
Science of the Total Environment 505 (2015) 390–401

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Modeling water outflow from tile-drained agricultural fields
Vladimir Kuzmanovski a,b,⁎, Aneta Trajanov b, Florence Leprince c, Sašo Džeroski a,b,d, Marko Debeljak a,b

a International Postgraduate School, Jožef Stefan Institute, Jamova cesta 39, 1000 Ljubljana, Slovenia
b Department of Knowledge Technologies, Jožef Stefan Institute, Jamova cesta 39, 1000 Ljubljana, Slovenia
c ARVALIS - Institut du Végétal, 21, Chemin de Pau, 64121 Montardon, France
d Center of Excellence for Integrated Approaches in Chemistry and Biology of Proteins, Jamova cesta 39, 1000 Ljubljana, Slovenia

H I G H L I G H T S

• We model surface runoff and drainage discharge water outflow from agricultural fields.
• We use machine learning techniques in order to accurately predict the outflow.
• The physical-based models are with high complexity of input and calibration.
• Our models overcome the issue with input complexity with comparable performances as physical-based models.
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The estimation of the pollution risk of surface and groundwater with plant protection products applied on fields
depends highly on the reliable prediction of the water outflows over (surface runoff) and through (discharge
through sub-surface drainage systems) the soil. In previous studies, water movement through the soil has
been simulated mainly using physically-based models. The most frequently used models for predicting soil
water movement are MACRO, HYDRUS-1D/2D and Root Zone Water Quality Model. However, these models
are difficult to apply to a small portion of land due to the information required about the soil and climate,
which are difficult to obtain for each plot separately.
In this paper, we focus on improving the performance and applicability of water outflow modeling by using a
modeling approach based on machine learning techniques. It allows us to overcome the major drawbacks of
physically-basedmodels e.g., the complexity and difficulty of obtaining the information necessary for the calibra-
tion and the validation, by learning models from data collected from experimental fields that are representative
for a wider area (region).
We evaluate the proposed approach on data obtained from the La Jaillière experimental site, located inWestern
France. This experimental site represents one of the ten scenarios contained in the MACRO system. Our study fo-
cuses on two types of water outflows: discharge through sub-surface drainage systems and surface runoff.
The results show that the proposed modeling approach successfully extracts knowledge from the collected data,
avoiding the need to provide the information for calibration and validation of physically-based models. In addition,
we compare the overall performance of the learned models with the performance of existing models MACRO and
RZWQM. The comparison shows overall improvement in the prediction of discharge through sub-surface drainage
systems, and partial improvement in the prediction of the surface runoff, in years with intensive rainfall.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The quantity and quality of surface and ground water affect the
ability of aquatic environments to sustain healthy ecosystems, while
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an abundant supply of clean water is a basic requirement for many of
its fundamental uses on which humans depend. Between 80% and 85%
of human population uses groundwater as a drinking water supply
(Bedient et al., 1999). Furthermore, the consumption of water for
human needs is approximately doubled every 20 years, while, on the
other hand, new sources of water are becoming scarcer and polluted
water is becoming more expensive to remediate. Thus, the protection
of surface and groundwater is crucial for human and ecosystem health.

Industry and agriculture, as the main water polluters, affect water
quality through both point and diffuse-source pollution. The former
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mainly refers to industrial or sewage treatment plants, while the latter
comes from many diffuse-sources (e.g., surface runoff and discharge
through sub-surface drainage systems for surfacewater, and infiltration
for ground water). Furthermore, several studies have shown that agri-
culture acts as the main diffuse-source polluter because of the use of
plant protection products (referred to as pollutants in the remainder
of the paper). These products are applied on a field scale in accordance
with conventional agricultural management and practices (Capel et al.,
2001; Holvoet et al., 2007).

Diffuse-source pollution is a process characterized by randomoccur-
rence and uncertain discharge of pollutants, variable temporal pollution
loads, and is difficult to simulate and forecast (Zhenyao et al., 2012). It is
a complex process, the modeling of which involves many phases:
identification of pollutant transfer pathways, prediction of the possible
pollutant transfer and assessment of water pollution risk. Eventually,
the modeling helps in selection and application of specific mitigation
measures by providing the decision-making process with additional
information about the water status and facilitating the pollution risk
reduction.

The main transfer pathways of diffuse-source pollution at the field
scale are surface runoff, discharge through sub-surface drainage sys-
tems (referred to as drainage discharge in the remainder of the paper)
and lateral seepage (lateral hypodermic flow on the non-permeable
soil substratum). Furthermore, infiltration is identified as a direct pol-
lutant transfer path in ground water (Brown and van Beinum, 2009;
Holvoet et al., 2007). The results of the study by Brown and van
Beinum (2009) have shown that surface runoff and drainage discharge
make a significant contribution to the pollution of surface waters. In
addition, drainage discharge appeared as a relevant route for pollutant
transport in six out of ten environmental scenarios representative of
agricultural conditions across Europe (FOCUS, 2001).

The estimation of pollutant transfers (further referred to as water
outflows in this paper) at the field level is mainly physically-based
modeling approaches, combining a theoretical description of different
water outflows in the soil and data from field experiments (used for cal-
ibration and validation of the models). As a disadvantage of such
models, Bredehoeft (2005) notes that while the foundations of such
modeling are conceptual models, new empirical data typically render
invalid predictions. Moreover, he suggests that the solution of this
problem is twofold: to collect as much data as feasible and to keep the
possibility to change the structure of the conceptual models open.
Fig. 1. Scheme of modeling approach us
In the last 20 years, several physically-based models of water out-
flow processes have been developed (Gerke and van Genuchten,
1993). The most frequently used models for predicting soil water out-
flows are the physically-based models MACRO (Larsbo and Jarvis,
2005), HYDRUS-1D/2D (Šimůnek and van Genuchten, 2008) and the
Root Zone Water Quality Model (Ahuja et al., 2000). A common meth-
odological problem of physically-based models is their parameteriza-
tion, which can be very time-consuming and expensive due to the
requirements for calibration of specific data. Such data are typically
obtained from laboratory analysis of the examined soil types, such as
designation, thickness, texture, soil structure, pH, organic carbon
content or bulk density in order to estimate hydraulic conductivity
and water retention. Furthermore, today's monitoring technology
allows collecting large amounts of data that can be used by the models
in tuning their predictions or to build new and more accurate models.
However, the use of such collected data would require complex struc-
ture revisions of the existing physically-based models [e.g., Larsbo and
Jarvis (2005), Šimůnek and van Genuchten (2008), Ahuja et al.
(2000)], which is impractical.

We aim to avoid the methodological limitations of physically-based
models and to exploit the large amount of existing empirical data
collected in experimental fields. We employ recent advances in
information technologies for modeling drainage discharge and surface
runoff as the twomain pollutant pathways to surfacewater fromhydro-
morphic agricultural fields. In particular, we propose to use a modeling
methodology based onmachine learning and datamining techniques to
describe the water outflow through the soil and to make accurate
predictions of the amount of drained and surface runoff water from
agricultural fields.

Machine learning is amethodology that holds a lot of promise for the
field of environmental sciences (Debeljak andDžeroski, 2011). It studies
methods that build predictive models (in the form of decision trees,
decision rules, linear equations, etc.) from examples (instances)
described with the values of their features (independent variables)
(Fig. 1). As an additional evaluation of our new modeling approach,
we compare the performance and predictions of our models with
those of the physically-based models MACRO and RZWQM, applied to
the same case-study (La Jaillière, France) for the same time period.

The remainder of the manuscript is organized as follows. In
Section 2, we introduce the machine learning methods we used in
our research. Section 3 gives a description of the case study, while
ing machine learning methodology.

image of Fig.�1
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Section 4 describes the experimental design and dataset. In Section 5,
we present the learned machine learning models, we show the results
of their empirical evaluation and compare them with the results of
selected existingmodels. Finally, we present conclusions and directions
for further work in Section 6.

2. Methodology

Machine learning is a sub-field of artificial intelligence that focuses
on development ofmethods (algorithms)whose performance automat-
ically improves with experience (Anderson et al., 1986). Modeling with
machine learningmethods is a data-driven modeling approach and can
be used to automate the acquisition of knowledge (in this case, knowl-
edge about soil hydrology), i.e., to automate the construction of descrip-
tive (unsupervised learning) and predictive (supervised learning)
models. Machine learning methods extract patterns from possibly
large data sets, the representation of which is a function that can have
different forms, e.g. clusters of instances, decision trees, rules, equations,
or probabilistic graphical models. Such models are meant to comple-
ment or even replace the knowledge-driven models that describe the
physical behavior of the observed process.

The input of data mining algorithms is commonly given in the form
of a single flat table (such as a spreadsheet table) comprising a number
of variables or features (columns) and instances or examples (rows). It
can be divided into three separate datasets: training, validation and
testing dataset. The training dataset is used for learning the models.
The validation set is used to select the proper parameters of the learning
algorithm in order to obtain the best predictive performance. Finally,
the testing set is used to objectively estimate and report the predictive
performance (Fayyad, 1996).

Supervised machine learning methods construct a function that
maps each instance (a vector of input variables) from the input/instance
space to a output (target) value (Fig. 1). The construction of the function
thatmaps the input values to output values takes as input example pairs
of input/output values. In other words, the goal in supervised learning is
to construct a model that is able to predict the value of a variable that is
of a special interest (called dependant or target variable). Depending on
the type of the target variable, we can distinguish between two major
supervised learning tasks: regression and classification. If the values of
the target variables are from a continuous scale, then the task at hand
is regression. On the other hand, if we have nominal values, defined as
a finite set of values, then the task at hand is classification. In this
study, we deal with the task of regression, since the focus is on
predicting the amount of water outflow at the field scale.

One of the important issues that need to be considered when learn-
ing models is overfitting of the model on the training data. This means
that themodel is trained to give very good predictions for the instances
in the training data (i.e., very high training performance), while it gives
poor predictions on the instances in the test data (i.e., very low testing
performance). In other words, overfitting can be seen as a proxy of the
generalization ability of the learned models. Therefore, we need to
select a model that generalizes well on the testing data, i.e., a model
that has a high predictive performance on the testing data. To achieve
this goal, various learning constraints need to be applied in the model
construction phase. These learning constraints are specific for the differ-
ent learning algorithms. Below, we describe the specific constraints for
each algorithm.

Supervised machine learning comprises a variety of regression ap-
proaches or methods, such as linear regression (Draper and Smith,
1981), regression and model trees (Quinlan, 1992), support vector
machines for regression (Cortes and Vapnik, 1995) and ensembles of
different regression models (Breiman, 1996). In accordance with our
research goals, we consider linear regression, regression and model
trees, and ensembles of regression andmodel trees as themost suitable
regression methods. All of the methods applied here are implemented
in the WEKA data mining suite (Witten and Frank, 2005), except the
polynomial regression, which is implemented in the CIPER tool
(Pečkov et al., 2006). A brief description of these methods is given
below.

2.1. Linear regression

Linear regression is a method that constructs a linear Eq. (1), which
expresses the target variable as a weighted linear combination of the
input (independent) variables. The terms that appear in the equation
are input variables, while weights are real numbers that give a different
importance to each term. The weights are calculated from the training
set in the process of learning the model. A comprehensive study of
this technique has been provided by Lawson and Hanson (1995).

f x1; x2; x3;…; xnð Þ ¼ a0 þ a1 � x1 þ a2 � x2 þ a3 � x3 þ…þ an � xn ð1Þ

Amajor drawback of thismethod is its assumptions of linearity since
most of the modeled systems in the domain of environmental sciences
are complex non-linear processes. This drawback causes learning of
linear equations with poor generalization abilities. On the other hand,
overfitting is a potential issue for linear regression if the observed
system is a simple linear process and can be controlled by using a
parameter that penalizes the higher values of the weights due to the
balance in the learned model (Ridge parameter).

However, due to the so-called Occam's razor principle (Anderson
et al., 1986) (as simple as possible, but no simpler), we used linear
regression models as baseline models for making comparisons with
other regression methods.

2.2. Polynomial regression

Polynomial regression models are represented by polynomial equa-
tions. These are simple models and yet can be highly accurate on stan-
dard regression tasks. Despite the fact that piecewise regression
models (e.g., regression and model trees) prevail over simple ones, the
simple polynomial equations can be induced efficiently and have com-
petitive performance with piecewise models. The algorithm we use for
inducing polynomial equations from data is called CIPER— Constrained
Induction of Polynomial Equations for Regression (Pečkov et al., 2006).
It heuristically searches through the space of possible equations for
solutions that satisfy the initially given constraints. The output of
CIPER consists of a polynomial equation that satisfies the complexity
constraints and fits the data best.

In the space of polynomial equations of arbitrary degree, we can
always find a polynomial without any error on the training data.
However, such equations will be very complex and strongly overfitted
on the training data (and consequently low generalization power). To
find an optimal trade-off between complexity of the model and well-
fitting the data, CIPER usesMinimal Description Length (MDL) principle
as a search heuristic (Pečkov et al., 2006). Furthermore, CIPER allows
controlling the complexity of the models by constraining the right-
hand side of an equation by limiting the maximum depth of a single
term and maximum number of terms. In our analysis, we constrained
the learning process by controlling the maximum depth of a single
term and select the value that maximizes the performance of the
learned model.

2.3. Decision trees

A decision tree (Anderson et al., 1986) is a model expressed as a
recursive partition of the instance space. The decision tree consists of
edges and nodes that form a rooted tree. This is a directed tree, with a
node called a root that has no incoming edges. All other nodes have
exactly one incoming edge. A node with outgoing edges is referred to
as an internal or test node. All other nodes are called leaves (also
known as terminal or decision nodes). A node is labeled with an input
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variable name and an arc with a valid value of the input variable associ-
ated with the node from which the arc originates. Each leaf is labeled
with a class (prediction for the target variable) or assigned with a real
value. In the decision tree, each internal node splits the instance space
into two or more sub-spaces according to a certain discrete function of
the input variable values. In the simplest and most frequent case, each
test considers a single variable, such that the instance space is
partitioned according to the variables' value. In the case of numeric
variables, the condition refers to a range.

Terminal nodes (leaves) of a tree containmodels defining the values
of the target variable for all instances falling in a given leaf. Given a new
instance, for which the value of the target variable should be predicted,
the tree is interpreted from the root. In each inner node, the prescribed
test is performed, and according to the result, the corresponding sub-
tree is selected. When the selected node is a leaf, the value of the target
variable for the new instance is predicted according to themodel in this
leaf.

Decision trees can be easily overfitted to the training data. This can
be resolved by a technique called pruning, which constrains the growth
of the tree structure using the “minimal number of instances in a leaf”
(Nmin) parameter of the algorithm implementation. This parameter
requires tuning since very low values may introduce overfitting, while
high values can generate very simple decision trees that underfit the
observed system.

A regression tree is a decision tree that contains simple model in the
leaves (constant real values). The predicted value in a leaf is defined
during the learning process as the average of the values of the target
variable for the instances that reach the particular leaf. On the other
hand, model trees are decision trees whose leaves contain linear regres-
sion models that make better predictions than the single constant in
regression tree leaves.

Due to the structure of the decision tree and linear regression
models in its leaves, the complexity of model trees is one of their disad-
vantages and a reason in some circumstances to consider regression
trees instead of model trees. However, model trees have an advantage
over regression trees in terms of predictive performance. Finally,
model trees are able to make predictions outside the range of the target
variable encountered in the training instances, which is not the
case with regression trees. In this study, we used the algorithms M5
(Quinlan, 1992) and M5P (prime) (Wang and Witten, 1997) for
learning regression and model trees.

2.4. Ensemble methods

Ensemble methods are machine learning methods that construct a
set of predictive models (e.g., regression trees or models trees) and
combine their outputs into a single prediction. In literature, ensembles
are also referred to as multiple classifier systems, committees of classi-
fiers, classifier fusion, combination or aggregation (Džeroski et al.,
2009). The main idea is to follow the behavior of wise people when
making critical decisions. Namely, they usually take into account the
opinions of several experts rather than relying on their own judgment
or that of a single trusted advisor. The same principle is followed by
ensemble methods: learning the entire set of models and then combin-
ing their predictions. This approach is computationally more expensive
than learning just one simple model, but the predictions are usually
more accurate.

From a statistical point of view, when we learn a model on some
data, this can result in a good predictive performance on the training
data. However, even if the performance of the model on training data
is good, this does not guarantee good performance on unseen data. By
building ensembles, taking into account several models, and averaging
their predictions, we can reduce the error when predicting a dependent
variable of unseen data. Therefore, overfitting and underfitting are not
an often issue, but it is recommended to tune the parameter settings
to learn the best performing model.
The learning of ensembles consists of two steps. In the first step, we
learn the basemodels thatmake up the ensemble. In the second stepwe
combine the base models (or their predictions) into a single prediction.
The base models need to be diverse, i.e., make different errors on the
same learning instances. Combining identical or very similar models
clearly will not improve the predictive accuracy of the base models.
Moreover, it increases the computational cost. Learning diverse models
and combining their predictions can result inmore accurate predictions
as compared to the predictions of identical or very similar base models.

The most commonly used technique for combining the outputs for
classification models is voting, which combines the predictions of the
base models according to a static voting scheme that does not depend
on the training data or the base models. In the case of regression, we
take the average or a linear combination of the models' outputs.

The most prominent ensemble learning approaches are bagging
(Breiman, 1996), boosting (Freund and Schapire, 1996), and random
forests (Breiman, 2001). In our study, we use the bagging approach, as
it can be used to learn ensembles of both regression and model trees.

Bagging is an approach for learning multiple predictive models and
using them to get an aggregated prediction. The aggregation averages
over the base predictive models outputs. The multiple base predictive
models are learned on different bootstrap replicates. If the training set
causes significant changes in the models learned, then bagging can
improve the predictive performance of the base predictive models.
3. Case study

Our case study is the experimental site La Jaillière, situated in
Western France and run by the technical institute ARVALIS - Institut
du végétal (Fig. 2). It is one of the ten representative agricultural areas
in the EU chosen for the purposes of assessment of the Predicted
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Environmental Concentration in surface water of active substances
under Directive 91/414/EC and Regulation (EC) No 1107/2007 (E.U.C.,
2007). The site has been established in 1987 for studying the influence
of agricultural management practices on water quality. A total of
96,426 collected daily records of water outflowsmake the experimental
site unique and of great importance in Europe.

The soil at the experimental site consists of gleyic cambisols, lying on
an alterite of sandstone schist, presentwidely in theWest of France. The
arable layer contains sandy silt loam surmounts and a layer of clay loam
accumulation. The alterite between 50 and 100 cm depth represents a
natural obstacle to water infiltration. This impermeable layer is respon-
sible for a surfacewater table duringwinter, the amplitude and duration
of which depends on the winter rainfall course. According to clay illuvi-
ation, the clay content of the upper layer is less important than that of
the lower layers. Organic matter content is about 2% in the upper layer
and decreases in the lower layers. Water content at field capacity varies
from 20% to 23% according to layers and fields.

The La Jaillière site is considered as a representative region in Europe
with shallow silt clay soils (FOCUS, 2001). Such representation gives an
opportunity to use the learnedmodels across the region where this site
is representative for. The hydraulic pathways of La Jaillière soils are
consistent with more than 90% of tile-drained hydromorphic soils in
France, with an area of approximately 3.1 million hectares (AGRESTE,
2000). The climate at the site is of oceanic type, with average tempera-
ture of 7.7 °C per agricultural season, lasting from 1st September to 31st
August (hereafter referred to as a campaign). Themeanprecipitation for
the study period (1987–2012) per campaign is 717 mm and the mean
reference evapotranspiration for the study period per campaign is
712 mm (as measured at the meteorological station of La Jaillière,
1987–2012) (Fig. 3).

The site is an agricultural area divided into north and south parts.
Each part contains blocks of fields. In our study, we have included data
from11fields, where 10fields are used to collect drained and/or surface
runoff water, while the 11th field (T2) is used as a reference field.

The surface area of the fields ranges from 0.34 to 1.08 ha and is
cultivated following a traditional winter wheat/corn crop rotation.
Most of the fields (T3, T4, T5, T6, T7, T8, T9, T10 and T11 (Fig. 2)) are
equipped with an individual tile drainage system (for drainage
discharge collection) and/or surface runoff traps consisting ofmetal cut-
tings placed at the field edges to collect surface runoff water. There are
Fig. 3. Variability of rainfall, reference evapotranspiratio
drainage trenches between the fields to avoid surface water to pass
from field to field. The tile drains are located at a depth of d = 0.9 m
below the soil surface, with a spacing of 10 m (Branger et al., 2006). The
amount of water outflow from drainage system and surface runoff is
measured separately for each field. Themeteorological data were collect-
ed from two meteorological stations at La Jaillière (ARVALIS-Institut du
végétal, 2010): the old station from 1982 that is situated 1.4 km from
the fields, and a new station from 2005 that is located at the
experimental site and has been operating since January 1st 2006.

4. Experimental setup

The aim of our study is to build models from existing datasets using
different machine learning techniques to address the task of modeling
drainage discharge and surface runoff water outflow at the field scale.
In addition, we compare the achieved performance against that of the
state-of-the-art physical-based models MACRO (Larsbo and Jarvis,
2005) and RZWQM (Ahuja et al., 2000).

First, we pre-processed the collected data and derived new input
variables that could be useful for better description of the water
outflow. Second, we established an experimental setup based on two
regression problems and six methods (described above). The two
regression problems correspond to the two water outflow types
(drainage discharge and surface runoff on the fields with installed
drainage system). Finally, for each of the twelvemodeling tasks, param-
eter tuning of the machine learning algorithms was performed,
resulting in over 2000 experiments (runs of the algorithms).

4.1. Data

For the purpose of our data mining experiments, we assembled the
dataset in accordancewithwater outflow type,which yields one dataset
for drainage discharge and one for surface runoff water outflow on the
fields with drainage systems installed. The independent variable set is
the same for both regression problems (surface runoff and drainage
discharge) and is given in Table 1.

The datasets comprise meteorological measurements, agricultural
practices and crop management, and water outflows records. All data
has been collected on a daily basis. Based on this, we have expanded
the range of independent variables that can be used for better
n, and temperature within the selected case study.

image of Fig.�3


Table 1
The variables for modeling drainage discharge and surface runoff water outflow.

Variable Description

Temp Average air temperature for the day of measurement
TempAx Average air temperature for the day of measurement and x days

before, where x = {1, 2, 3, 4, 5}
TempNx Average air temperature for the x-th day before the measurement,

where x = {1, 2, 3, 4, 5}
Rainfall Cumulative rainfall for the day of measurement
RainfallAx Cumulative rainfall for the day of measurement and x days before,

where x = {1, 2, 3, 4, 5}
RainfallNx Cumulative rainfall for the x-th day before the measurement, where

x = {1, 2, 3, 4, 5}
Evp Cumulative evapotranspiration for the day of measurement
EvpAx Cumulative evapotranspiration for the day of measurement and x

days before, where x = {1, 2, 3, 4, 5}
EvpNx Cumulative evapotranspiration for the x-th day before the measure-

ment, where x = {1, 2, 3, 4, 5}
Irrigation Cumulative irrigation for the day of measurement
IrrigationAx Cumulative irrigation for the day of measurement and x days before,

where x = {1, 2, 3, 4, 5}
IrrigationNx Cumulative irrigation for the x-th day before the measurement,

where x = {1, 2, 3, 4, 5}
Crop Crop present on the field at the day of measurement
CDCoef Crop development coefficient for the day of measurement
Season Weather season {Autumn–winter, spring or summer}
Days Num. of days since the beginning of the campaign (1st September)

Table 2
Summary of parameter tuning experiments.

Parameter Range (step)

Linear regression Ridge [1.0E−10, 1.0E−3] (1.0E−1)
Polynomial regression Term depth [2–6] (1)
Regression tree Min. number of instances [4–500] (1)
Model tree Min. number of instances [4–500] (1)
Bagging (regression T.) Number of trees 5, 10, 25, 50, 75, 100, 250, 500
Bagging (model T.) Number of trees 5, 10, 25, 50, 75, 100, 250, 500
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description of the outflow process, as described below. The datasets do
not include data about the soil content and texture, since we are aiming
to learn models, which perform well and best predict the water out-
flows only from data that are permanently monitored (e.g., weather
conditions and agricultural practices).

Meteorological measurements include the daily cumulative
amounts of rainfall and evapotranspiration and the daily average, low-
est and highest air temperature. We expanded this range of variables
by taking a history of up to 5 days (from the day of consideration),
both cumulative and daily values for the rainfall and evapotranspiration.
Similarly, we considered average and daily averages for the tempera-
ture. These are described in the first six rows of Table 1.

The agricultural practices and crop management data include the
crop present on the field for each daily record. Crop management data
were extended with the crop development coefficient, which incorpo-
rates crop characteristics and averaged effects of evaporation from the
soil and describes the crop development phase. It is represented as a nu-
meric variable that takes values between 0.0 (initial phase under typical
growing conditions) and 1.0 (late pre-harvesting phase). Furthermore,
irrigation is represented with both daily records and a history of up to
5 days in the same way as meteorological measurements.

Finally, theweather seasons have beendescribedwith onedescriptive
variable taking value from the finite set of possible seasons (autumn–
winter, spring, summer), and one numerical variable that represents
the number of days since the start of the agricultural campaign (1st of
September). A summary of the complete set of variables is given in
Table 1.

The data were collected since the campaign 1987/1988 until the
campaign 2010/2011, resulting in datasets of 78,894 records for drain-
age discharge and 70,128 records for surface runoff water outflow.
The numbers differ since drainage discharge was collected from 9 fields
(T3, T4, T5, T6, T7, T8, T9, T10, T11), while surface runoff was collected
from 8 fields (T3, T4, T6, T7, T8, T9, T10, T11).

4.2. Experiments

For the two modeling task (drainage discharge and surface runoff),
we first perform preliminary data analysis to tune the parameters of
linear regression, polynomial regression, regression trees, model trees,
and bootstrap sampled ensembles of regression and model trees.
Then, we compare the models learned with each of the tuned methods
in terms of their performance. In discussion, we compare the perfor-
mance of the best learned model with the performance of the state-
of-the-art models for each water outflow type separately.

In linear regression, we tune the “Ridge” parameter, which regulates
the overfitting to the data by regularization and prevents unreasonably
complex solutions/equations. In regression and model trees, we tune
the parameter Nmin. This parameter helps keeping the size of the deci-
sion trees reasonable, which also prevents overfitting to the data. The
ensembles consist of with unpruned decision trees, since we maximize
the variance in the predictions among baseline models (regression and
model trees) and overfit a baseline models to a small portion of the
input space. However, we tune the parameter that controls the number
of baseline models within an ensemble (Ntree), which helps to identify
the plateau where performance converges and prevents learning a
complex model. A summary of the parameter tuning experiments is
given in Table 2.

We evaluate the constructed models using separate pre-defined
validation and test datasets, and randomly split train and test datasets
by using 10-fold cross validation. Namely, the complete datasets are
divided into three subsets: train, validation, and test data sets. The
division was made in accordance with the campaigns. The train dataset
consists of records from the campaigns 1987/1988–2004/2005, the
validation dataset covers the campaigns 2005/2006–2007/2008, and
the test dataset consists of the remaining campaigns, 2008/2009–
2010/2011. On the other hand, 10-fold cross validation randomly splits
the whole dataset in ten folds and takes 9 of them for learning purpose,
while the last one is used for testing and evaluation of the performance
of the learned model. This approach is repeated ten times, each time
leaving out a different test fold. The model's performance is calculated
as an average across all ten iterations. The cross-validation is repeated
ten times, due to the randomness included in the process of fold's
selection. Such approach results in a stable assessment of the expected
performance of the models.

The performance is evaluated using three performancemetrics: Root
Mean Squared Error (RMSE), Root Relative Squared Error (RRSE) and
Pearson's correlation coefficient (r). RMSE is a measure that captures
the squared residuals over the total number of instances:

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

i¼1
pi−aið Þ2
n

s
; ð2Þ

where n is the number of instances (examples), pi is the predicted value
for the i-th instance and ai is the actual (measured) value of the i-th
instance.

RRSEmeasure expresses the squared residuals relative to the residuals
of simple average model and it is defined as:

RRSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

i¼1
pi−aið Þ2Xn

i¼1
ai−að Þ2

vuut ; ð3Þ

where n is the number of instances (examples), pi is the predicted value
for the i-th instance, ai is the actual (measured) value of the i-th instance
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and ā is the average of the values in the target variable of the training
data sets.

Pearson's correlation coefficient captures the correlation between
the observed and predicted values of the target variable:

r ¼ Spredicted=observedffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Spredicted � Sobserved

q ; ð4Þ

where

Spredicted=observed ¼
Xn

i¼1
pi−pð Þ ai−að Þ
n−1

; ð5Þ

Spredicted ¼
Xn

i¼1
pi−pð Þ2

n−1
; ð6Þ
a

c

e

Fig. 4. Error profiles resulting from tuning of parameters of eachmethod used in the study, both
ridge parameter, i.e., 1.0E−i, where i = 3, 4, 5, 6, 7, 8, 9, 10; b) polynomial regression model
performance for different values of the parameter Nmin; d) model tree performance for diff
model tree (BMT) performance by varying the Ntree parameter. T/V stands for Train and Valida
Sobserved ¼
Xn

i¼1
ai−að Þ2

; ð7Þ

n−1

n is the number of instances (examples), pi is the predicted value for the
i-th instance, ai is the actual (measured) value of the i-th instance, p is
the average of the predicted values and ā is the average of the values
in the target variable of the data sets used for test.

The experimental design is as follows. Themodels are learned on the
train dataset using the defined range of parameter values for each algo-
rithm. Then, we select the best tuned models, one from each method
used, and overall best performing models using their RRSE measured
on the validation dataset. Furthermore, we report the performance
(RRSE) of the selected models on unseen data from the test dataset
in order to avoid a biased selection. Finally, we perform a cross-
validation of the best learned models in order to estimate the stability
of their performances.

We consider additional comparison of the best performing models
learned with machine learning with the physical-based models
b

d

for training and validation data: a) linear regression performance for different values of the
s with RRSE obtained by varying the term depth in the interval [2–6]; c) regression tree
erent values of the parameter Nmin; and e) bagging ensembles of regression (BRT) and
tion data.
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Table 3
Summary of models' performance on each data set for predicting drainage discharge.
The values of the tuned parameters of the algorithms are given in the brackets. LR
stands for linear regression, PR for polynomial regression, RT for regression tree,
MT for model tree, BRT for bagging of regression tree, and BMT for bagging of model
tree.

LR
(1.0E−8)

PR (3) RT (19) MT (5) BRT
(100)

BMT
(100)

Training dataset Corr. 0.63 0.76 0.93 0.96 0.98 0.98
RMSE 1.62 1.56 0.78 0.59 0.45 0.45
RRSE 77.99 41.79 37.46 28.3 21.50 21.50

Validation dataset Corr. 0.61 0.77 0.89 0.93 0.96 0.96
RMSE 1.57 1.05 0.88 0.74 0.58 0.58
RRSE 79.07 54.77 44.32 37.43 29.50 29.50

Testing dataset Corr. 0.61 0.75 0.87 0.90 0.93 0.93
RMSE 1.56 0.99 0.94 0.82 0.70 0.70
RRSE 79.5 46.9 49.15 42.7 36.60 36.60

Cross-validation Corr. 0.61 0.76 0.90 0.93 0.95 0.95
RMSE 1.52 1.51 0.85 0.70 0.61 0.61
RRSE 79.14 41.79 44.21 36.46 32.01 31.97

a

b

Fig. 5. Performance summary of the best drainage discharge data mining models, over
validation dataset: a) models' performances expressed with relative error (RRSE) and
b) models' performances in terms of the Pearson's correlation coefficient.
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MACRO and RZWQM. Both models are applied with their initial values
of parameters. Additionally, MACRO is calibrated using soil hydraulic
parameters, which outperforms the simulations of MACRO with initial
values of the parameters.

5. Results

In this section, we report the results obtained by the learnedmodels
in terms of their predictive performance. We report the results for both
the drainage discharge and the surface runoff water outflow, and
discuss their applicability with additional comparison with the results
obtained by the MACRO and RZWQMmodels.

For each type of water outflow, we first report the outcome of the
step where the algorithms' parameters were tuned. Next, we compare
the best performing models obtained by each method described in
the experimental design. Finally, we discuss the overall results of the
empirical evaluation.

5.1. Drainage discharge

Eachmachine learningmethod has been appliedwith various values
of its corresponding parameters. With such processing, we tuned the
initial parameters of the methods, which improves the models' perfor-
mance. Fig. 4 shows the relation between the parameter values and
the performance of the models for each of the six types of models.

In the case of linear regression, values of the “Ridge” parameter
smaller than 1.0E−9 lead to models that are overfitted to the training
data set and perform poorly on new unseen records. Values greater
than 1.0E−4 result in models that underfit the data. Therefore, the op-
timal range for the “Ridge” parameter is the interval [1.0E−4, 1.0E−9],
where the best value is 1.0E−8 (Fig. 4a).

Tuning theNmin parameter of regression andmodel trees shows that
low values of around 20 instances in the leaves are optimal for these
methods, resulting in models with high performances (Fig. 4c, d).

Tuning the ensembles, i.e., bagging of model/regression trees,
includes tuning the number of trees in ensembles of unpruned deci-
sion trees (Ntree). In such settings, we allowed each particular base
model (regression or model tree) to overfit to a particular sub-
space of the instances, behavior of which is well observed and
learned by the learned base model. On the other hand, by varying
the Ntree parameter we estimate the optimal number of total sub-
spaces on which the input space is divided. Fig. 4e shows that the
models learned with ensembles consisting of 100 regression or 100
model trees have best predictive performance, regarding the perfor-
mance and complexity. Namely, the performance of the models con-
verges in a plateau which does not make significant improvements if
the number of trees is further increased. Finally, the choice of the
baseline model, regression or model trees, does not affect the perfor-
mance of the ensembles.

Table 3 and Fig. 5 show the RRSE, RMSE and Pearson's correlation
values for the best performing drainage discharge models. Fig. 5
presents the overall performance over test data set, while Table 3
presents the model performance for each data set separately.

The ensembles learned with bagging of regression and model trees
have the best performances (Fig. 5). Furthermore, the performance
decreases slightly when applied on new unseen data as compared to
the performance on the training data set (Table 3). Namely, the RRSE
shows that the ensembles significantly improve the predictive per-
formance of the learned models compared to the simple model,
i.e., simple average of the target variable, while RMSE reveals the low
deviation of the residual distribution (0.58 and 0.70 for validation and
test set, respectively) compared to the standard deviation of the target
variable, which are 1.382 and 1.455 for validation and test set, respec-
tively. Finally, the correlation coefficient shows that ensembles perform
well in matching the trajectory of the observed values for the target
variable with the trajectory of the predicted values.
The conclusions are further confirmedwith the performance obtain-
ed by cross-validation, values ofwhichdonot differ from those obtained
by time-based sampling of the training, validation and test sets. Further-
more, the random sampling process reveals the difference among best
performed learned ensemble models. Bagging of regression trees
shows higher variability in performance over ten different randomly
sampled test datasets compared to bagging of model trees. Therefore,
for further discussion we consider the model learned with bagging of
model trees as best performing machine learning model.
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Table 4
Summary of models' performance on each data set for the task of surface runoff water
outflow prediction. The values of the tuned algorithm parameters are given in the
brackets. LR stands for linear regression, PR for polynomial regression, RT for regres-
sion tree, MT for model tree, BRT for bagging of regression tree, and BMT for bagging
of model tree.

LR
(1.0E−9)

PR (3) RT (26) MT (16) BRT
(100)

BMT
(100)

Training dataset Corr. 0.41 0.41 0.68 0.75 0.89 0.89
RMSE 0.32 0.56 0.25 0.23 0.18 0.18
RRSE 91.22 85.00 73.28 67.03 50.68 50.68

Validation dataset Corr. 0.39 0.35 0.63 0.69 0.82 0.82
RMSE 0.32 0.43 0.27 0.25 0.21 0.21
RRSE 92.07 111.69 77.87 72.57 59.89 59.89

Testing dataset Corr. 0.38 0.46 0.60 0.67 0.80 0.80
RMSE 0.30 0.35 0.26 0.24 0.20 0.20
RRSE 92.50 160.29 80.09 74.76 61.63 61.63

Cross-validation Corr. 0.38 0.46 0.59 0.64 0.74 0.74
RMSE 0.30 0.48 0.26 0.25 0.23 0.22
RRSE 92.43 152.18 80.96 77.14 67.68 67.85

a b

c d

e

Fig. 6. Error profiles resulting from tuning of parameters of eachmethod used in the study, both for training and validation data: a) linear regression performance for different values of the ridge
parameter, i.e., 1.0E−i, where i= 3, 4, 5, 6, 7, 8, 9, 10; b) polynomial regressionmodels with RRSE obtained by varying the term depth in the interval [2–6]; c) regression tree performance for
different values of the parameterNmin; d)model tree performance for different values of the parameterNmin; and e) bagging ensembles of regression (BRT) andmodel tree (BMT) performance
by varying the Nmin parameter. T/V stands for Train and Validation data.
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5.2. Surface runoff

For themodeling of surface runoff water outflow, we used the same
methodological steps as for the modeling of drainage discharge
described in the previous subsection. Fig. 6 shows the error profiles of
the data mining methods resulting from tuning the algorithm parame-
ters. High variability of the performance of regression and model trees
can be observed as the Nmin parameter values are varied.

On the other hand, ensembles have a robust performance over the
Ntree parameter range considered where we do not consider any signif-
icant variability. The ridge parameter of linear regression was tuned to
1.0E−9, while regression and model trees performed best when the
minimal numbers of instances in the leaves were set to 26 and 16,
respectively.

The high variability of the error in the case of regression and model
trees gives a first insight into the quality of the collected data. The error
variation for lower values of the parameter Nmin emphasizes the pres-
ence of noise in the target variable and existence of high variability
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Fig. 7. Performance summary of the best drainage discharge dataminingmodels, over val-
idation dataset: a) models' performances expressed with relative error (RRSE) and b)
models' performances in terms of the Pearson's correlation coefficient.
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among its values, observed under similar circumstances. Furthermore,
this is confirmed by the final performance of the learned models,
which is bad and does not change much between the training and
unseen data (Table 4).

Overall, the dataminingmodels show lower predictive performance
as compared to those for the task of drainage discharge prediction. The
difference is high for regression and model trees as well as for ensem-
bles of regression and model trees. Linear and polynomial regressions
show very poor performance, similar or even worse than the perfor-
mance of the average value predictors of the surface runoff water
outflow.

Themodels learnedwith bagging of regression andmodel trees have
the lowest root relative squared error and the highest correlation
coefficient (Fig. 7). Therefore, we can conclude that these models out-
perform the rest. The cross-validation additionally strengthens the
performance and confidence in behavior of bagging with model and re-
gression trees and reveals the advantage of the latter whenwe consider
the variability in performance among the ten randomly sampled test
datasets.

5.3. Discussion

The results presented above give a clear insight into the possibilities
of consideringmachine learning and datamining techniques formodel-
ing environmental data, in particular water outflow from permanently
collected data (e.g., weather conditions, agricultural practices and
general characteristics of fields), excluding expensive field analysis.
The performance, expressed through RRSE, RMSE and correlation
coefficient, emphasizes the strength of the learned models in their
predictive task, while models' structures (except ensembles) give
insights in the importance of the variables in the process of water out-
flow from the field. The learned models for both drainage discharge
and surface runoff emphasized the importance of the cumulative
amount of rainfall from past four and five days, as well as average
temperature from a short period of two and three days in the past.
Evapotranspiration has been ignored since it is correlated to both rain-
fall and temperature, while irrigation events are pretty rare and occur
during the dry period of a campaign, when the water capacity of the
soil is high. The crop management and field characteristics appear to
be less important for the process of water outflow in our case study.

In order to strengthen ourfindings,we compare the obtained perfor-
mance from our best performing model (bagging of model trees) with
commonly used state-of-the-art models MACRO and RZWQM for
modeling both drainage discharge and surface runoff (Fig. 8).

For the task of modeling drainage discharge, the bagging of model
trees and RZWQMwith default values of the parameters shows similar
performance over the test data set. Namely, RZWQM performs slightly
better in terms of the root relative square error, while the correlations
are effectively the same (Fig. 8a). MACRO exhibits far lower perfor-
mance with relative error of 130%, which in fact means that it performs
worse than the simple model that predicts the average of the target
variable in the training data set.

Fig. 9 shows the simulations of these three models for the task
of drainage discharge, along with measured data for the campaign
2009/2010 at field T4. A considerable difference in the curves is ob-
served and none of them represents an exact match of the measured
data. The RZWQM simulation performs very well in terms of timing of
the peak outflows and, in some cases, their amplitudes. The datamining
model predictions match the measured data within the period with
many drainage events well, while roughly approximates the drainage
discharge during the beginning of the campaign. On the other hand,
MACRO, with calibrated parameters, only gives a rough approximation
over the entire campaign, completely missing the main peaks of
extreme drainage events.

For the task of modeling surface runoff, we compare the perfor-
mance of our machine learning models with the performance of
RZWQM. Fig. 8c shows a considerable difference in the error of the
two models, measured in terms of RRSE. This difference in RRSE values
is directly visible as a qualitative difference in the simulation shown in
Fig. 10, where RZWQM overestimates the surface runoff during the
winter period and predicts zeros in the rest of the campaign. On the
other hand, the bagging ensemble of model trees makes good predic-
tions during the winter periods and overestimates surface runoff out-
flow in the beginning of the campaigns. In general, it follows the
dynamics of the surface runoff outflow in most of the periods within
the campaign.

The applicability of the learnedmodels differs a lot from the applica-
bility of the state-of-the-art models. Namely, the MACRO and RZWQM
are developed to cover a wide range of scenarios, regarding soil and cli-
mate conditions, while our learned models are fitted to data available
from La Jaillière experimental site,which is a representative experimen-
tal site for one scenario (out of ten) defined by FOCUS working group
and covered by the MACRO model. Therefore, the similar behavior can
be observed if the learnedmodels are applied on each other agricultural
field that belongs to the defined scenario, where the La Jaillière experi-
mental site is representative for.

The limited applicability of the learnedmodes over a single region or
similar regions can be considered as a general limitation of the proposed
approach when modeling environmental data. Namely, to cover all ten
scenarios included in the MACRO model, we need data collected from
each representative experimental site. Otherwise, the proposed
approach cannot be applied. In such cases, state-of-the-art models or
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Fig. 8. Comparison of the performances (RRSE and Pearson's correlation) of the best data miningmodels for predicting drainage discharge (a and b) with the performance of MACRO and
RZWQM and learned models for predicting surface runoff (c and d) with performance of RZWQM, over data collected in the T4 field for the period 2008–2011.
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analysis of simulation of suchmodels can be considered. A guidance for
analysis and combination of simulations from environmental process
using machine learning and data mining is given by Trajanov (2010).

Finally, the value of the proposed modeling approach increases
when we consider the complexity of the input data for the physically-
based state-of-the-art models. They require more specific data (besides
the meteorological data and agricultural practices),such as organic
carbon content, properties of each horizon in the soil, texture and bulk
density for parameter estimation of thermal capacity, hydraulic conduc-
tivity and water retention, in order to produce reliable predictions.
Fig. 9. Simulations of the drainage dischargewith the best dataminingmodel, MACROand
RZWQM, and their comparison with measured data for the field T4 during the campaign
2009/2010.
6. Conclusion

In the last few decades, several physically-based models for sim-
ulating water movement through the soil have been developed for
various scales of application. These models are mainly physically-
based and heavily rely on the theory incorporated with the expert
knowledge. However, they accomplish the requirement of accurate
simulations, if given precisely measured data. On the other hand,
the development of information technology has allowed data to be
collected efficiently from various data sources (e.g., agricultural
Fig. 10. Simulation of the surface runoff outflow with the best data mining model and
RZWQM and their comparison with measured data for the field T4 during the campaign
2009/2010.
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fields). These data can be used for improving the performance of
existing models or the development of new models that will be
able to compete with the existing ones. The evolution of data collec-
tion and storage technologies gave us an opportunity to apply ad-
vanced data mining techniques to the tasks of modeling water
outflow in agricultural fields.

In this manuscript, we presented the application of data mining
and machine learning techniques in the domain of agriculture to de-
scribe and predict water outflow (drainage discharge and surface
runoff) from a field. The methods described were applied on the
case study of La Jaillière, an experimental site located in Western
France and owned by ARVALIS-Institut du végétal. The experimental
fields are equipped with modern tools for collecting data concerning
agricultural practices, crop management, meteorological and water
outflow data.

The results conclusively confirm the suitability of data mining and
machine learning techniques for using the existing collected data to
learnmodels that describe and predict values of the observed processes,
in this casewater outflow from agriculturalfields.We have demonstrat-
ed that data mining techniques can overcome the major drawbacks of
the existing physically-based models, which require complex data
inputs in order to improve their descriptive performances and validity
for local specifics.

The proposed approach has been additionally compared to the
physically-based MACRO and RZWQM state-of-the-art models. The
learned models clearly outperform the MACRO model, while the
RZWQM model has overall comparable performance, but predicts
the water outflow better over the beginning of the campaign and in
late spring. On the other hand, our approach outperforms RZWQM
when modeling surface runoff. In most of the cases RZWQM predicts
no surface runoff, and small amounts of water during thewinter period,
while the predictions made by our approach consistently match the
measured data.

In further work, we will apply our approach also to the problem of
modeling the concentration and flux of plant protection products in
water outflow. The application will first cover the same case study,
i.e., the La Jaillière experimental site. We will later apply the same
approach to different case-studies across Europe.
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