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* now at: Universit́e de Franche-Comté-CNRS/UMR 6249 Chrono-environnement, UFR des Sciences et Techniques,
16 route de Gray, 25030 Besançon cedex, France
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Abstract. Rainfall partitioning by vegetation modifies the
intensity of rainwater reaching the ground, which affects
runoff generation. Incident rainfall is intercepted by the plant
canopy and then redistributed into throughfall and stemflow.
Rainfall intensities at the soil surface are therefore not spa-
tially uniform, generating local variations of runoff produc-
tion that are disregarded in runoff models. The aim of this
paper was to model runoff at the plot scale, accounting for
rainfall partitioning by vegetation in the case of plants con-
centrating rainwater at the plant foot and promoting stem-
flow. We developed a lumped modelling approach, including
a stemflow function that divided the plot into two compart-
ments: one compartment including stemflow and the related
water pathways and one compartment for the rest of the plot.
This stemflow function was coupled with a production func-
tion and a transfer function to simulate a flood hydrograph
using the MHYDAS model. Calibrated parameters were a
“stemflow coefficient”, which compartmented the plot; the
saturated hydraulic conductivity (Ks), which controls infil-
tration and runoff; and the two parameters of the diffusive
wave equation. We tested our model on a banana plot of
3000 m2 on permeable Andosol (meanKs=75 mm h−1) un-
der tropical rainfalls, in Guadeloupe (FWI). Runoff simula-
tions without and with the stemflow function were performed
and compared to 18 flood events from 10 to 140 rainfall mm
depth. Modelling results showed that the stemflow function
improved the calibration of hydrographs according to the er-
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ror criteria on volume and on peakflow, to the Nash and Sut-
cliffe coefficient, and to the root mean square error. This was
particularly the case for low flows observed during residual
rainfall, for which the stemflow function allowed runoff to be
simulated for rainfall intensities lower than theKs measured
at the soil surface. This approach also allowed us to take into
account the experimental data, without needing to calibrate
the runoff volume onKs parameter. Finally, the results sug-
gest a rainwater redistribution module should be included in
distributed runoff models at a larger scale of the catchment.

1 Introduction

Many studies have shown the impact of vegetation structure
on rainfall partitioning and redistribution at the soil surface
(see reviews of Crockford and Richardson, 2000; Levia and
Frost, 2003; Llorens and Domingo, 2007). Rainfall intensi-
ties at the soil surface are not spatially uniform under vegeta-
tion cover, influencing runoff production locally. In this set-
ting, we hypothesized that the concentration of the incident
rainfall at the plant foot by stemflow could locally favour
runoff. One consequence is that runoff would occur for a
lower incident rainfall rate than the infiltration rate of the
soil. In this paper we tested hypothesis by modelling at the
scale of banana fields, which exhibit large stemflows (Harris,
1997; Cattan et al., 2007a, 2009).

Most runoff simulation models at the plot scale separate
incident rainfallP into rainfall excess or surface runoffS
and infiltrationI (Fig. 1a). For simulation models of Hor-
tonian overland flow – without groundwater contribution –
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this rainfall partitioning at the soil surface depends on the
rainfall intensity, the hydrodynamic soil properties, and the
initial soil water content. When the soil is close to satura-
tion, P can be separated intoS andI with a threshold corre-
sponding to the saturated hydraulic conductivityKs. Under
vegetation cover,P can be divided into three components
(Fig. 1b) before reaching the ground: interceptionEi , which
is the water stored in the canopy and completely evaporated
before it reaches the soil; stemflowPSf , which is the water
reaching the ground by running down the stem of trees; and
throughfallPTf , which is a combination of water reaching
the ground directly through gaps (direct precipitation) and of
water dripping from leaves and branches. This redistribution
of rainfall intensities can generate two opposite effects: on
the one hand, a buffering effect of incident rainfall intensities
under dense vegetation covers (Keim and Skaugset, 2004)
such as in forested contexts with a high interception compo-
nent; on the other hand, a concentration effect on incident
rainfall at the base of the plant (Herwitz, 1986; Cattan et al.,
2007a), such as for vegetation covers with a funnelling struc-
ture promoting stemflow. Because vegetation redistributes
the spatially uniform incident rainfall into non-uniform rain-
fall at the soil surface, modifying locally the surface water
fluxes, it should be accounted for in studies of hydrological
processes and models of runoff at the plot scale.

Although runoff models have been developed mainly at
the catchment scale, many modelling approaches exist at the
plot scale. These modelling approaches are based on two
functions. First, a production function simulating the runoff-
infiltration partitioning on the basis of various infiltration
models (Green and Ampt, 1911; Richards, 1931; Horton,
1933; Philip, 1957; Morel-Seytoux, 1978). The main param-
eters to simulate runoff are the soil hydrodynamic properties,
initial soil moisture conditions, and rainfall intensity. Sec-
ond, a transfer function routing the generated runoff volume
at the outlet of the plot on the basis of the diffuse wave model
(Moussa and Bocquillon, 1996) or the kinematic wave model
(Singh, 1994). The main parameters to model a hydrograph
relate to surface geometry (slope, roughness), leading to flow
velocity and diffusivity parameters. Regarding rainfall parti-
tioning, although many infiltration models account for this
process in simulations of soil water dynamics (e.g. Bouten
et al., 1992; Belk et al., 2007; Sansoulet et al., 2008; Liang
et al., 2009), interception and stemflow processes are rarely
represented in runoff models. The interception is often mod-
elled using complex approaches, as for example the Rutter
model (Rutter et al., 1971) used to simulate rainfall intercep-
tion in the physically-based distributed SHE model (Abbott
et al., 1986) or the Gash model (Gash et al., 1995) used for
example at the plot scale by Van Dijk and Bruijnzeel (2001)
and Ajayi et al. (2008). These rainfall interception models
need meteorological data and structural parameters often un-
available due to the complexity of the conceptual scheme.

Fig. 1. Rainfall partitioning at the soil surface without vegetation
(a) and rainfall partitioning under vegetation(b); with rainfall P ,
runoff S, infiltration I , interception and evaporationEi , stemflow
PSf , and throughfallPTf .

In this setting, our aim was to develop a simple hydro-
logical interception/stemflow model, especially adapted for
plant promoting stemflow and concentrating rainfall at the
plant foot, as banana plant. This model was based on phys-
ical and geometrical concepts (accounting for the structure
and properties of the plant) rather than on empirical concepts
(i.e. Rutter (1971) or Gash (1995) models), and having few
parameters. For that, we have developed a stemflow function
in the hydrological MHYDAS model (Moussa et al., 2002;
Charlier, 2007). This stemflow function redistributes inci-
dent rainfall at the soil surface into two compartments: one
compartment including stemflow and the related water path-
ways and one compartment for the rest of the plot. At the
plot scale, the model was lumped, considering the plot area
as a single entity. The stemflow function was coupled with
a production function and a transfer function to simulate dis-
charge at the outlet of the plot. The four main calibrated
parameters are the stemflow coefficient, which separates the
plot into two compartments with contrasted rainfall fluxes;
the saturation hydraulic conductivity at the soil surface; and
the two parameters of the diffuse wave equation. We have
tested our modelling approach on a banana plot of 3000 m2

located on Andosol in Guadeloupe (FWI, in lesser Antilles),
and monitored for rainfall and runoff measurements by Cat-
tan et al. (2006). Banana is a highly redistributive plant with
a large stemflow component, increasing rainfall intensities
from 18- to 28-fold at the banana foot (Cattan et al., 2007a).
Consequently, at the plant scale, stemflow feeds surface wa-
ter pathways on permeable soils (Cattan et al., 2009) and
enhances percolation fluxes at the base of the plant (Cattan
et al., 2007b). Calibration and validation of the MHYDAS
model were carried out on a set of 18 flood events. The use-
fulness of the stemflow function was tested by comparing
situations without and with stemflow. The paper is organ-
ised in four sections: (i) presentation of the model structure,
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(ii) description of the study site, (iii) characterisation of the
model behaviour and of the parameter variability, and (iv)
comparison of modelling approaches “without” and “with”
stemflow.

2 Model structure

The modelling approach was based on the MHYDAS model,
which is lumped at the plot scale. The model was built on
three functions presented in Fig. 2. The first one is the stem-
flow function, which partitioned incident rainfall into stem-
flow and throughfall and redistributed these fluxes into two
soil compartments. The second one is the production func-
tion used to simulate Hortonian runoff at the soil surface
without groundwater reaching it – this function was applied
separately to each of the two compartments. The third one is
the transfer function, which routes the total runoff volume at
the outlet of the plot by the diffuse wave equation. The model
input is the incident rainfall and the output is a simulated hy-
drograph, which was compared to the measured hydrograph
to test model performances. We present first the stemflow,
production, and transfer functions, then a theoretical analy-
sis of the influence of the stemflow function on runoff, and
lastly the model properties and calibration procedure.

2.1 The stemflow function

2.1.1 Rainfall partitioning into two compartments

First, as shown in Fig. 3, rainfall partitioning generates two
fluxes at the soil surface: stemflowPSf , the flow of water
down the stem of a plant, and throughfallPTf , which in-
cludes leaf drip plus direct precipitation:

PSf +PTf = P −Ei in [LT−1
] (1)

where the amountP is the incident rainfall andEi is the in-
terception of rainfall that never reaches the soil surface. Ac-
cording to Cattan et al. (2007a), studying the case of banana
plant under abundant rainfalls,Ei can be neglected at the
event time scale, with reference to tropical rainfall volumes;
the case study of this paper respects these conditions.

Second, as proposed by Cattan et al. (2009), a two-
compartment scheme was considered for modelling runoff
(Fig. 3): (i) one compartment of the runoff water pathway
fed by stemflow called “R” (like Runoff fed by stemflow)
of areaAR collecting the rainfall fluxesPR containing the
whole stemflow fluxesPSf and the part of throughfallPTf

falling on this area, and (ii) one compartment for the rest of
the plot called “NR” (like No Runoff fed by stemflow) of
areaANR for the rest of the plot collecting the rainfall fluxes
PNR containing the other part of throughfall. LetPR and
PNR be the two rainfall fluxes reaching areasAR andANR,
respectively to be linked to stemflow and throughfall on the
plot according to Eq. (2):

PR +PNR = PSf +PTf in [LT−1
] (2)

2.1.2 Calculation of redistributed rainfall intensities on
each compartment

2.1.2.1 Hypothesis about the rainfall redistribution at
the plot scale

We hypothesised that stemflow fluxes resulted in a feeding of
a surfaceAR smaller than the whole plot areaA with an in-
tensity higher than that of the incident rainfall. The stemflow
function partitioned a uniform rainfall intensityP into two
fluxesPR andPNR on the areasAR andANR, respectively,
with PR>PNR. For that, we defineα andβ parameters ac-
cording to Eqs. (3) and (4):

PR = αP with α ≥ 1 in [LT−1
] (3)

AR = βA and ANR = (1−β)A with 0≤ β ≤ 1 in [L2
] (4)

Parameterα represents the ratio between incident rainfall
and effective rainfall on the surface of the runoff pathway fed
by stemflow whereasβ is the proportion of the plot area that
is submitted to the influence of stemflow. Equation (3) means
that the higher theα, the higher the rainfall intensity inAR.
According to Eq. (4),β ranges between 0 and 1, knowing
that a value close to 1 corresponds to a model without soil
compartmentation (i.e.AR≈A) and thus without rainfall re-
distribution.

In parallel,PNR, can be expressed as a function ofPR, AR

andANR:

PNR =
(P A−PR AR)

ANR

in [LT−1
] (5)

Then,PNR can be expressed as a function ofα andβ sub-
stitutingPR andAR using Eqs. (3) and (4), respectively:

PNR =
(P A−α P β A)

(1−β)A
in [LT−1

] (6)

PNR =
(1−α β)

(1−β)
P with α ≥ 1 and 0< β ≤ 1 in [LT−1

] (7)

ForPNR > 0, we set the following condition:αβ ≤ 1.
Incident rainfallP is the input variable of the stemflow

function andPR andPNR are the two output variables. Pa-
rametersα andβ are the two stemflow function parameters.

2.1.2.2 Calculation of the parameters of the stemflow
function

On a plot area A, rainfall partitioning generates two fluxes:
stemflowPSf and throughfallPTf . We can expressPTf as a
function ofPSf andP :

PTf =
P A−PSf ASf

ATf

= P

(
A−

PSf

P
ASf

A−ASf

)
in [LT−1

] (8)
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Fig. 2. Model structure without and with a stemflow function, coupled with a production function and a transfer function; witht the time,
incident rainfallP reaching the plot of surface areaA, the saturated hydraulic conductivityKs, total runoffS and total infiltrationI on the
whole plotA, the simulated dischargeQS at the outlet of the plotA, rainfall intensityPR andPNR , runoff SR andSNR on the areaAR and
ANR ; AR andANR correspond to the runoff water pathway fed by stemflow (in dark grey color) and the rest of the plot (in light grey color),
respectively.

Fig. 3. Water balance at the plot scale; with incident rainfallP , interception and evaporationEi , stemflowPSf , throughfallPTf , rainfall
intensityPR reaching the areaAR corresponding to the runoff water pathway fed by stemflow (in dark grey color), rainfall intensityPIR

reaching the areaANR corresponding to the rest of the plot (in light grey color),SR , IR , andSIR , andIIR the runoff and infiltration on
compartmentsAR andANR , respectively.

Hydrol. Earth Syst. Sci., 13, 2151–2168, 2009 www.hydrol-earth-syst-sci.net/13/2151/2009/
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where ASf and ATf are areas where stemflow and
throughfall occur, i.e. at the base of the plant, and in the rest
of the plot, respectively (see Fig. 3). The rainfallPR reaching
AR is expressed according to Eq. (9):

PR =
PSf ASf +PTf (AR −ASf )

AR

in [LT−1
] (9)

According to Eqs. (3) and (4), we can expressα as a func-
tion of β by substituting Eqs. (3) and (4) into Eq. (9):

α =
PR

P
=

PSf

P
ASf +

PTf

P
(AR −ASf )

AR

=

PSf

P
ASf +

PTf

P
(β A−ASf )

β A
(10)

Substituting Eq. (8) into Eq. (10), we have

α = −
1

β

[
ASf −

PSf

P
ASf

A−ASf

]
+

[
A−

PSf

P
ASf

A−ASf

]
(11)

In a general case, theα parameter is expressed as a func-
tion of A, P , PSf , andASf , which are input parameters, and
of β, which is a calibration parameter. The calibration pa-
rameter of the stemflow functionβ is called “stemflow co-
efficient”. The input parameters are characteristic of each
cropping plant system, and we detail hereafter the case of a
banana plot.

2.1.2.3 Parameters of the stemflow function for a
banana plot

According to Eq. (11), input parameters of the stemflow
function are detailed for a banana plot. At the banana plant
scale, Cattan et al. (2007a) have established an experimental
relationship betweenPSf /P and leaf area index LAI (dimen-
sionless):

PSf

P
= 11.2 LAI (12)

On a banana plot planted in a square design
(2.35 m×2.35 m), the measured values ofA, LAI, and
ASf given by these authors for a banana plant were:
A=2.35×2.35 m2, which represents the elementary area for
one banana plant; LAI=3.2 for a full-grown banana plant;
ASf =0.047 m2. For a banana plot,α was thus calculated
according to Eqs. (11) and (12), which yields:

α =
1

β
0.299+0.701 (13)

2.1.3 Inputs, parameters, and outputs of the stemflow
function

The inputs of the stemflow function are the incident rainfall
P , the plot areaA, the cross-sectional area of the pseudostem
at its baseASf , and the relationship betweenPSf /P and LAI

(Eq. 12), which is specific to each plant. The calculated pa-
rameter of the stemflow function isα, and the calibration
parameter is the stemflow coefficientβ. Outputs of the func-
tion are the redistributed rainfall intensitiesPR andPNR in
the two soil compartments ofAR andANR areas.

2.2 The production function

2.2.1 Calculation of runoff and infiltration

Runoff was calculated using the production function on com-
partmentsAR andANR separately. The calculation proce-
dure is detailed forAR only, but it is identical forANR. Hor-
tonian runoff is generated by a rainfall intensity exceeding
the saturated hydraulic conductivityKs of the soil surface.
Herein, we assume that the soil is close to saturation at the
soil surface as often observed under wet climate or in wet-
land areas. In fact, in a permanent humid context, the initial
soil moisture is always close to saturation. Therefore, we
considered a constant infiltration capacity at the soil surface
equal toKs. In this model, the simple production function
separates rainfallPR into surface runoff (or stormflow)SR

and infiltrationIR using theKs threshold. Consequently, the
production function is valid only for soils always close to the
saturation state and without any influence of the rise of the
water table; the following case study located under humid
tropical climate respects these conditions.

The variation ofSR/PR with time directly depends on the
variation of rainfall intensity;IR andSR were determined at
each time step according to the following equations:

If PR≤ Ks => PR/Ks ≤ 1 then IR = PR and

SR = 0 in [LT−1
] (14)

If PR> Ks => PR/Ks > 1 then IR= Ks and

SR = PR−Ks in [LT−1
] (15)

On the wholeA plot, total runoffS and total infiltrationI
are given according to Eq. (16):

S = SR+SNR and I = IR +INR in [LT−1
] (16)

2.2.2 Inputs, parameters, and outputs of the production
function

As explained in Fig. 2, for areasAR andANR, the inputs of
the production function are the redistributed rainfallPR and
PNR, respectively.Ks is the calibration parameter. Runoff
depthSR andSNR, and infiltration depthIR andINR are cal-
culated for areasAR andANR, respectively. The output of
the function is the total runoff depthS.

www.hydrol-earth-syst-sci.net/13/2151/2009/ Hydrol. Earth Syst. Sci., 13, 2151–2168, 2009
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2.3 The transfer function

2.3.1 Calculation of the discharge

A transfer function was used to route the total runoff depthS

at the outlet of the plot and to simulate dischargeQS . Gener-
ally, the full non linear equations of Saint-Venant are used to
model flood routing. The choice of a simplification of Saint-
Venant equation (kinematic or diffusive wave) is often made
on pragmatic grounds in that a full Saint-Venant equation
needs complex numerical approaches for the resolution of the
differential equations, and would be too computationally in-
tensive. The modeller encounters the questions of construc-
tion of finite-difference or finite-element systems (Marks and
Bates, 2000) and methods for solving them (Cunge et al.,
1980). In order to avoid numerical instabilities, the best com-
promise between the complexity of non-linear model and the
simplicity of empirical ones, was a linear diffusive wave as
a simplification of the full Saint-Venant equation. Generally,
the diffusive wave model has been largely used for flood rout-
ing (see Moussa and Bocquillon (2009) for a review). This
function is a linear model, based on a Hayami (1951) kernel
function, which is a resolution of the diffusive wave equa-
tion (Moussa and Bocquillon, 1996). LetA.S(t) [L3T −1] be
the input hydrograph andQS(t) the routed hydrograph at the
outlet.

QS(t) =

t∫
0

A.S(τ).H (t −τ).dτ

with H(t) =

(ω.z

π

) 1
2

.
expz(2−

t
ω

−
ω
t )

(t)
3/2

(17)

whereH(t) is the Hayami kernel function,ω [T ] is a time
parameter that represents the centre of gravity of the unit hy-
drograph called lag time,z [dimensionless] is a form param-
eter,π=3.1416, andt [T ] is the time. The two parameters of
the transfer function areω andz.

2.3.2 Inputs, parameters, and output of the transfer
function

The inputs of the transfer function are the simulated runoff
depthS and the plot areaA. The two parametersω andz

are the calibration parameters of the function. As shown in
Fig. 2, the output is the simulated dischargeQS .

2.4 Theoretical analysis of the influence of the stemflow
function on runoff

Herein we discuss the parameters that relate to runoff produc-
tion in the modelling approach. These parameters are those
of the stemflow and the production functions.

If the model does not include a stemflow function, the
runoff production is controlled only by the production func-

tion. Based on Eqs. (14) and (15), runoff volumeVS is pro-
duced ifP is higher thanKs according to following equa-
tions:

if P/Ks > 1 then VS= (P −Ks)A in [L3
] (18)

if P/Ks ≤ 1 then VS = 0 in [L3
] (19)

If the model includes a stemflow function, and thus a two-
compartment scheme, three cases can be distinguished for
runoff production:

(i) First case: if PR/Ks>1 andPNR/Ks>1, VS is expressed
as the sum of runoff in areasAR andANR, that is, according
to previous Eqs. (3), (4), and (7):

VS = (αP −Ks)βA+

((
1−αβ

1−β

)
P −Ks

)
(1−β)A in [L3

] (20)

Then we have

VS = αβAP +

(
1−αβ

1−β

)
(1−β)AP −Ks

βA−Ks(1−β)A in [L3
] (21)

and we obtain

VS = (P −Ks)A in [L3
] (22)

This first case corresponds to runoff occurring inAR and
in ANR. In this case, the model with stemflow including
a production function applied on each compartment is thus
equivalent to the model without stemflow (β close to 1) in-
cluding a production function applied on the whole plot. The
infiltration rate is thus equal toKs. In this case, the model
calibration can be performed only by optimisingKs.

(ii) Second case:if PR/Ks>1 andPNR/Ks<1, we have, ac-
cording to Eqs. (3) and (7)

1

α
<

P

Ks
<

1−β

1−αβ
(23)

and in this caseVS is expressed as follows:

VS = (αP −Ks)βA = αβPA−βKsA in [L3
] (24)

In the specific case of a banana plot, substituting
Eq. (13) into Eq. (23) leads to

β

0.299+0.701β
<

P

Ks
<

1−β

0.701−0.701β
=

1

0.701
(25)

Then, according to Eqs. (13) and (24), we have

VS =

(
0.701+

0.299

β

)
βPA−βKsA in [L3

] (26)

which simplifies to

VS = β(0.701P −Ks)A+0.299PA in [L3
] (27)
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In this second case, we have runoff only in the compart-
mentAR. Simulated runoff volume depends onKs andβ.
Calibration with Ks allows us to fit runoff depth (VS/A)

between 0 andαP , i.e. rainfall reaching compartmentAR

(AR=βA). Concerningβ, note that the linear regression co-
efficient of the straight line of Eq. (27) is negative accord-
ing to the conditions imposed by Eq. (24) (i.e. Ks>0.701P )
meaning that an increase inβ tends to reduce the runoff vol-
ume. According to Eq. (27), calibration withβ allows us to
fit runoff depth (VS/A) between 0 and 0.299P .

(iii) Third case: if PR andPNR ≤ Ks, thenVS=0. The third
case corresponds to a total infiltration of water on the plot.

In conclusion, theβ coefficient influences the simulated
runoff volumes when rainfall intensities are not high enough
to generate runoff in the compartmentANR, butβ has no in-
fluence when rainfall intensities are high and generate runoff
in both compartments. Consequently, a model that represents
stemflow can generate runoff for maximum rainfall intensi-
tiesPx inferior toKs, leading to higher simulated runoff vol-
umes whenPx/Ks<1.

2.5 Model properties and calibration procedure

2.5.1 Model parameters

The input variable of the model is the incident rainfall
P , which was considered uniform on the whole plot area.
The output of the model is a simulated hydrographQS(t),
which was compared with the original measured hydro-
graphsQO(t) to assess model performances. The input rain-
fall P is usually given as a function of time in the form of
a histogram with a fixed time interval. Consequently, the
other variables are also presented as functions of time, and
the computations are carried out with the same fixed time
interval. The model needs a total of nine parameters that
may be measured, calculated, or calibrated. Four of these
parameters could be measured and then fixed: the plot area
A and the representative parameters of the plant structure
(ASf , PSf , and LAI). In theory, another parameter can be
measured in the field, namelyβ, but its measurement may be
difficult because the boundaries of the runoff water pathways
generated by stemflow vary in space and time, as shown by
Cattan et al. (2009). Thus,β should preferably be considered
as a calibration parameter. Finally, there are five parameters
that need to be calibrated: (i) two parameters for the stem-
flow function, coefficientsα and β, (ii) one parameter for
the production function, the average value of the saturated
hydraulic conductivityKs, and (iii) two parameters for the
transfer function, the lag timeω and the shape parameterz.
However the number of parameters to be calibrated can be
restricted to only four in the case of banana fields, because
Cattan et al. (2007a) have shown that there is an empirical
relation (see Eq.13) betweenα andβ. The sensitivity anal-

ysis conducted on a representative flood event, as well as the
different modelling strategies that will be presented later, will
assess the variability of these four calibrated parameters.

2.5.2 Parameterization strategies

The usefulness of the stemflow function was tested by com-
paring strategies without and with stemflow. For that, we
defined three approaches: one approach without a stemflow
function – noted NoStem, and two approaches each with a
stemflow function – noted Stem (1) and Stem (2). Fixed and
calibrated parameters used in these approaches are presented
in Table 1 and detailed hereafter:

(i) the NoStem approach is the “reference” approach be-
cause the rainfall reaching the ground is homogeneous (with-
out a stemflow function). It is carried out in conditions of
unknownKs,which was calibrated;

(ii) the Stem (1) approach is the first approach with a non-
uniform rainfall reaching the ground (with a stemflow func-
tion). This approach is also in conditions of unknownKs,
leading to calibratingKs and fixingβ;

(iii) the Stem (2) approach is the second approach with
stemflow carried out in a condition of knownKs, leading to
fixing Ks and calibratingβ.

In these three approaches, parameters of the transfer func-
tion ω andz were calibrated.

Comparing the three approaches aimed to assess the ef-
fect of soil permeability (Ks parameter) as well as the effect
of stemflow (β parameter) on runoff production. Moreover,
analysis of the shape of the simulated hydrographs according
to the rainfall intensities helps identify the role of stemflow
on runoff production, notably for low rainfall intensities.

2.5.3 Performance criteria

To analyse calibration results and to assess model perfor-
mances, we used four criteria relative to the simulation of
runoff depth, peakflow, and shape of the whole hydrograph.

Criteria for accuracy of runoff depthS and peakflowQx
were the relative errorsεSi andεQxi for eventi andεS and
εQx for N events, respectively. The formula of relative errors
εSi andεS are given below:

for one event: εsi =
Ssi −Soi

Soi

(28)

for N events: εs =
1

N

N∑
i=1

∣∣∣∣Ssi −Soi

Soi

∣∣∣∣ (29)

wherei is an index representing a flood event (1≤ i ≤ N );
N is the total number of flood events used for calibration and
validation;Soi is the measured runoff depth for eventi; Ssi
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Table 1. Fixed and calibrated parameters for the three modelling approaches.

Model functions and corresponding parameters

Modelling approaches Stemflow function Production function Transfer function

β Ks ω z

[−] [mm h−1] [min] [min]

NoStem Not used Calibrated Calibrated Calibrated
Stem (1) Fixed Calibrated Calibrated Calibrated
Stem (2) Calibrated Fixed Calibrated Calibrated

is the simulated runoff depth for eventi. CriterionεSi ranges
between−1 and +∞ and criterionεS between 0 and +∞.
The optimum value for these two criteria is 0, and we con-
sidered like Chahinian et al. (2006) that a value lower than
|0.25| corresponded to good model performances. Peakflow
criteriaεQxi andεQx were calculated according to Eqs. (28)
and (29) by substituting the observed peakflowQxOi and the
simulated peakflowQxSi by SOi andSSi , respectively.

The shape of the whole hydrograph was assessed accord-
ing two criteria: the Nash and Sutcliffe (1970) coefficient
expressed for one event,NSi (Eq. 30), and forN events,NS
(Eq. 31), and the root mean square error RMSE expressed for
N events (Eq. 32).

NSi = 1−


ni∑

j=1
(Qoij −Qsij )

2

ni∑
j=1

(Qoij −Q̄i)2

for one event (30)

NS = 1−


N∑
i=1

ni∑
j=1

(Qoij−Qsij )
2

N∑
i=1

ni∑
j=1

(Qoij−Q̄)2


for N events according to Chahinian et al. (2006) (31)

RMSE=


N∑

i=1

ni∑
j=1

(Qoij −Qsij )
2

N∑
i=1

ni


1/2

for N events (32)

wherej is an index representing the time step in a flood
eventi (1 ≤ j ≤ ni); ni , the number of time steps in the flood
eventi; QOij , the observed discharge at timej in the flood
eventi; QSij , the simulated discharge at timej on the flood
eventi; Q̄i , the mean value of discharge of the flood event
i, andQ̄, the mean value of all measured discharge of all
flood events.NScriteria range between−∞ and 1, with 1
signifying a perfect fit between simulated and observed hy-
drographs, and with negative values signifying that the arith-
metic mean of the observed hydrograph is a better estimate

than the simulated hydrograph. We considered in this study
that a 0.8 value corresponded to good model performances.
RMSE criteria range between 0 and +∞, with 0 signifying a
perfect fit between simulated and observed hydrographs. It
should be noted that RMSE gives similar optimal parameters
as theNScriteria, thus we only used RMSE to assess model
performances (it was not used in the calibration procedure).

3 Study site

3.1 Experimental site

3.1.1 Field situation

Measurements were carried out at the Neufchâteau experi-
mental station (16◦04′38′′ N, 61◦36′04′′ W, 250 m), on the
windward side of Basse Terre, Guadeloupe (FWI). The
Lesser Antilles are under a maritime humid tropical climate,
and the interannual average for rainfall between 1952 and
2004 at Neufcĥateau station was 3600 mm (Mét́eo-France,
2004). The field was at “Espérance Haut”, which has a
3000 m2 surface area with a 12% mean slope. The field was
planted with banana in a square design (2.35 m×2.35 m), in
10 cm diameter holes on 21 February 2001. The previous
crop was banana, followed by 8-months fallow.

3.1.2 Soil

The soil is an Umbric Andosol (WRB, 2006) with a con-
tinuous macroscopic structure, with medium and fine tubu-
lar pores. Neither of the two horizons exhibited cracks at
any time because the soil never dries out sufficiently due to
the regularity of rainfall (Cattan et al., 2006). Soil in this
site is strongly porous media with a total porosity reach-
ing of 71 and 81% in hA and hB, respectively (Cattan et
al., 2007b), and may exhibit preferential flow patterns given
the hydrophobic nature of their constituents, as generally
observed for Andosols (Clothier et al., 2000; Poulenard et
al., 2004). Concerning water pathways under the soil, Char-
lier et al. (2008) have shown that in this same pedoclimatic
environment, lateral subsurface flow is limited in favour of
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percolation through the water table. This is particularly true
because Andosols in the studied zone are developed on a very
porous formation of ashes mixed with lapillis.

3.1.3 Plant

The banana plant has an impluvium shape. Its crown is made
of verticilated leaves with a petiole and a midrib supporting
two wide laminae. The Cavendish cultivar planted on the
plot can reach 3 m in height; the average length and width
of the leaves are 1.74 m and 0.72 m, respectively. As stated
in Sect. 2.1.2.3, on a banana plot planted in a square de-
sign (2.35 m×2.35 m), the measured values of LAI and the
base of the plantASf given by Cattan et al. (2007a) for a
banana plant were: LAI=3.2 for a full-grown banana plant,
andASf =0.047 m2. These characteristics do not change af-
ter flowering (around 6 months after plantation) when the ba-
nana canopy exhibited a maximal leaf area, the canopy from
one banana plant overlapping with the adjacent plants. The
model presented in this paper did not account for the lower
stemflow effect before flowering because the selected rainfall
events occurred after this period when the banana plantation
was in full development.

3.1.4 Rill network

The plot was not tilled favouring a less marked network of
rills on the ground surface. Hence, the network was more
sinuous and less embedded than in a tilled plot, but was still
observed. The network connects the concave zones of runoff
propagation downstream of the pseudostem and also on drip
zones between banana plants.

3.2 Measurements

The plot was hydraulically isolated from upstream runoff by
50-cm-wide galvanized sheets pushed vertically 20 cm into
the ground. The runoff from the plot was channelled to the
outlet via a concrete-lined channel at the lower end of the
plot, and hence to a venturi channel (type E 1253 AZ, Hy-
drologic, Grenoble, France). The head of water in the venturi
channel was measured using a bubble flowmeter (ALPHEE
3010, Hydrologic, Grenoble, France) adapted to the narrow
width of the venturi, with 8 s time lapse. Rainfall intensi-
ties were measured on the plot by one tipping-bucket rain
gauge (ARG100, Campbell Scientific, Shepshed, Leicester-
shire, UK), with a sensitivity of 0.2 mm of rain per tip. The
study period lasted from 6 December 2001 to 2 April 2002.

On these soils always close to saturation under a humid
tropical climate, we assumed that the mean hydraulic con-
ductivity measured in 2001 on the field using a controlled-
suction disc infiltrometer at potential 0 by Cattan et al. (2006)
was a reference value of the mean saturated hydraulic con-

ductivity Ks of the plot. MeanKs was 75 mm h−1 (stan-
dard deviation of 7.6 mm h−1) for five measurements at the
ground surface. This relative homogeneity is probably due to
theKsmeasurements which took place only few months after
plantation; suction disc infiltrometer measuringKson a small
surface (8 cm diameter cylinder). Moreover,Ks measure-
ments performed using the double ring infiltration method
(Bouwer, 1986) by Cattan et al. (2006) on the same type of
soil show a meanKs value of 67 mm h−1 (confidence inter-
val [50,85] mm h−1). Generally, on Andosol, we can have
usually a larger range of values of around 35 to 350 mm h−1

according to agricultural management (Dorel et al., 2000).

3.3 Characteristics of flood events

To reduce the influence of soil surface characteristics (mulch,
accumulation of material transported by runoff, etc.) on the
hydrological response of the plot while characterizing the im-
pact of rainfall partitioning, we selected rainfall events higher
than 10 mm depth. A rainfall event was defined as a rainy pe-
riod in which there was less than 15 min between two succes-
sive tips of the tipping bucket; the corresponding runoff pe-
riod was defined as a period in which water flow was never
interrupted for over 5 min. Eighteen selected flood events
were selected for model calibration and validation (Table 2).
The 18 events were split at random between a set of 9 events
for calibration and a set of 9 events for validation. Duration
of events ranged between 28 and 242 min, rainfall depthP

ranged between 10.0 and 139.2 mm, mean rainfall intensity
P̄ between 11.0 and 47.2 mm h−1, maximum rainfall inten-
sity over 5 minPx5 between 45.6 and 144.0 mm h−1, runoff
depthS between 1.5 and 44.0 mm, peakflowQxbetween 6.8
and 35.7 l s−1, and runoff coefficientS/P between 9.3% and
36.0%. Globally, as shown on Fig. 4 which presentsPx5,
S, Qx,and S/P as a function ofP , the higher the rainfall
depth, the higher the maximum rainfall intensity over 5 min,
the higher the runoff depth, and the higher the peakflow.

The selected rainfall events cumulated 530 mm of rainfall
depth, i.e. 1/4 of the total rainfall depth of the monitored pe-
riod of 5 months (including the rainiest months of a hydro-
logical year). Cattan et al. (2006) showed that rainfall events
with a rainfall depth superior to 10 mm represented 4.5% of
the 862 recorded events, and that rainfall events with a rain-
fall intensity superior to 72 mm h−1 (approximately equal to
the meanKs of the soil surface) represented 10.3%. Con-
sequently, in this context of rainfall regime of frequent light
falls, we assume that events of calibration and validation sets
fit with the main rainfall events occurring in a hydrological
year.
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Table 2. Characteristics of flood events, sorted by increasing rainfall depth for each calibration and validation set.

Mean Maximum
Event calibration Duration Rainfall rainfall rainfall Runoff Peakflow

number Date (C) and of flood depth intensity intensity depth Qx S/P
validation event P P̄ over 5 min S

(V) set D Px5
[min] [mm] [mm h−1] [mm h−1] [mm] [l s−1] [%]

1 27 Jan 2002 38 10.6 31.8 64.8 1.8 6.8 17.2
2 10 Dec 2001 41 11.2 28.0 67.2 3.0 13.5 26.9
3 20 Dec 2001 57 13.0 16.2 52.8 2.8 8.2 21.2
4 2 Apr 2002 50 15.8 19.0 67.2 1.5 9.0 9.3
5 16 Dec 2001 C 107 23.2 14.2 48.0 8.3 18.6 36.0
6 9 Dec 2001 60 24.4 28.7 91.2 6.0 18.7 24.7
7 15 Dec 2001 143 25.4 11.0 45.6 8.7 17.8 34.3
8 21 Dec 2001 71 47.6 40.1 110.4 13.9 25.6 29.2
9 13 Dec 2001 186 139.2 47.2 129.6 44.0 35.7 31.6

10 10 Dec 2001 28 10.0 23.1 48.0 1.9 10.8 19.4
11 14 Dec 2001 50 11.4 19.5 50.4 4.1 14.8 35.6
12 11 Dec 2001 32 12.6 36.0 64.8 3.5 15.3 27.7
13 20 Dec 2001 39 15.0 37.5 62.4 5.2 19.5 34.5
14 11 Dec 2001 V 49 23.2 28.4 69.6 6.4 16.4 27.5
15 14 Dec 2001 45 25.2 44.5 93.6 8.0 19.8 31.9
16 10 Dec 2001 64 27.8 28.8 76.8 7.6 18.3 27.3
17 6 Dec 2001 80 37.4 38.7 144.0 7.8 24.5 20.8
18 2 Apr 2002 242 57.0 15.3 62.4 8.2 12.7 14.4

3.4 Model parameterization for application on the
study site

3.4.1 Hypothesis on redistribution processes within
the plot

Globally, the conceptual scheme of the model was based on
observations of flowpaths carried out on the field, as well as
by video monitoring during rainfall events (see Cattan et al.,
2009). Due to the existence of a tortous rill network connect-
ing the water pathways fed by stemflow to the outlet of the
plot, we assume that all “produced” surface runoff reaches
the bottom of the plot. In this setting, infiltration of runoff
during the transit in the rill may occur. But it may occur only
for the runoff volume for which runoff intensities are lower
thanKs, because, as assumed for the rest of the plot, the ini-
tial soil moisture state is always close to saturation. Thus, we
have made the hypothesis that the runoff production follows
the same process in the rill network and on the rest of the
plot, leading to justify our choice of a lumped approach for
modelling.

3.4.2 Input data

To relate rainfall to runoff at the plot scale, the hydrologi-
cal time series of rainfall and runoff were synchronised on a
1 min time step. Thus, in the model application, the com-

 43 

Figure 4: Characteristics of flood events of the calibration set (○) and validation set (▼). 848 

 849 

 850 

 851 Fig. 4. Characteristics of flood events of the calibration set (◦) and
validation setH.

puting interval was 1 min. Concerning input data relative
to banana plot geometry, see Sect. 2.1.2.3. Concerning the
three modelling approaches, the parameterization is detailed
on Table 3. For NoStem,Ks was calibrated. For Stem (1),
β was set to 5% (this value was chosen from preliminary
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Table 3. Parameterization and performance criteria for calibration and validation sets for the three modelling approaches using collective
calibration.

calibration Fixeda and optimised Performance criteria
Approaches Event (C) and parameter values

numbers Validation β Ks ω z εS εQx RMSE NS NS<5
(V) sets [−] [mm h−1] [min] [ −] [−] [−] [l s−1] [−] [−]

1 to 9 C ≈ 1a,b 44.4 16.0 0.481 0.000 0.37 3.89 0.69−0.55
NoStem

10 to 18 V ≈ 1a,b 44.4 16.0 0.481 0.106 0.45 3.26 0.53−5.50

1 to 9 C 0.05a 60.5 10.9 0.485 0.000 0.18 2.42 0.88 0.35
Stem (1)

10 to 18 V 0.05a 60.5 10.9 0.485 0.066 0.59 2.38 0.75−1.32

1 to 9 C 0.00935 75.0a 8.7 0.484 0.000 0.02 1.98 0.92 0.47
Stem (2)

10 to 18 V 0.00935 75.0a 8.7 0.484 0.166 0.53 2.08 0.81−0.36

a fixed parameters
b parameterisation without accounting for stemflow

simulations) andKswas calibrated. For Stem (2),Kswas set
to 75 mm h−1 in accordance with the mean ofKs measure-
ments in the field by Cattan et al. (2006), andβ was cali-
brated.

3.4.3 Analysis of the indicators of the results

To characterize low flows corresponding to recession peri-
ods, we defined a Nash and Sutcliffe coefficientNSfor mea-
sured discharges lower than 5 l s−1, calledNS<5 i andNS<5
for one andN events, respectively (see Eqs. 30 and 31). In
fact, NSon the whole hydrograph favours simulation of the
highest discharges at the expense of a good fit of low dis-
charges. WithNS<5 andNS<5 i criteria, we wish to better
characterize the role of the stemflow function on the simula-
tion of low flows. We appliedNS<5 andNS<5 i on a period
when runoff was the least influenced by the initial conditions
of the soil, i.e. on the recession period (generally occurring
after the peak of rainfall) when the soil remained saturated.

To test the hypothesis that the incident rainfall concentra-
tion at the plant foot from stemflow generated runoff for rain-
fall intensities lower thanKs, we compared maximal rain-
fall intensitiesPx with calibratedKs for the three modelling
approaches. In the case study, the computing interval of 1 min
was considered as unstable relative to measurement uncer-
tainties. To smoothPx for 1 min, maximum rainfall intensi-
ties for 5 min,Px5, were used. Consequently, simulation re-
sults are presented as a function of thePx5/Ks ratio, which is
an adapted indicator of rainfall intensity during a flood event
at the plot scale.

3.4.4 Calibration procedure

A collective calibration procedure was carried out manually
on a set of nine events noted 1 to 9. This calibration was
identical for the three approaches, NoStem, Stem (1), and
Stem (2). It involved two steps: (i) a calibration was per-
formed to obtain a minimal value of the relative errorεS on
the simulated runoff depth (calibration parametersKs or β

according to the approaches – see Table 1), and then (ii) an
optimisation of the shape of the hydrograph was done to ob-
tain a maximal value ofNScriteria (calibration parametersω
andz). With this kind of calibration, the second step cannot
influenceεS criteria, whereas the first step may slightly in-
fluenceNScriteria, which are partly linked to the simulated
runoff depth.

Then, model performances were assessed according to the
five criteriaεS , εQx , RMSE,NS, andNS<5 for the calibra-
tion and validation sets. Within these sets, individual perfor-
mances of the flood events – event by event – were assessed
according to the four criteriaεSi , εQxi, NSi , andNS<5 i . Re-
sults are presented in Sect. 5.

4 Model behaviour and parameter variability

To improve the understanding of the model, we present
in this section results of rainfall-runoff simulations on two
events. First, simulations on an event with low and large
rainfall intensities were chosen to illustrate the model be-
haviour according to the three modelling approaches NoS-
tem, Stem (1), and Stem (2). Second, the sensitivity of runoff
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production toKs andβ was determined on a mean rainfall
event to illustrate the variability of the parameters described
theoretically above.

4.1 Illustration of the model behaviour

To illustrate the model behaviour, Fig. 5 shows simulations
on event 7 for the three approaches, NoStem, Stem (1), and
Stem (2). This event was selected because it presented long
periods with rainfall intensities lower than the meanKsvalue.
In Fig. 5 two long periods of residual rainfall appear before
and after the rainfall peak, during which rainfall intensities
were about 12 mm h−1 and systematically inferior to theKs
calibration value (i.e. a minimum of 13 mm h−1 for NoStem
approach).

Figure 5 shows that during this period of residual rain-
fall (time >100 min), the NoStem modelling approach did
not simulate runoff. Conversely, approaches Stem (1) and
Stem (2) simulated a continuous discharge of about 2.5 l s−1.
In addition, we observed that for Stem (2), runoff volumes
were under-estimated for peakflows. In fact, for high rainfall
intensities there was no possible calibration ofβ (first case
of the previous theoretical analysis – see Sect. 2.4). In this
case, runoff volume was thus strictly determined by the fixed
Ks value of 75 mm h−1.

4.2 Sensitivity analysis on a representative event

To illustrate the model behaviour described theoretically
above, we present a sensitivity analysis on a representative
event. We have assumed that a sensitivity analysis carried
out on a mean flood event was an indicator of the sensitivity
of the model parameters on the other events. This analy-
sis was carried out for event 16 on the four parametersKs,
β, ω, and z. This event was selected because its rainfall
depthP (27.8 mm) and its maximal rainfall intensity over
5 minPx5 (76.8 mm h−1) corresponded to the averageP and
averagePx5 of the 18 events (Table 2). Calibration using
the Stem (1) approach led to the following optimal parameter
values:Ks=51.5 mm h−1, β=0.05,ω=7 min, andz=0.47.

Regarding the sensitivity of runoff production toKsandβ,
an interaction between these parameters generated an equifi-
nality on runoff depth calibration because of their impacts
on the rainfall-runoff partition at the soil surface. For this
reason we wanted to identify the more sensitive calibration
parameter,Ksor β? Figure 6 represents, on a semi-log scale,
εSi iso-values according toKs and β. For a perfect fit of
runoff depth (i.e.εSi=0), the higher theKs, the lower theβ.
Ks value for aβ close to 1 corresponds to the calibration
value for approach NoStem, i.e. 39 mm h−1. Below thisKs
threshold, variations ofβ cannot offset the insufficient infil-
tration, and consequently the model overestimates the runoff
depth. The shape of the curve forεSi=0 shows that forKs
values increasing from 39 to 200 mm h−1, which correspond
to the range ofKs values measured on the field,β decreases

from 1 (equivalent to a model without stemflow, i.e. NoStem
approach) to 0.0002. This means that the model is more sen-
sitive toβ than toKs. Finally, if we wish to have only one
calibration parameter for runoff simulations,β should be se-
lected rather thanKs.

Regarding the sensitivity of hydrographs toω andz, pa-
rameter variability of the diffuse wave equation has been
largely investigated (e.g. Moussa and Bocquillon, 1996; Yu
et al., 2000; Chahinian et al., 2006; Tiemeyer et al., 2007).
Our results agreed with literature values and confirmed that
the higher theω and thez, the lower theQx and the transfer
velocity.

5 Comparison of modelling approaches “without” and
“with” stemflow

5.1 Global analysis of calibration and validation sets

5.1.1 Calibration results

Simulations of the calibration set carried out to optimise the
runoff volume (εS=0) showed that the shape of the simulated
hydrograph was better simulated with the stemflow function
than without (Table 3): for the calibration set,NSwas 0.69,
0.88, and 0.92, and RMSE was 3.89, 2.42, and 1.98 l s−1,
for NoStem, Stem (1), and Stem (2), respectively. To as-
sess the model performances on all events, a split-sample test
(Kleměs, 1986) was conducted. This test considers that each
set of events (event numbers 1 to 9 and 10 to 18 in our case
study – Table 2) should be used in turn for calibration and
validation. Taking events 10 to 18 for calibration and 1 to 9
for validation led to similarNSand RMSE values for calibra-
tion, that is to say 0.61, 0.80, and 0.82 forNS, and 4.36, 3.13,
and 2.96 l s−1 for RMSE, for the same three approaches, re-
spectively.

Regarding performance criteria of peakflows (εQx) in
Table 3 for the calibration set, peakflows were overesti-
mated for all approaches but were better simulated with
the stemflow function (εQx 0.36, 0.18, down to 0.02 for
NoStem, Stem (1), and Stem (2), respectively). But with
poorer results, low flows were unequally simulated (NS<5
−0.55, 0.35, up to 0.47 for NoStem, Stem (1), and Stem (2),
respectively). Finally, these results showed that the mod-
elling approach with stemflow globally improved model per-
formances.

Moreover, the model with stemflow adequately simulated
runoff volumes, with a meanKs value equal to the mean
of field measurements (75 mm h−1): for NoStem, calibrated
Ks was 44.4 mm h−1, whereas for Stem (1),Ks was higher
(60.5 mm h−1). Additionally, we noticed that the lag time
ω decreased by nearly half when using the stemflow func-
tion, with values of 16, 11, and 9 min for approaches NoS-
tem, Stem (1), and Stem (2), respectively. This decrease in
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Fig. 5. Simulated hydrographs of event 7 for the three approaches: without stemflow NoStem and with stemflow Stem (1) and Stem (2) using
individual calibration.P is the rainfall andQ the discharge at the plot outlet.
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Figure 6: Sensitivity analysis of the Ks and β parameters on simulated runoff volume for 859 

event 16; lines represent iso-values of the relative error on volume εSi. 860 
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Fig. 6. Sensitivity analysis of theKsandβ parameters on simulated
runoff volume for event 16; lines represent iso-values of the relative
error on volumeεSi .

response time indicates that the transfer velocity on the plot
increased when using the stemflow function. In fact, the
lower transfer velocity with approach NoStem contributed
to stretching the flood hydrograph and thus to simulating
runoff for residual rainfall in the recession period, although
the production function did not produce runoff during this
period. Conversely, approaches Stem (1) and Stem (2) pro-
duced runoff for residual rainfall in the recession period.
Consequently, good simulations were obtained with faster
transfer. Finally, the shape parameterz varied little from an
approach to another, and was about 0.48.

5.1.2 Validation results

Globally, the three approaches simulated runoff volumes
well on the validation set withεS values inferior to 0.17.
As seen for calibration results, modelling approaches with
stemflow improved simulation of flood hydrographs for val-
idation sets (Table 3):NS was 0.53, 0.75, and 0.81, and
RMSE was 3.26, 2.38, and 2.08 l s−1, for NoStem, Stem (1),

and Stem (2), respectively. For the split-sample test detailed
above,NS was 0.61, 0.89, and 0.90, and RMSE was 2.97,
1.58, and 1.51 l s−1 for the three approaches, respectively.
However, contrary to the calibration results, the other perfor-
mance criteria of peak and low flows were poorly simulated
for the three approaches withεQx values superior to 0.45,
and with negativeNS<5 values (Table 3). To better under-
stand the disparity of the simulation results of the calibration
and validation sets, the next section will analyse the model
performances event by event.

5.2 Event by event analysis

Performance criteria of the model simulations event by event
- shown in Figs. 7 and 8 - are plotted in Fig. 9 as a function
of Px5/Ks, which represents the ratio between the maximal
rainfall intensity over 5 min and the saturated hydraulic con-
ductivity.

Regarding the criteria on runoff volume, NoStem shows
an increasing function ofεSi vs. Px5/Ks, leading to an
under-estimation of the lowest rainfall events and an over-
estimation of the highest. ThisεSi vs.Px5/Ksrelationship be-
came less marked for Stem (1) and disappeared for Stem (2),
meaning that the stemflow function improved the simulation
of runoff volume for all events, notably with low rainfall in-
tensities. The same trend was observed for criteriaεQxi , in-
dicating that the simulation of the peakflow is also better with
stemflow.

Concerning the simulation of the hydrograph, modelling
with a stemflow function improved the shape of the whole
hydrograph as well as the shape of low flows, especially for
low rainfall intensities. In fact, the number of events out of
12 with Px5/Ks<1 havingNSi andNS<5 i values superior to
0.8 were 0 and 0 for NoStem, 7 and 6 for Stem (1), and 7 and
4 for Stem (2), respectively.

Finally, NoStem, Stem (1), and Stem (2) gave good per-
formances for events having aPx5/Ks close to 1 (in other
words for which the maximum rainfall intensity was close
to the calibratedKs value; events 6, 14, 15, and 16 in
Figs. 7 and 8). And the Stem (1) and Stem (2) approaches
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 46 

Figure 7: Simulation results for calibration set (Figure 7a) and validation set (Figure 7b) for 865 

the three approaches: without stemflow NoStem and with stemflow Stem(1) and Stem(2). P is 866 

the rainfall and Q the discharge at the plot outlet. Notice that the various events are presented 867 

on the same time axis. 868 

Figure 7a: Calibration events set 869 

 870 

Fig. 7. Simulation results for calibration events set for the three approaches: without stemflow NoStem and with stemflow Stem (1) and
Stem (2).P is the rainfall andQ the discharge at the plot outlet. Notice that the various events are presented on the same time axis.

considerably improved runoff modelling for rainfall events
with low intensities, notably those lower than the measured
Ks. On the other hand, these results showed thatβ can be an
efficient calibration parameter whenKs is measured in situ.

6 Discussion and conclusion

The aim of this paper was to to develop a simple hydrolog-
ical interception/stemflow model, based on physical and ge-
ometrical concepts (accounting for the structure and prop-

erties of the plant) rather than on empirical concepts, and
having few parameters easily available on the field. Our re-
sults, in the case of a banana field, show that taking into ac-
count the rainfall partitioning by vegetation in a runoff model
improved discharge simulation at the plot scale. This ap-
proach was consistent with the high permeability values mea-
sured on the field and accounts for the production of runoff
for rainfall intensities lower than surface saturated hydraulic
conductivity Ks. This modelling approach was lumped at
the plot scale, in which we developed a stemflow function
that was coupled with a production function and a transfer
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Fig. 8. Simulation results for validation events set for the three approaches: without stemflow NoStem and with stemflow Stem (1) and
Stem (2).P is the rainfall andQ the discharge at the plot outlet. Notice that the various events are presented on the same time axis.

function. The application on a banana field under tropical
rainfalls in Guadeloupe gave good results (NSi>0.6 for 14
events out of 18) for a wide range of rainfall events from 10
to 140 mm depth. This last point highlights the robustness of
the model and allows it to be considered for application on
long time series.

Our study showed the influence of plant canopy on hy-
drological processes at the 3000 m2 plot scale. Simulations
showed that the rainfall concentration at the plant foot by
stemflow could increase the runoff coefficient at this scale.
This was done in the context of plants with a high funnelling
ratio cropped on permeable Andosol under high rainfall in-

tensities. Concerning low flows, although results without and
with stemflow showed that it was difficult to simulate runoff
during low rainfalls, low flows were better modelled with
stemflow. This result is coherent with the decrease inKs ob-
served at the end of the rainfall event by Cattan et al. (2009)
at the banana plant scale. In fact, this decrease in permeabil-
ity generates more runoff and is equivalent to a concentration
of rainwater at the soil surface in our modelling approach
with stemflow.

Under tropical climate, rainfall redistribution by plant
canopy is not the only relevant process involved in runoff
when rainfall intensities are less than theKsmeasured on the
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 48 

Figure 8: Results of performance criteria for the calibration (■) and validation (○) sets for the 873 

three approaches: without stemflow NoStem and with stemflow Stem(1) and Stem(2). Px5/Ks 874 

is the ratio between the maximal rainfall intensity for 5 minutes and the saturated hydraulic 875 

conductivity, NSi and NS<5 i are the Nash and Sutcliffe coefficients on the whole hydrograph 876 

and on discharge lower than 5 l s-1 on flood recession, respectively, εSi and εQxi the relative 877 

errors on volume and on peakflow, respectively; for graphical readability, null values are used 878 

as a substitute for negative values of NSi and NS<5 i criteria. 879 

 880 

 881 

 882 

 883 

Fig. 9. Results of performance criteria for the calibration� and validation (◦) sets for the three approaches: without stemflow NoStem
and with stemflow Stem (1) and Stem (2).Px5/Ks is the ratio between the maximal rainfall intensity for 5 min and the saturated hydraulic
conductivity,NSi andNS<5 i are the Nash and Sutcliffe coefficients on the whole hydrograph and on discharge lower than 5 l s−1 on flood
recession, respectively,εSi andεQxi the relative errors on volume and on peakflow, respectively; for graphical readability, null values are
used as a substitute for negative values ofNSi andNS<5 i criteria.

plot. Two other processes may occur. The first one is soil
crusting which reducesKs value between infiltration mea-
surement and runoff assessment. The second is related to air
trapped in the pores in the top soil since the runoff events
in the channels are short and rapid. In our case on Andosol,
given the high cohesion of soil aggregate, crusting was not
observed on the plot. Concerning air inclusion, we think it
was unlikely because additional observations during double
ring infiltration measurement performed on the same type of
soil by Cattan et al. (2006) showed that permanent regime
was obtained after a few minutes. In consequence, the fact
that in our study case mainly during rainfall events of inter-
mediate strength the runoff is higher than would be expected,
points in the direction of stemflow.

One limitation of the modelling approach lies in the con-
cept of the hydraulic compartmentation of the plot, with one
compartment receiving a water pathway from stemflow. In
fact, the physical measurement of the stemflow coefficient
β, which determines the area of both compartments, may be
difficult because the boundaries of the water pathways vary
in space and time as shown by Cattan et al. (2009). Thus, this
conceptual two-compartment scheme implies that the param-
eter of the stemflow function should remain calibrated.

The major implication of this study concerns the manage-
ment of water fluxes in a cultivated plot. First, our study
shows that, to account for rainfall partitioning between runoff
and infiltration, changes in the structure and arrangement
of cropping species should be considered as well as the
more traditional soil management techniques (plant cover,
mulching, soil tillage. . . ). Second, the structure and arrange-
ment of cropping species should be taken into account to
globally manage transfers in and out of the plot. Indeed, the
great heterogeneity of water fluxes at the soil surface that
are induced by plant cover may influence transport of solute
elements (fertilizers and pesticides) or solid elements (ero-
sion). Some authors have shown the role of banana stemflow
in drainage water on transport of nitrate and potassium (San-
soulet et al., 2007) and of pesticides (Saison et al., 2008),
confirming the need to consider these processes. This is es-
pecially true since applications of agrochemicals on banana
fields are not spatially distributed over the whole area: in the
case of banana, applications are localized around the plant
collar, i.e. in zones of high water fluxes from stemflow.

In prospect, the improved simulation of low flows with our
modelling approach provided opportunities to model low in-
termittent rainfalls corresponding to rainfall events of long
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duration with relatively low intensities, situations for which
authors like Yu et al. (2000) and Chahinian et al. (2006) have
noted the modelling difficulties. Finally, considering the in-
fluence of vegetation on runoff generation at the plant and the
plot scales, its influence on hydrological processes at a larger
scale, that of the hillslope and the catchment scales, have to
be assessed. The proposed stemflow function integrated into
a lumped model at the plot scale can be used in distributed
hydrological models at the catchment scale to characterize
vegetation impact on hydrological processes.
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