow rate related
to the swelling or deflating of the water ta-
ble shape during recharge events. The repa-
rameterization of the equation also demon-
strates that drain flow rates can be fully pre-
dicted by a single parameter (o), a com-
bination of two soil parameters (saturated
hydraulic conductivity and drainable poros-
ity) and of the drainage system dimension
(drain spacing). With high values of o, the
swelling—deflating process is very brief and
can be ignored in the modelling process.
With low o values, the process cannot be ig-
nored and has a mitigation effect on the peak
flow rate.

These theoretical results developed at field level have
predictive capacity for other drainage systems such
as water tables drained by water channels or rivers.
They could also be extended to the generic case of
deep impervious barriers. They explain in particular
the steep increase of the flow rates during recharge
periods in such systems and as such may have prac-
tical importance for the prediction of peak flows in
such systems.

On the basis of these results, a series of mod-
elling tools were developed, starting with the simple
model SIDRA, based on a small number of parame-
ters (4), which has demonstrated its capacity to pre-
dict subsurface drain flows—and particularly peak
flows—in various regions of France during the win-
ter drainage season. Papers dealing with the SIDRA
model from 1987 comprised about 48 documents: 18
publications in peer-reviewed journals, 20 as confer-
ence presentations, and 10 as technical publications.
In 2022, Scopus identified more than 235 citations of
the SIDRA model in publications. As SIDRA is modu-
lar and can run independently, its insertion in differ-
ent modelling tools is easier. For instance, the agro-
nomic model STICS [Brisson et al., 2002] simulating
crop production as well as environmental data below
the soil root zone (water balance and nitrogen leach-
ing) proposes a “subsurface drainage” option includ-
ing SIDRA’s concept.

SIDRA was subsequently enriched and coupled
with several other modelling tools to analyse the
impact of subsurface drainage on the hydrology of
rural catchments.

e A surface runoff module (SIRUP) was de-
veloped and validated against experimental
data to predict the share of surface runoff
and subsurface drainage.

¢ Coupling SIDRA with hydraulic models solv-
ing the Saint-Venant equations in the ditches
and channels of the arterial drainage net-
work was also used to analyse the impacts
of land drainage at catchment level [Branger
et al., 2010]. Results from a polder and from
a more classic catchment demonstrated the
predominant role of the retention in the
channel system often reduced by the removal
of the network of small gullies (e.g. after land
consolidation programmes), and the recali-
bration of the ditch network combined with
culverts and cross-overs designed for 10-year
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return flows (to avoid road degradation dur-
ing floods). The field subsurface drainage in-
stead has a mitigating effect on floods for av-
erage return periods (>10 years).

 Finally, SIDRA was coupled with solute trans-
fer models to understand the impacts of
drainage on pesticide and nitrate transfers
in relation to surface and subsurface flow
patterns. The hydrological understanding
and modelling conceptualization of SIDRA
helped and supported the compartmental
approach leading to a simplified modelling
structure (PESTDRAIN and NITDRAIN). Re-
sults confirmed the duality of solute be-
haviour in drained soil with a fast transfer
from soil surface above the pipe area during
peak flow and a slow transfer for the rest
of the transect mid-drain space, especially
during the water table tail recession.

Conflicts of interest

Authors have no conflict of interest to declare.

Dedication

The authors would like to dedicate the SIDRA model
story to Ghislain de Marsily from Sorbonne Univer-
sity and a member of the Académie des Sciences, for
his scientific support (participating directly in the
PhD supervision or as a PhD jury member).

Acknowledgments

The authors would like to thank Bernard Vincent
(1952-2022) for his relentless contribution to the im-
provement of drainage practices in France.

References

Akay, O., Fox, G. A., and Simtinek, J. (2008). Numerical
simulation of flow dynamics during macropore—
subsurface drain interactions using HYDRUS. Va-
dose Zone]J., 7,909-918.

Augeard, B., Kao, C., Chaumont, C., and Vauclin, M.
(2005). Mechanisms of surface runoff genesis on a
subsurface drained soil affected by surface crust-
ing: a field investigation. Phys. Chem. Earth, 30,
598-610.

Bjerre, E., Fienen, M. N., Schneider, R., Koch, J., and
Hojberg, A. L. (2022). Assessing spatial transfer-
ability of a random forest metamodel for predicting
drainage fraction. J. Hydrol., 612, article no. 128177.

Bouarfa, S. and Zimmer, D. (2000). Water table shapes
and drain flow rates in shallow drainage systems.
J. Hydrol., 235(3-4), 264-275.

Boussinesq, J. (1904). Recherches théoriques sur
I'écoulement des nappes infiltrées dans le sol ;
compléments. J. Math. Pures Appl., 10(1), 5-78. et
10(4), 63-394.

Branger, E, Braud, 1., Debionne, S., Viallet, P, De-
hotin, J., Henine, H., Nedelec, Y., and Anquetin,
S. (2010). Towards multi-scale integrated hy-
drological models using the LIQUID® frame-
work. Overview of the concepts and first appli-
cation examples. Environ. Model. Softw., 25(12),
1672-1681.

Branger, E, Tournebize, J., Carluer, N., Kao, C., Braud,
L., and Vauclin, M. (2009). A simplified modelling
approach for pesticide transport in a tile-drained
field: The PESTDRAIN model. Agric. Water Man-
age., 96, 415-428.

Brisson, N., Rebiére, B., Zimmer, D., and Renault, P.
(2002). Response of the root system of a winter
wheat crop to waterlogging. Plant Soil, 243(1), 43—
55.

Burns, I. G. (1975). An equation to predict the leach-
ing of surface-applied nitrate. J. Agric. Sci., 85, 443—
454,

Chelil, S., Oubanas, H., Henine, H., Igor, G,
Malaterre, P. O., and Tournebize, J. (2022a). Vari-
ational data assimilation to improve subsurface
drainage model parameters. J. Hydrol, 610, article
no. 128006.

Chelil, S., Tournebize, J., Henine, H., and Chaumont,
C. (2022b). NIT-DRAIN model to simulate nitrate
concentrations and leaching in a tile-drained agri-
cultural field. Agric. Water Manage., 271, article
no. 107798.

Dairon, R., Dutertre, A., Tournebize, J., Marks-
Perreau, J., and Carluer, N. (2017). Long-term im-
pact of reduced tillage on water and pesticide flow
in a drained context. Environ. Sci. Pollut. Res.,
24(8), 6866-6877.

de Marsily, G. (1994). On the use of models in hydrol-
ogy [free opinion]. Rev. des Sciences de l'eau/]. Wa-
ter Sci., 7(3), 219-323. (in abstract).

Dumm, L. D. (1964). Transient flow concept in sub-



Daniel Zimmer et al. 17

surface drainage: its validity and use. Trans. ASAE,
7(2), 142-146.

Enright, P and Madramootoo, C. A. (1994). Hydro-
logic response of surface and subsurface drained
agricultural fields. Can. Agric. Eng., 36(1), 15-24.

Favier, M., Lesaffre, B., Leviandier, T., Penel, M., and
Zimmer, D. (1990). Deterministic versus concep-
tual models to evaluate the influence of drainage
on water regime. In Proceedings of Hydrological Re-
search Basins and the Environment, Wageningen,
volume 44, pages 123-130.

Gatel, L., Lauvernet, C., Carluer, N., Weill, S.,
Tournebize, J., and Paniconi, C. (2019). Global eval-
uation and sensitivity analysis of a physically based
flow and reactive transport model on a laboratory
experiment. Environ. Model. Softw., 113, 73-83.

Giraud, F, Faure, J. B., Zimmer, D., Lefeuvre, J. C.,
and Skaggs, R. W. (1997). Hydrologic modeling of a
complex wetland. J. Irrig. Drain. Eng., 123(5), 344—
353.

Gupta, H. V,, Kling, H., Yilmaz, K. K., and Martinez,
G. E (2009). Decomposition of the mean squared
error and nse performance criteria: implications
for improving hydrological modelling. J. Hydrol,
377(1-2), 80-91.

Guyon, G. (1964). Considérations sur '’hydraulique
du drainage des nappes par canalisations enter-
rées. Bull. Tech. Génie Rural, 65. 45 pages + an-
nexes.

Guyon, G. (1976). Détermination de la porosité
de drainage sur le terrain. Bull. Int. CIID, 25, 112—
117.

Henine, H., Chaumont, C., Tournebize, J., Augeard,
B., Kao, C., and Nédélec, Y. (2012). Le role des
réseaux de drainage agricole dans le ralentisse-
ment dynamique des crues : interprétation des
données de l'observatoire Orgeval (image). Sci.
Eaux Territoires Cah. Spec., 3, 16-23.

Henine, H., Jeantet, A., Chaumont, C., Chelil, S., Lau-
vernet, C., and Tournebize, J. (2022). Coupling
of a subsurface drainage model with a soil reser-
voir model to simulate drainage discharge and
drain flow start. Agric. Water Manage., 262, article
no. 107318.

Henine, H., Nédélec, Y., and Ribstein, P. (2014). Cou-
pled modelling of the effect of overpressure on wa-
ter discharge in a tile drainage system. J. Hydrol,
511, 39-48.

Hervé, J. (1980). Limites et validité des modeles

hydrodynamiques. Document Cemagref, Antony,
20 p.

Hooghoudyt, S. B. (1940). Bijdragen tot de kenins van
enige natuurkundige grootheden van de ground.
No. 7. Versl. Landbouwk. Onderz. (Contributions to
the knowledge of some physical constants of the
soil. No. 7. Report Agric. Res.). 46, 515-707.

Jacobsen, O. H. and Kjeer, J. (2007). Is tile drainage
water representative of root zone leaching of pesti-
cides? Pest Manage. Sci., 63(5), 417-428.

Jarvis, N. J., Hollis, J. M., Nicholls, P. H., Mayr, T., and
Evans, S. P. (1997). MACRO-DB: a decision-support
tool for assessing pesticide fate and mobility in
soils. Environ. Model. Softw., 12, 251-265.

Jeantet, A., Henine, H., Chaumont, C., Collet, L.,
Thirel, G., and Tournebize, J. (2021). Robustness of
a parsimonious subsurface drainage model at the
French national scale. Hydrol. Earth Syst. Sci. Dis-
cuss., 2021, 1-33.

Jeantet, A., Thirel, G., Jeliazkov, A., Martin, P, and
Tournebize, J. (2022). Effects of climate change
on hydrological indicators of subsurface drainage
for a representative french drainage site. Front.
Environ. Sci., 10, article no. 899226.

Jury, W. A. and Roth, K. (1990). Transfer Functions and
Solute Movement through Soil; Theory and Applica-
tions. Birkhduser Verlag, Basel.

Kao, C. (1994). Le ruissellement en parcelle agricole
en situation hivernale. Mécanismes de genése et
modélisation. Parcelles drainées et non drainées,
site expérimental de la Jailliere (Maine et Loire).
Mémoire de Stage de Recherche. DEA National
d’Hydrologie.

Kao, C. (2002). Fonctionnement hydraulique des
nappes superficielles de fonds de vallées en interac-
tion avec le réseau hydrographique. Thése de doc-
torat, Université Pierre et Marie Curie, Paris. 266
pages + annexes.

Kao, C. (2008). Une hydrologie des versants a nappes
superficielles drainées : approches multi-processus
et multi-échelles. Mémoire d’habilitation a diriger
des recherches, Université Pierre et Marie Curie -
Paris VI. 98 pages + annexes.

Kao, C., Bouarfa, S., and Zimmer, D. (2001). Steady
state analysis of unsaturated flow above a shallow
water-table aquifer drained by ditches. J. Hydrol.,
250, 122-133.

Kao, C., Nedelec, Y., and Zimmer, D. (1998). Sur-
face runoff mechanisms and modelling in subsur-



18 Daniel Zimmer et al.

face drained fields. In Brown, L., editor, Proceed-
ings of the 7th International Drainage Symposium
“Drainage in the 21st Century: Food Production and
the Environment’, Orlando, USA, 8-10 March 1998,
volume 7, pages 258-266. ASAE.

King, K. W, Fausey, N. R., and Williams, M. R. (2014).
Effect of subsurface drainage on streamflow in
an agricultural headwater watershed. J. Hydrol,
519(PA), 438-445.

Lagacherie, P and Favrot, J. C. (1987). Synthese
générale sur les études de secteurs de référence
drainage (période 1981-1986). SES Montpellier,
INRA, Montpellier, n° 591, 146 pages.

Larsbo, M. and Jarvis, N. J. (2003). MACRO 5.0. A
model of water flow and solute transport in macro-
porous soil. Technical report, Swedish University
of Agricultural Sciences, Uppsala, Sweden.

Lesaffre, B. (1989). Fonctionnement hydrologique et
hydraulique du drainage souterrain des sols tem-
porairement engorgés : débits de pointe et mod-
ele SIDRA. Etudes du Cemagref, Série Hydraulique
Agricole, 4, 334 pages.

Lesaffre, B. (1990). Field measurement of saturated
hydraulic conductivity and drainable porosity us-
ing Guyon’s pumping test. Trans. ASAE, 1(33), 173—
178.

Lesaffre, B. and Morel, R. (1986). Use of hydrographs
to survey subsurface drainage networks ageing and
hydraulic operating. In Agric. Water Management
Seminar, pages 175-189. Balkema, Arnhem, The
Netherlands.

Lesaffre, B. and Penel, M. (1990). Drainage project
preparation in France. In 4th International
Drainage Workshop, Cairo, Egypt, pages 253-256.
Cemagref.

Lesaffre, B. and Zimmer, D. (1988). Subsurface
drainage peak flows in shallow soil. J. Irrig. Drain.
Eng., 114(3), 387-406.

Liu, W, Youssef, M. A., Birgand, E P, Chescheir, G. M.,
Tian, S., and Maxwell, B. M. (2020). Processes
and mechanisms controlling nitrate dynamics in
an artificially drained field: Insights from high-
frequency water quality measurements. Agric. Wa-
ter Manage., 232, article no. 106032.

Lowery, B., Kling, G. E, and Vomocil, J. A. (1982).
Overland flow from sloping land: effects of perched
water tables and subsurface drains. Soil Sci. Soc.
Am. J., 46(1), 93-99.

Magesan, G. N., Scotter, D. R., and White, R. E.

(1994). A transfer function approach to modelling
the leaching of solutes to subsurface drains I. Non-
reactive solutes. Aust. Soil Res., 32(1), 69-83.

Moriasi, D., Zeckoski, R. W., Arnold, J., Baffaut,
C., Malone, R. W,, Daggupati, P, Guzman, ]J. A.,
Saraswat, D., Yongping Yuan, Y., Wilson, B. N., Shir-
mohammadi, A., and Mankin, K. R. (2015). Hy-
drologic and water quality models: key calibration
and validation topics. Trans. ASABE, 58(6), 1609—
1618.

Moriasi, D. N., Gowda, P. H., Arnold, J. G., Mulla, D.].,
Ale, S., Steiner, J. L., and Tomer, M. D. (2013). Eval-
uation of the hooghoudt and kirkham tile drain
equations in the soil and water assessment tool to
simulate tile flow and nitrate-nitrogen. J. Environ.
Qual., 42, 1699-1710.

Russel, J. L. (1934). Scientific research in soil
drainage. J. Agric. Sci., 24(4), 544-573.

Schneider, R., Stisen, S., and Hojberg, A. L. (2022).
Hunting for information in streamflow signatures
to improve modelled drainage. Water (Switzer-
land), 14(1), article no. 110.

Skaggs, R. W., Nassehzadeh-Tabrizi, A., and Foster,
G. R. (1982). Subsurface drainage effects on ero-
sion. J. Soil Water Conserv., 37(3), 167-172.

Skaggs, R. W,, Youssef, M., and Chescheir, G. M.
(2012). DRAINMOD: model use, calibration, and
validation. Trans. ASABE, 55, 1509-1522.

Sloan, B. P, Basu, N. B., and Mantilla, R. (2016). Hy-
drologic impacts of subsurface drainage at the field
scale: Climate, landscape and anthropogenic con-
trols. Agric. Water Manage., 165, 1-10.

Tcharny, I. A. (1951). Démonstration rigoureuse de la
formule de Dupuit pour un écoulement a surface
libre avec surface de suintement. C. R. Acad. Sci.
d’URSS, 79(6), 937-940.

Tournebize, J., Kao, C., Nikolic, N., and Zimmer, D.
(2004). Adaptation of the STICS model to subsur-
face drained soils. Agronomie, 24(6-7), 305-313.

Vachaud, G. (1968). Etude du régime transitoire
de 1'écoulement de l'eau pendant le drainage
des nappes a surface libre. Houille Blanche, 5, 391-
406.

Valayamkunnath, P, Gochis, D. J., Chen, E, Barlage,
M., and Franz, K. J. (2022). Modeling the hydro-
logic influence of subsurface tile drainage using the
national water model. Water Resour. Res., 58(4), 1-
24.

Van Schilfgaarde, J. (1963). Design of tile drainage for



Daniel Zimmer et al. 19

falling water table. J. Irrig. Drain. Division, ASCE,
89(2), 1-11.

Varvaris, 1., Pittaki-Chrysodonta, Z., Bergesen, C. D.,
and Iversen, B. V. (2021). Parameterization of two-
dimensional approaches in HYDRUS-2D: Part 1.
Simulating water flow dynamics at the field scale.
Soil Sci. Soc. Am. J., 85, 1578-1599.

Vauclin, M., Khanji, D., and Vachaud, G. (1976). Etude
expérimentale et numérique du drainage et de la
recharge des nappes a surface libre, avec prise en
compte de la zone non saturée. J. Méc., 15(2), 307—
348.

Williams, M. R. and McAfee, S. J. (2021). Water stor-
age, mixing, and fluxes in tile-drained agricultural

fields inferred from stable water isotopes. J. Hy-
drol., 599, article no. 126347.

Wolsack, J. (1978). Quelques extensions de la
théorie du drainage au cas des sols hétérogenes et
anisotropes. Bull. du BRGM, 3(2), 101-113.

Zimmer, D. (1989). Transferts hydriques des sols
drainés par tuyaux enterrés: compréhension des
débits de pointe et essai de typologie des sché-
mas d’écoulement. Etudes du Cemagref, Série Hy-
draulique Agricole, 5, 321 pages.

Zimmer, D., Lorre, E., and Lesaffre, B. (1995). Parame-
ter sensitivity and field evaluation of SIDRA model.
Irrig. Drain Syst., 9(3), 279-296.



	1. Introduction
	2. Initial experimental results
	3. Model development
	3.1. The Boussinesq approach, associated assumptions and solutions developed
	3.2. The critical driver of subsurface drain flows
	3.3. The SIDRA simulation tool
	3.3.1. Experimental sites
	3.3.2. Peak flow rate prediction in ``fast'' drainage systems

	3.4. Water balance of drained versus non-drained hydromorphic soils
	3.5. Robustness of SIDRA approach

	4. Impact of land drainage on flood generation and control
	5. Solute transfer highlights hydrological functioning
	6. Conclusions
	Conflicts of interest
	Dedication
	Acknowledgments
	References

