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bstract

The water quality of the Têt River, referred to nutrients compounds, is lower than the expected. Its management must be largely improved. The
resent work takes part in a global effort of development and evaluation of reliable and robust tools, with the aim of allowing the control and
upervision of its lowland area (at the south Mediterranean coast of France). A simplified model, based on mass balances, has been developed to
stimate nitrogen and organic matter concentrations in the stream and to describe the river water quality. Kohonen self-organizing maps (KSOMs)
ere used to deal with missing data. This kind of neural networks proved to be very useful to predict missing components and to complete the
vailable database, describing the chemical quality of the river and the WasteWater Treatment Plant (WWTP) outflows. The simulation model also
roved to be a good tool for the system evaluated. The results it provided reveal the high impact of the WWTPs located along the studied area, due
o malfunction and tourism activities.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Since many years, the management of hydraulic resources,
he efficiency of WasteWater Treatment Plants (WWTPs) and the
rotection of environment are major concerns. Industry exec-
tives and scientists agree that poor resources management,
n quantitative as well as qualitative levels, and WWTP mal-
unction usually have negative impacts both on environmental
ell-being (fauna and flora) and on human health. One of the
ey effects is the poor water quality.

In the last decades water quality of European aquatic systems
as especially deteriorated and it is now one of the most serious
roblems to solve. Rivers have suffered a nutrient enrichment
nitrogen and phosphorus) due to large nutrient discharges from
uman activities (i.e. effluents from WWTPs), which leads to
osses of river functionalities [1–4]. As rivers cannot assimi-
ate all nutrients, these are transported downstream affecting, at

he last, the coast ecosystems. As a consequence, nitrogen has
ecome the major contributor to coast marine ecosystems pol-
ution [5]. Moreover, the situation in Mediterranean regions is
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ritical [6], due to the scarcity of water (related with the deep
easonality of river flows) and high tourism impacts (i.e. high
ensity of population placed in the lowland river basins or in the
oast increases the demand for water resources and the quantity
f wastewater generated).

The European Water Framework Directive (WFD) ([7]/60/
C) appeared as an attempt to face the situation. One of its
rincipal objectives was to achieve a good health of waters by
015. According to this goal, the WFD establishes a set of steps
o follow.

The present paper is a contribution in the Têt River studies,
ocused in one of these steps: estimation and identification of
oint pollution sources and evaluation of their impacts to the
iver. In this sense, the present work takes part in a global effort of
evelopment and evaluation of reliable and robust tools [8], with
he aim of preparing the control and supervision of the lowland
rea of the Têt River. This area is affected by one tributary and
wo WWTPs. As they seem to be the main nitrogen and organic

atter pollution sources, the main purpose is to estimate the
oncentrations of these nutrients in the river and to evaluate

heir impact to the river chemistry health.

As a lot of Mediterranean coastal rivers, the hydrological
ystem of the Têt River presents periods of low water level, inter-
persed by brief and violent flash-floods, essentially due to rain

mailto:grieu@univ-perp.fr
dx.doi.org/10.1016/j.cej.2007.11.027
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9,10]. This type of Mediterranean river merits further research
ith independent models [11,12]. River water quality models
ave been used extensively in research as well as in design
nd assessment of water quality measurements. The applica-
ion of mathematical models begins with the initial studies of
xygen depletion, due to organic waste pollution. Since then,
odels have been constantly refined and updated to solve new

nd emerging problems. They seek to describe the constituent
patial and temporal changes.

Components or state variables have been gradually incor-
orated into models over the past seven decades, following
he evolution of water quality problems. Water quality mod-
ls characterize among others oxygen household, nutrients and
utrophication, toxic materials, and so on. The complexity cov-
rs a broad range from the simple Streeter-Phelps model [13]
ith two state variables to QUAL2 and similar tools describ-

ng O, N and P cycling with about 10 or more state variables
14], to ecosystem models that consider suspended solids, sev-
ral classes of algae, zooplankton, invertebrates, plants, and fish
15–17,33]. The model choice depends on many different fac-
ors such as the objectives of the analysis, as well as data and
ime availability [18–20].

Fundamental phenomena encountered in complex physical
ystems as rivers (high number of parameters, high number of
ependencies, uncertainty of measured data, incomplete infor-
ation and unknown input–output arrangement of parameters)

an also be handle using AI-based models for water quality.
heir versatile applicability was demonstrated by examples of
ractical use [21,22].

Within the framework of our study about the river water qual-
ty, existing water quality models are not totally adequate for

he Têt River. A simplified mathematical model, based on mass
alances and on the STREAMES European project works, was
eveloped to estimate nutrient concentrations in the stream and
o describe the river water quality. However, the application of

•

Fig. 1. The Têt River cat
ng Journal 142 (2008) 135–146

athematical models for river water quality as support tools is
ften limited by the availability of reliable data [34].

The processing of data which contain missing values is a com-
licated and always awkward problem, especially when the data
ome from real-world contexts. Most of the statistical software
imply suppresses incomplete observations. It has no practical
onsequence when the data are very numerous. But if the num-
er of remaining data is too small, it can remove all significance
o the results. To avoid suppressing data in that way, it is possible
o replace a missing value by the mean value of the correspond-
ng variable. Nevertheless, mean imputation might not be useful
hen the data sets have large variances as they do not produce

ny variance among the imputed values and also do not repre-
ent reality [23]. Kohonen self-organizing maps were used to
stimate missing data [24,25].

The paper presents both developed methodologies (maps and
odel) and results related to the nitrogen and organic matter

ompounds. These results were used to run the STREAMES
DSS [6] in order to corroborate the results and determine the

nstream problems of the Têt River.

. Study area

.1. The Têt River

The Têt River catchment’s area is located in the Pyrénées-
rientales department, south of France. The river has a total

ength of 120 km and drains a catchment’s area of about
380 km2 (Fig. 1). It originates in the Carlit Mountain, in the
astern part of the French Pyrenees and discharges into the
editerranean Sea. We distinguish two quite different parts:
The upstream part comprises the origins of the Têt River until
the dam at Vinça (about 75 km). Its average altitude is about
1026 m and its average slope, about 22.6◦.

chment’s area [35].
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The downstream part is the river from the city of Vinça to
Canet-en-Roussillon, which is close to the river mouth into
the Mediterranean sea (about 45 km). The average altitude of
this part is about 280 m and the average slope, about 8.9◦.

The study part of the river covers the last 14 km of the down-
tream, with tourism as major economic activity. It is affected
y one tributary (La Basse) and two WWTPs, at Perpignan and
anet-en-Roussillon [26]. Perpignan has a current population of
bout 120,000 in the city proper and 250,000 in the metropoli-
an area. The town of Canet-en-Roussillon is a seaside resort and
ts population considerably increases during the summer period
12,000 inhabitants in winter, more than 70,000 in summer).

The weather is globally hot, with dry summers, mild and
umid winters and just a few rainy days during the year.

.2. The Perpignan’s WWTP

The WWTP at Perpignan was built to treat the urban wastew-
ter of 160,000 inhab.-eq. from six towns: Bompas, Canohès,
erpignan, Saint-Estève, Le Soler and Toulouges. This WWTP
as a biological Biocarbone treatment for organic matter elimi-
ation and nitrification processes.

The Biocarbone process is a down-flow filter whose
mmersed and aerated material supports a fixed film biomass. It
emoves the BOD5 (the biochemical oxygen demand of wastew-
ter occurring over a 5-day-period) and operates like a filter due
o the material grain size which captures suspended solids. Nutri-
nts are added to the mills’ wastewater as it moves toward the
iofilter. The oxygen essential to all biological aerobic activities
s supplied by air diffusers which blow up air into the material.
his system ensures an exceptionally high oxygen transfer. The
iffused air rises to the liquid flow, continuously loosening most
f the filter bed. In this way, the suspended solids contained in
he wastewater securely penetrate the filter bed and are trapped
n a layer of the supporting material located under the air dif-
users. The biocarbone biofiltration process was developed by
TV (France), which holds the worldwide patent.

The WWTP at Perpignan does not have technology for
ctively removing nitrogen or phosphorus. It only entails a nitri-
cation process. However, a partial denitrification results from

he organic matter removal process. Finally, average value of
ypassed water is about 25%.

.3. The Canet-en-Roussillon’s WWTP

The Canet-en-Roussillon’s WWTP was built to treat the
omestic wastewater of 75,000 inhab.-eq. from two towns:
anet-en-Roussillon (about 12,000 inhab.) and Saint Nazaire

about 2500 inhab.). It is a low influent discharges WWTP based
n an activated sludge process (Henze et al. [27]).

The activated sludge process is a biological method of
astewater treatment that is performed by a variable and mixed
ommunity of microorganisms in an aerobic aquatic environ-
ent. These microorganisms derive energy from carbonaceous

rganic matter in aerated wastewater for the production of new
ells in a process known as synthesis. Simultaneously, it releases

u
d
o
c
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nergy through the conversion of this organic matter into com-
ounds that contain lower energy, such as carbon dioxide and
ater, in a process called respiration. As well, more microor-
anisms produce energy by converting ammonia nitrogen to
itrate nitrogen in a nitrification process. This consortium of
icroorganisms, the biological component of the process, is

nown collectively as activated sludge. The overall goal of
he activated sludge process is to remove substances that have

demand for oxygen from the system. This is accomplished
y the metabolic reactions (synthesis–respiration and nitrifi-
action) of the microorganisms, the separation and settling of
ctivated sludge solids to create an acceptable quality of sec-
ndary wastewater effluent, and the collection and recycling
f microorganisms back into the system or removal of excess
icroorganisms from the system.
The plant consists of parallel treatment modules, where den-

trification and biological dephosphatation are done in addition
o the organic matter removing. Its module structure permits to
dapt its operation to seasonal population variations. As for the
erpignan’s WWTP, it has no technology for actively removing
itrogen or phosphorus. It only entails a nitrification process.
owever, again, a partial denitrification results from the organic
atter removal process. Finally, average value of bypassed water

s about 50%.

. Materials and methods

.1. Experimental data

All the experimental data, used in the present study, have been
ollected by the CEFREM (Centre de Formation et de Recherche
ur l’Environnement Marin) laboratory from Perpignan Univer-
ity. Its main objective is to quantify the impact of the Têt River
n the sea mouth.

.2. The Kohonen self-organizing map (KSOM)

The KSOM is a neural network based on unsupervised learn-
ng [28,29].

.2.1. Network structure
The Kohonen self-organizing map consists of a regular, usu-

lly two-dimensional, grid of neurons called output neurons.
ach neuron i is represented by a weight, or model vector,
i = [mi1, . . ., min]T where n is equal to the dimension of the

nput vectors. The set of weight vectors (code-vectors) is called
code-book [24].

The neurons of the map are connected to adjacent neurons
y a neighbourhood relation, which dictates the topology of the
ap. Usually rectangular or hexagonal topology is used.
Immediate neighbours belong to the neighbourhood Ni of the

euron i (Fig. 2). The topological relations and the number of
eurons are fixed before the training phase allowing the config-

ration of the map. The number of neurons may vary from a few
ozens up to several thousands. It determines the granularity
f the mapping, which affects the accuracy and generalisation
apability of the KSOM.
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Fig. 2. Kohonen n

.2.2. Kohonen training algorithm
The Kohonen training algorithm is a simple procedure which

onsists of randomly selecting a training pattern, determining the
inning node, updating the weights of all nodes (code-book)
ithin the winning neighborhood, and modifying the training
arameters [29].

In determining the winning unit, a certain distance metric
s used, and the node that obtains the minimum distance rela-
ive to the current training pattern is referred to as the winning
nit (the best matching unit). Changes in the weights will sub-
equently involve only nodes in the region surrounding this
inning unit. The most common metrics used are the Euclidean
istance, the Manhattan distance, and the cosine of the angle
f the current input vector and each nodes weight vectors. The
eighborhood size is decreasing in value as the number of train-
ng cycles increases. This winning neighborhood is the set of
odes surrounding the winning unit which will undergo weight
pdate. Outside nodes in the map will not change their weights.
eanwhile, the winning unit would depend on the presented

raining pattern, the winning neighborhood moves around the
ap throughout the training phase.
The neighborhood size is typically denoted by a “radius”,

hich is the number of “hops” from one node to another. In
rectangular map, the radius between a given node and all its

ight direct neighbor nodes is 1. Its distance to the 16 next nearest
odes has a radius of 1, and so on. There are no hard and fast
ules as to the initial value of the neighborhood size. But setting it
nitially to be equal to the size of longest map dimension (height
r width of map in terms of number of nodes) is appropriate.

.2.3. Adaptation of the Kohonen algorithm to estimate

issing values in a data set
The observations are real-valued p-dimensional vectors to be

lustered into n classes. When the input is an incomplete vector
, the set Mx of the missing components numbers is first defined.

t
a
o

rk structure [36].

x is a sub-set of {1, 2, . . ., p}. If C = (C1, C2, . . ., Cn) is the set
f code-vectors (named code-book) at this stage, the winning
ode-vector Ci0(x,C) related to x is computed by setting:

0(x, C) = argmini||x − Ci|| (1)

here the distance ||x − Ci||2 = ∑
k/∈Mx

(xk − Ci,k)2is com-
uted with the components present in vector x. One can use
ncomplete data in two ways [30]:

(i) Incomplete data are used during the construction of the
code-vectors. Update (the winning one and its neighbours)
only affects the components present in the observation.
Ct = (Ct

1, C
t
2, . . . , Ct

n) is the code-vector at time t and
if a randomly chosen observation xt+1 is drawn, the code-
vectors are updated by setting:

Ct+1
i,k = Ct

i,k + ε(t)(xt+1
k − Ct

i,k) (2)

for k/∈Mx and j neighbour of i0(xt+1,Ct). Otherwise:

Ct+1
i,k = Ct

i,k (3)

The sequence ε(t) is [0,1]-valued with ε(0) ≈ 0.5 and con-
verges to 0 as 1/t. After convergence, the classes are defined
by the nearest neighbour method.

ii) Enough data are available to avoid using incomplete vectors
to build the map. We classify incomplete vectors after the
map is built by allocating them to the class with the near-
est code-vector for the distance restricted to non-missing
components.
Whatever the method used to deal with missing values, one of
he most interesting properties of the algorithm is that it allows
n a posteriori estimation of the missing values. If Mx is the set
f missing component numbers for the observation x, and if x is
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lassified in class i, for each index k in Mx, one estimates xk by:

ˆk = Ci,k (4)

Because in the end of the learning, the Kohonen algorithm
ses no more neighbours, the code-vectors are asymptotically
ear the mean values of their classes. Therefore, this method
onsists in estimating the missing values of a variable by the
ean value of its class.

.2.4. Quantization error
Quantization error of an input vector is defined as the differ-

nce between the input vector and the closest codebook vector.
or a set of input vectors, one can reflect on the similarity of the

nput data set and the KSOM by investigating the distribution of
he quantization errors. The range of quantization error tells the
mallest and the largest amount of error. Thus, the evaluation
f a trained map quality can be done by calculating the average
uantization error over the input samples.

.3. The mass balance model

A simplified mathematical model based on mass balances was
eveloped to estimate nutrient concentration in the Têt River and
o describe its water quality.

.3.1. Mass balances
A mass balance is an account of material entering and leaving

system. The main particularity of the mass balances is that they
ssume the conservation of mass principle (i.e. matter cannot
isappear or be created). Taking into account this principle, the
ass that enters a system must either leave the system or accu-
ulate within the system, i.e. E + G = S + A, where E denotes
hat enters to the system, G denotes the production term, S
enotes what leaves the system and A denotes accumulation
ithin the system. G and A may be negative or positive.

Mass balances have been used to design chemical reactors,

o analyse alternative processes in production of chemicals, in
ollution dispersion modelling, etc. Although they are often
eveloped for total mass crossing the boundaries of a system,

c
R
i
b

Fig. 3. The study area and the seven subsystems according to WWTPs at Perpi
ng Journal 142 (2008) 135–146 139

hey can also focus on one element (i.e. carbon) or one chemical
ompound (i.e. ammonium).

In the present study, the system is the lowland of Têt River.
he model is focused on different chemical compounds, consid-
red as indicators of water pollution.

.3.2. The model structure
In order to represent the system as accurate as possible, it

s divided into seven subsystems according to both WWTPs at
erpignan and at Canet-en-Roussillon and to sample or split
oint locations (Fig. 3).

The inputs, outputs and retention processes for nutrients are
escribed in a mass balance environment for each subreach and
efine compartment (Fig. 4). The characteristics of one compart-
ent may be different from the characteristics of the other ones.
he most noticeable differences concern their self-purification
apabilities and their lengths.

The first compartment takes into account all the upstream
ows. The second one allows quantifying the Basse impact
RBasse), which is the river main affluent, on the main stream. In
his compartment some water is taken for agriculture activities
nd domestic use (S0). Compartments 3 and 6 describe sub-
eaches where WWTPs of Perpignan and Canet-en-Roussillon,
espectively dump into the river. Their lengths are considered to
e negligible. Both compartments allow quantifying the impact
f plants discharges into the river. Two inputs into the river can
e considered for the plants: EP and EC (the resulting water of
epuration processes) for effluents and BP and BC (on raining
ays and/or when wastewater flow is so high that WWTP cannot
reat all the incoming water) for bypasses.

Compartments 1, 2, 3, 4 and 6 do not make possible to
ppreciate the self-purification process because lengths of com-
artments 1, 2, 3 and 6 are too small and because minimal
istance for nutrient assimilation corresponds to compartment 4
ength. On the opposite, compartments 5 and 7 integrate this pro-

ess. Experimental data analysis (on sample or split points RTêt,
3 and R4) made possible to extract self-purified parameters

n these compartments. The self-purification process concerns
oth ammoniacal nitrogen and phosphates, in compartment 5,

gnan and at Canet-en-Roussillon and to sample and split point locations.
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ig. 4. Model structure, where, R is a sample or a split point into the Têt River
he WWTPs’ effluent, P refers to the WWTP at Perpignan and C refers to the W

hereas in compartment 7, it only concerns phosphates, due to
anet-en-Roussillon WWTP discharges. A similar methodol-
gy can be efficiently used, after updating, for all Mediterranean
ivers.

In all of them it is considered that there is no accumulation,
aking the term A as zero. In reference of the production term
, this is zero where nutrient retention processes are not con-

idered. The consideration of the nutrient retention existence
n each compartment is the result of the treatment of some Têt
xperimental data [9], in order to represent the processes within
he river as accurately as possible. Where the stream experiments
utrient processes, G is composed by self-depuration equa-
ions developed for nutrient compounds within the STREAMES
uropean project [3], and have been adapted to the Têt River.
he equations that sum up the model are the following ones

5–7):

m

1
Qs =

∑n

1
Qe (5)

s,i =
∑n

1(Qe × Ce,i)∑m
1 Qs

(6)

s,j =
∑n

1(Qe × Ce,j) − Gk,j∑m
1 Qs

(7)

here, for each subsystem, n is the number of inputs, m the
umber of outputs, Qe is the input flow, and Qs is the output
ow, Cs refers to the input concentration, Ce refers to the output
oncentration, i refers to the compound of dissolved organic
arbon (DOC), nitrites or nitrates, and j to the compound of
hosphate or ammonium, k is the compartment number and G
efers to the nutrient retention (G �= 0 if k = 5 and j = phosphates
r ammonium and if k = 7 and j = phosphates).

The production term G is described by Eq. (8) and charac-
erizes the nutrient retention process and the self-purification

henomenon for nitrogen and phosphorus compounds:

= Ce × Qe × d

Sw
(8)

t
p
c
C

Basse tributary, S refers to the Têt water taking, B is the WWTPs’ bypass, E is
at Canet-en-Roussillon.

here d and Sw, in meters, respectively represent the compart-
ent length and the “uptake length”.
The uptake length Sw is only valid for Mediterranean rivers

nd is calculated for each considered chemical compound. Eq.
9) is an example of calculation for ammonium:

og SwNH4 = 3.9175881 + 0.46175449 log PST

+ 0.56760408 log QST

+ 0.38058059 log NO3ST (9)

here, SwNH4 is the uptake length for NH4
+ (m), PST the phos-

horus concentration (mg P–PO4/l), QST the river discharge (l/s)
nd NO3ST the NO2

− concentration (mg NO3/l).
Let us notice that even if this study is focused on nitrogen,

hosphorus calculation is necessary to solve the Eq. (9).

.4. Linking KSOM with the mass balance model

In order to face the limited reliable data and the data missing
filling out the existing gaps in the database), KSOMs were used.
he provided data completed the available database, which was
fter used by the mass balance model as input data. These data
ere related to the river and either the bypass or effluent of both
erpignan’s and Canet-en-Roussillon’s WWTP.

.5. The STREAMES project and EDSS

Streams in developed regions are under significant stress
ue to nutrient enrichment. Humans affect streams by chang-
ng land uses in the catchment or modifying the landscape in
ays that increase the nutrient transport to surface waters. By
irectly dumping urban or industrial sewage (point sources) into
he stream and modifying the streams themselves, they reduce
iver ability to respond to increased nutrient discharges. Whereas

hese processes operate at diverse scales, from within stream
rocesses to watershed processes, stream managers are often
onstrained to act at the reach scale. The goal of the European
ommission’s project STREAMES (Stream Reach Manage-
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Table 1
KSOM grids sizes and training epochs

Location Season Optimal grid size Average quantization error Optimal number of epochs

WWTP of Perpignan (bypass/effluent) Summer 11 × 5 2.419 500
Winter 10 × 5 2.673 450

WWTP of Canet-en-Roussillon (bypass/effluent) Summer 9 × 5 1.987 450
Winter 8 × 5 2.038 450

T 0 × 6
9 × 6
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the study stream are represented in the Fig. 6. The Pp seems
to have a greater negative impact to ammonium, ammonia and
nitrites concentrations than the Pc, as it treats more water. How-
êt River (sample point RTêt) Summer 1
Winter

ent: An Expert System) has been to develop a tool to help
treams managers in two ways: first, to evaluate sources and
agnitudes of nutrient (nitrogen and phosphorus) discharges

ffecting the stream reach of interest and, second, to decide of
he best strategy to ameliorate that part of the stream, with spe-
ial emphasis on actions directed towards increasing nutrient
etention within the stream [2,31].

The developed STREAMESS EDSS is a useful tool, espe-
ially developed for Mediterranean area, able to integrate point
nd non-point pollution to help water managers on decision mak-
ng processes related to the river water domain. It provides three
ypes of outputs: diagnosis, actions and prognosis [6].

.6. KSOM results

Ten KSOM have been trained using available and complete
ata characterizing the WWTPs of Perpignan and Canet-en-
oussillon and the chemical state of the Têt river at the sample
oint RTêt, for various days of winter and summer of year 2001.
able 1 summarizes the optimal size of its output layer for each
etwork and the optimal number of epochs carried out during
ts training phase, in order to obtain the weakest average quan-
ization error and thus the best training process. By means of
emaining complete data, a testing phase allowed to validate the
etworks learning phase and to highlight their generalization
apabilities.

Table 2 presents the results of the missing (and needed) com-
onents estimation for incomplete days of February (winter) and
une (summer) 2001, using the ten trained KSOM neural net-
orks. The result units were modified according to their use in
f the mass balance model. Predicted components are displayed
n grey and available components in the database are displayed
n white. The analysis of the data provided by the KSOM reflects
strongly fitting between the nutrient data for the Têt river and

he WWTP of Perpignan (both effluent and bypass) and its his-
orical pattern, accordingly to the season. However, the situation
s different for the results of the effluent of the WWTP of Canet-
n-Roussillon. Ammonium and nitrates data fit moderately with
he winter pattern. The same occurs for total phosphorus in sum-

er. Although, the error rate is so small that data are considered
ccurate enough to be used in the mathematical model.

.7. Estimation of the nitrogen and organic matter

oncentrations

Some relevant results, basically related to the stream flow
nd to the dissolved organic carbon (DOC), ammonium (NH4),
1.602 300
1.793 300

itrites (NO2) and nitrates (NO3) concentrations instream, were
btained from the running of the mass balance model. DOC
oncentration is used to quantify organic carbon loads and is
irectly calculated from biochemical oxygen demand (BOD)
nd/or chemical oxygen demand (COD) concentrations. These
ata allowed the estimation of nitrogen, organic matter concen-
ration and the flow rate within the studied reach (the lowland
f the Têt River) for February (winter) and June (summer) of
001.

Both months were considered the best to observe the WWTP
mpacts to the river water quality due to their different climate
ehaviours. High river flow rate dependence of meteorology (the
verage flow rate in the ending of winter is 7217 ± 159 l/s and in
he beginning of summer, 1788 ± 236 l/s) corroborates it. This
ituation is typical of the Mediterranean area.

Average flow rates along the river site are represented in the
ig. 5, where the distance index refer to the compartment outputs
f the model (except point 1, which refers to the sample point
Têt). The darker line represents the winter and the lighter line,

he summer. The entrance of the WWTP of Perpignan (Pp) out-
ows can be clearly observed and even, the opposite effects of
a Basse and water extraction. However, the input of the WWTP
f Canet-en-Roussillon (Pc) is difficult to see since its outflows
re very low in comparison with the stream flow.

The average nitrogen concentrations of the river water along
Fig. 5. Flow values along the study site for both seasons.
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Table 2
Results for the missing components estimation (in grey: predicted components, in white: available components)
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ver, the situation for nitrates is different, as the Basse impact,
ue to industrial rejects, is higher than the impact of both WWTP.
ven, it is possible to see in Figs. 5 and 6 that the outflows of
p and Pc contribute to the river nitrate dilution. All of these
ases can be especially observed during summer conditions,
hen water discharge is lower and a higher part of the flow
own of WWTPs is the effluent and bypass of both WWTPs.
he effect of their outflows is magnified by low stream flow
ate.
To sum up on one hand, in concentration terms, the Pp con-

ributes to the increase ammonium and nitrite concentrations
ithin the river, meanwhile its impact on nitrates is very small or

c
d
b
b

ven positive. These conclusions lead to think that the nitrifica-
ion processes in the Pp are partial and they should be improved
o reduce its impact to the river. On the other hand, the major
mpact of the Pc is on ammonium terms. But, in water quality
erms the conclusions change due as people usually refer to qual-
tative measures rather than quantitative ones.Meanwhile, the
iver water quality [32] is in the Very Good category for nitrates
n both seasons and the very good (in winter)/good (in summer)

ategory for nitrites along the study site, the situation is very
ifferent for ammonium and ammonia. In both cases the quality
efore the Pp outflows is very good. After them, it becomes very
ad for ammonia in both seasons and for ammonium in summer.
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in all 14 km of the study site. So, in both quantitative and quali-
tative terms of organic matter, the Pc has higher negative effects
to the river chemical health, especially in summer.
ig. 6. (a) Ammonium concentrations along the study site. (b) Nitrates conce
hosphates concentrations along the study site.

n winter the water quality for ammonium after the Pp is mod-
rate. So, these values corroborate the greater impact of Pp on
iver water quality in reference with ammonium and ammonia
ompounds.

Finally, the average DOC concentrations in the river water
long the study site are represented in the Fig. 7. The impact
f both WWTPs to the Têt River during the summer season is
lear, comparing the season values. However, the average flows
nd DOC concentrations of the effluent and bypass of the Pp
re maintained along the time. This led us to think that the high
mpact of Pp on summer is basically due to the low stream flow,
hich intensifies the effects of Pp outflows. Related to the Pc,

he effluent is maintained along the seasons (flow and DOC). For
he bypass it is a bit different because while the flow only exper-
ments a very small increment (10 l/s), the DOC concentrations
ncrease an average of 5.19 mg C/l. The increment of the DOC
oncentrations seems to be the result of the tourism activities in

he town of Canet-en-Roussillon. In water quality terms, only
he Pc contributes to the change from Very Good to Moderate
ategory value in summer. In winter, neither of WWTPs con-
ributes to a change of the quality category, which is Very Good
ons along the study site. (c) Nitrites concentrations along the study site. (d)
Fig. 7. DOC concentrations along the study site.



144 E. Llorens et al. / Chemical Engineeri

Ta
bl

e
3

R
es

ul
ts

fr
om

th
e

E
D

SS
ru

nn
in

g
fo

r
ea

ch
co

m
pa

rt
m

en
t

Pr
ob

le
m

Se
as

on
C

om
po

un
ds

1
an

d
2

C
om

po
un

d
3

C
om

po
un

d
4

C
om

po
un

d
5

C
om

po
un

d
6

C
om

po
un

d
7

E
ut

ro
ph

ic
at

io
n

W
in

te
r

N
o

N
o

N
o

N
o

N
o

N
o

Su
m

m
er

L
ow

N
o

N
o

N
o

N
o

N
o

E
xc

es
s

of
ni

tr
og

en
W

in
te

r
N

o
M

od
er

at
e

am
m

on
iu

m
M

od
er

at
e

am
m

on
iu

m
N

o
N

o
N

o
Su

m
m

er
N

o
A

m
m

on
ia

a
A

m
m

on
ia

a
A

m
m

on
ia

a
A

m
m

on
ia

a
A

m
m

on
ia

a

(S
ev

er
e

am
m

on
iu

m
)

(S
ev

er
e

am
m

on
iu

m
)

(M
od

er
at

e
am

m
on

iu
m

)
(S

ev
er

e
am

m
on

iu
m

)
(S

ev
er

e
am

m
on

iu
m

)

O
rg

an
ic

m
at

te
r

po
llu

tio
n

W
in

te
r

N
o

N
o

N
o

N
o

N
o

N
o

Su
m

m
er

N
o

N
o

N
o

N
o

Se
ve

re
Se

ve
re

a
A

m
m

on
ia

hi
gh

er
th

an
0.

02
m

g/
l.

3
n

t
t
p
o
l

A
l
i
t
t

t
r
s
a
t
t
t
e
t
d

i
s
m
r
t

4

R
s
b
m
t
a
l
a

t
i
a
b
a
o
.

d
s

m
d

ng Journal 142 (2008) 135–146

.8. Estimation of the river problems according to the
utrient concentrations

The obtained results from the simulation model were used
o run the STREAMES EDSS [6] with the aim of corroborate
he above commented assumptions and determine the instream
roblems of Têt River. The interest of the present study is focused
n the diagnosis output, which supplies a list of the main prob-
ems affecting the studied stream reach.

The system was run for all compartments of the model.
ccording to the results (Table 3), the river does not have prob-

ems of eutrophication. A low eutrophication only is diagnosed
n summer in the first subreach, due to the phosphorus concen-
ration of the tributary La Basse. The river recovers quickly after
his point.

Related to the nitrogen problems, the impact of the Pp (in
he comp. 3) on ammonium excess is evident. Luckily, the river
ecovers in winter thanks to its self-depuration capacity. But, the
ituation is different in the summer period, where an important
mount of ammonia (very dangerous for fish population) due
o the physico-chemical characteristics of the river water (pH,
emperature and ammonium concentration) was diagnosed in
he study area. In this case the contribution of Pc maintains and
ven deteriorates the situation. The self-depuration capacity of
he river is not able to solve the problem, only to reduce its
egree.

Finally, the river does not experiment organic matter pollution
n winter. However, the contribution of Pc in organic matter
eems to be very important as the EDSS diagnoses severe organic
atter pollution in summer after its outflows. In this case the

iver has not the capacity of recovering before it is flowing into
he Mediterranean Sea.

. Conclusion

As a lot of Mediterranean rivers, the water quality of the Têt
iver has to be largely improved and better monitored. In this

ense, a tool has been developed and is presented in this paper,
ased on both Kohonen self-organizing maps and simulation
ass balance modelling, to estimate nutrient concentrations in

he stream and to describe the river water quality. The study
rea, where the major economic activity is tourism, covers the
ast 14 km of the river (from Perpignan to Canet-en-Roussillon)
nd is affected by one tributary and two WWTPs.

On one hand, Kohonen self-organizing maps were first used
o face the limited reliable data and to fill out the existing gaps
n the available database related to the chemical state of the river
nd the WWTP operation. This kind of neural network proved to
e very useful for estimating missing values in a database, using
vailable values by means of a training phase, independently
f the nature of the studied system (i.e. river, WWTP outflows
. .). The results obtained using KSOM, in order to avoid the
ata missing, can be considered as satisfactory in spite of the

ystem complexity and strong non-linearity.

On the other hand, a simplified simulation model based on
ass balances has been developed and proved to be an efficient

iagnostic tool. It allowed efficiently estimating the nitrogen,
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and of the Têt River. Completed data from months February
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sed to highlight the WWTPs impacts to the river water quality
ccording to different meteorological features.

Finally, the results obtained from the simulation model were
sed to run the STREAMES EDSS with the aim to corroborate
he assumptions and determine the instream problems of the Têt
iver.

After these interesting preliminary results, future works will
ocus on modelling all the Têt River catchment area and improv-
ng the simulation model taking into account new parameters
mpacting the ecological and chemical states of the Têt River.
he developed model will also be integrated in a global tool
llowing the control and supervision of the Têt River catchment
rea, with the aim of improving its water quality.
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