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Abstract: Managing a catchment for drinking water supply with a high proportion of agricolural land use is
a difficult task if one has to maintain a reasonable well balance berween water quality demand and consequent
restrictions for the farming industry. In this paper we present a neural net based method for finding good
approximations to solutions of this problem. This method is capable of “inverting” a hydrological madel to
identify land use scenarios that mateh leaching criteria defined for establishing a certain water quality tevel in
the stream best. The method allows not only to simulate land use scenarios like hydroforic models do, but can
search systematically for land use scenarios that fulfil] specified criteria without worrying about complexity of

combipational optimizaticn.
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I.  INTRODUCTION

which are based on legal rules and individual

ey

In regions with little groundwater a major resource
for the supply with potable water are reservoirs,
Before Germany was reunited reservoirs in the
eagtern part were ollen built withoul accounting For
the specilic fand use conditions in the contributing
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calchments which are mostly used for agriculture.
As a conscquence, a waler gquality problem results
which can be traced bhack mainly o two influences:
diffuse nutrient leaching from farmland on the one
hand and settiement waste water untreated or
clarified inadequately on the other. In order to
solve this problem novel catchment management
strategies have o be developed.

A reservoir system showing  this  coniroverse
problem in a typical manner s the Weida-
Zevlenroda-Lissau  system located  in castern
Thuringia (a federal state of Germany} which is
managed by the Thuringian FRSCFVOIT
administration (TTVY, Two thirds of the catchment
ol the reservoir s used for imtensive agricullure
[Arbeisgemeinschall Trinkwassertal-sperren eV,
20007

At the moment the diffuse nitrogen inpul from
agricultural fand is compensated by field-specific
measeres, These contain land use resyictions

contractshetween—the T 1Y—und—the—tarmers:
However, land use restrictions have o be
compensated financially. The TTVY has only a
limited annual budget for compensation payments
and is therefore interested to make the best use of
it. They intend 1o impose restrictions onby where it

i nec
the larmers really restrict (o the laws and keep in
line with individual contracts.

The TTV supervises land use restrictions with the

help of the foliowing procedures:

I questioning of the furmers about the land usc

management of the individual fickds,

N antadyses of the individual lelds and

3. measurement of the nitrogen concentration and
the waler wmount al the main inflow of the
Zeulenroda reservolr,

kD

From the fwmers answers o the gquestionnaires N-
balances are denved and compared with the Ny,
analvses, The significance of the Ny-analyses s
fow because only five samples are taken per lield
{regardless of its size) and enly once per year
IThres et al, 19981 A further dithiculty s the fud
that gauge measurements at the main inflow only
allow statements about s catchment area and not
about specific fields of this area. In addition these

procedures only alfow an evaluaton of land use ag
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a whole and at a certain point in time. As a

consequence wn inspection of the efficiency of

individual measures on different fields is hardly
possibie, Therefore it is very difficult to derive
forecasts for allernative land use practices by
means of past land use data.

2. THE IWES PROJECT

In order to lind o solution o this management
problem o research  project was  started  in
Coo ;wmiinn between the TTV and the University
of Jena {(Germany), The overall objective of this
project is the development of an inlegrated
decision support system for watershed management
(IWES = Integrierles wasserwirl-schallliches
Entscheidungs- Unterstiitzungs-system). The task
of TWES is the support of TTV managers who are
responsible  for the generation of land  use
scenarios. This support should ensure that only
fand use scenarios characterized by the following
propertics are generated:

I. Minimization of the nitrogen concentralion in
the reservoir in order 1o
= observe the legal boundary values for
nitrpgen concentrations and
¢ reduce  the  expenditures  for  the
management of the water body of the
reservolr.
2. Minimization of the payments for the farmers.

I A I

suhcarchments and relict units (slopes, sinks and
plams)  are  assembled o smallest common
geometrics (5SCG) A simplified routing scheme s
shown in Figure 1. The model caleulates the water
and substance balances in cach of the SCGs and
routes the waler and nitrogen Hux o the next
potvgon where the caleulation starts agam. This

sequence ends al the receiving stream where all
fluxes  are  added  up o the model  oulput
respectively catchment oudlet,
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Figure 1. Model routing scheme of WASMOD.
Since WASMOD iy able to directy model physical
processes it s especralty suited for the simulation
and evajuation of land use und climalic scenanos,

4. STUDY AREA

The catchmenis of the reservonrs of Weida-

Fhe generationof-fand-use-sceranos-which-futtil
both objectives equally well can be understood as
an oplimization problem. Due to the ¢cnormous
eange of the paramelers which must be considered
this 15 a very difficult problem whose exact
solution is intractable in practice. Fhis paper

therefore will present a procedure that linds good

a;}plmnzmh()m o the mumdi solutions.

3, MODEL PROPERTIES

An optimization procedure of the described kind
cannat be  built without knowledge about the
relationship between the field-specific land use on
the one hand and the nitrogen concentration in the
reservoir on the other. For the computation of this
relatienship the water and nitrogen modelling tool
WASMOD  [WAter and Substance  sirnulation
MODel, Reiche, 1996] is used. Since the measures
for nivogen reduction are applied on single
agricultural fields the model must not oniy operate
on the catchment scale but also on the plot tevel.
WASMOD can do both of this simultaneously. It
allows 1o describe the nitrogen discharge as 2
fupction of soil, relief, land use and climate. An
application of WASMOD presumes that GIS-
fayers of soil. relief, land use, river network,

Zeulenroda  and Lossau are  located in the
Thuringian Slate Mountains and have an area of
about 249 km? The reservoirs of Zeulenroda and
Weida. drain. v the river . Welda into. the river
Weisse Elster, and the Lassau reservolr drains via
the river Wisenla into the river Saale. A wunnel

yiaduct-conmectsboth-dams -with- eachr-others- b

permits water to be directed from the Lissan
reservolr into the dam of Weida-Zeulkenrada and
thus combines the two NCPEH‘;HC& catchments inlo a
single one. The altitude in this catchment varies
between 270 ;m(i 650m over NN, Located in the
rain shadow of the Thuringian Forest the annual
average precipitation is only appros. 64hmm. The
annual average temperature 1S also low with less
than 7° C. The geology is dominated by clay shisis
anrd eruptive rocks. The soils developed from this
bedrock range from shallow rankers o well
developed cambisois and {luvisoels in the river
valieys. The pi‘cdunmmm purt of the arca 15 used
for agriculture (67%) and  forestry  (27,53%)
Settlements and {mihc wreas have a porbon of
5.2% and water areas cover aboul .3% of the
catchment  {Thiringer  Tualyperrenverwaltung.
19497,
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5. MODEL RESULTS

In Figure 2 the simulated and observed runoff for
the year 1976 at a daily time step is shown (R? =
(1723 The basellow during the drought is too high
but the general dynamic s well represented.
However  further  model  improvements  and
validations are still in progress,
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Figure 2. Simulated and observed runoff in m¥s of
the gauge Laewitz (ca. 100km?),

Figure 3 and Figure 4 show the distnibution of
nitrogen cutput per year in the two mam [low
pathways. The interflow (Figure 3} represents the
fateral component and the groundwater discharge
(Figure 43 the vertical one.

Figure 4. Nitrogen outpul due groundwater
discharge of the catchment of the gauge Lacwilz
fea 10k,

The groundwater dischurge 1 maimly dominated by
the geology. The river valleys are identifiabie and
the eruptive bodrock can be seen. This result i
mainly caused by the more permeable rock. For the
case of interflow discharge {Figure 3) the picture
becomes more patchy, 1t is caused by different
crops on various seils. bedrock and opography

conditions,

6.  THE OPTIMIZATION PROBLEM

In order to exert inluence on the nitrogen balance
of the reserveir, the TTV attempts o restrict the

Figure 3. Nitrogen output due to mnterflow (15299
SCGsy within the catchment of the gauge Lacwitz,
The darker colours indicate higher output.

fand_ pseornthe  cotchmont srcs oo s way thal
ensures  that  the amount o nitrogen  from
agriceltural areas. which ends up in the reservoir
is  minimized.  As  mentoned  above.  these
restrictions -often volve compensation payments.
Restrictions must therelore be exercised in a way
that maximizes use with minimal costs. For this

TTERSOR AT PrOCEUIe TWhIC CER TTRIE T tRe TpEcitie

fields according to their relevance for the nitrogen
balance of the reservoir iy at the heart of the
decision system cwrrently  under

development.

support

A procedure  often  applied o practice s
characterized by the creation of reasonmable land
use scenarios  which can be  accounted  and
managed with the available {inancial resources.
The intention of this strategy is w find the scenario
which causes a minimunn otal pitrogen input inlo
the reservoir. For a given configuration of land use
on the specific fields this mpuat is estimated with
the help of hydrological modelling. However, the
number of scenarios which must be examined of
course s overy  large. Additionally. modern
hydrelogic models are ofien such fine grained that
it is hardly possible to consider all interesting
scenarios  with  these  modlels. We  therefore
developed o procedure that does not altempt o
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always find exact solutions to this optimization
problem. [ts primary objective is o identify very
good approximaiions (o the exact solutions.

7. THE NEURAL NETWORK APPROACH

Our optimization procedure uses the concept of

newral networks [Gallant, 19937 o do us joh.
Neural networks consist of simple autonomous
processing units (newrens) which are joined by
directed communication paths {edges). Each edge
15 parametrized with a nameric value (weight)
which specilies the strength of the connection
between the connected neurons and thus the ability
o pass signals. A so-called activation function is
assigned Lo each neuron enabling it to calculate an
outpul signal dependent on signals received over
meoming edges. This output 18 ther propagated to
ncighbouring neurons. A neural net can therefore
be seen as a machine which computes a function

that 15 characterized by a possibly large sel of

parameters {represented by the weights). There are
learning  algorithms  that can fine ne the
paramelers ol a given neural net such that the
function computed by this net approximates a
given function as good as possible. Neural nets are
therefore  especially  suited o solve  hard
optimization problems.

7.1 Representing the Catchment

neuron. We can distingwish between the following
types of hvdrautic Hinkages that are represented by
edges in the network:

interflow runoff between SCGs

[. surfuce and

felass B

2. groundwater discharge from the SCGs into the
catchment outles colass B2 and
3. surlnee runoft and mterflow from the SCGs

into the catchment outdet (class E3,

The edges from the mput neuron (o SCG neurons
{class B4y represent externdd mitrogen  inputs
{ferulization cle) which are dependent on the
current land use management of the SCGs.

Fuv i di ' T |
A S

order to determine the
points of the nitrogen discharge function for the
SCGs are caloulated by WASMOD, The discharge
function has the lollowing properties:

EooI0 maps the amount of nitrogen which s
applied o the STG to the amount of nitrogen
delivered from the SCG.

[t takes into account alt Turther focation-specific
characteristics of the 5CG which are modelled
with WASMOD,

The sampling peints form the basis for a lincar
regression which is used o approximaie  the
aclivation function of the neuron representing the
SCG. The tnput and outpul neuron are assigned the
wentity function as activalion function since they
Just have to transmut imconnng data.

Nerwork toputogy For e Segientation ol e
calchment we revert to the smallest common
veametries (SCG) used by the model WASMOD.
We use a modified Backpropagation actwork to
represent the catchment. I possesses one neuron in
the mput Jayer and one neuron in the outpul layer.
~Ehe catchment oudet is represented by the output
neuron. The remaiming neurons represent  the
calchment area in the following way:

. cach SCG s represented by a unique {SCGY
neuron,

For an hydraulic linkage between two SCGs
there 08 an (interflow) edge  between  the
peurons representing the SCGs,

for an hydraulic linkage between a SCG and
the catchment outlet there is an {(groundwater
discharge} edge between the corresponding
NeUrons,

the inpul neuron is connected via (fertilization)
edges to all neurons excepl the outpul nevron.

(%]

4

Since WASMOD distinguishes belween fwo main
runcil components (namely groundwater discharge
and inlerflow), cach 5CG neuron possesses exactly
two owlgoing cdges: via the interflow edge it is
connected o another SCG neuron or {in special
cases)  the  output  newron. The  groundwater
dhscharge edge connects the neuron to the oulput

Figure 5. Neural Neowork — derived from the
topology of o catchment arca.

Edge weights: The weiehis at the outgoing edges
of the input nearon (B4 correspond to the mitrogen
mput which is supplicd 10 the SCGs (c.g. by
fertilizationy. They are the parameters which will
liave to be optimized later,

The weights at the outgoing edges of the SCG
neurons are computed with the help of WASMOD.
They reflect the of the discharge
companents of the SCG and thus the proportions of
the transmiited nitrogen quantites.

relevance

Figure 5 shows a network which was computed
from the data of a subcatchment area with 762



SCGs. In order o simplify the picture only edges
of the class ET are shown. As can be seen the
spatial topology of the catchment is maintained in
the net.

7.2 Setting up the MNetwork

The catchment area described in chapter 4 was

used o sel up our network structure in the way

deseribed above. For the determination of the edge

weights and aclivation functions we created [or

each crop § scenarios with uniform nitrogen inputs

on all SCGs:

= scenario Lono fertilization

o scenario 20 S5G% of  crop typical (normal)
fertilization

e scenaro 3 normal fertilizalion

= scenario 40 1509 of normal fertilization

= scenario 5: 200% of normal fertilization

Since we wanted (o represent a common Crop

rotation in our sampling points as realistically as

possible we used a 5 yewr time period with that

typical crop rotation o simulate the nitrogen

discharee with WASMOD. Within cach vear the

fand use on all SCGs was the same for all

scenarios.  Allerwards  we  compuled  average

nitrogen discharge values for each SCG from the

resufts.  This  also made sure that  climatic

fluctuations where not over-represented ino our

modet resuits,

With the resulting 5 sampling points per SCG we

7.3 Solving the Optimization Problem

The network represeniing the catchment area can
be seen as a restriclion of the WASMOD model.
Regarding the fertifization regime, it can perform
the same simulations ol land use scenarios as
WASMOD: alter o value of 1 s applied (o the
input neuron and propagated through the net. the
activation of the oulput neuron corresponds (o the
amount of nitrogen which is introduced into the
catchment outlet {rom the entire catlchment areq,
The specific land use scenario is represented by the
parameters ol the edges connccting the  inpul
neurcn (o the SCG neurons. e the fertilization
nreseriptions for the individual SCGs,

Contrary v WASMOD  owr ncural net
represeniation of the catchment 15 not only able 1o
simulate  land  wse  scenarios but oalso o
sysiematically scarch for changes in land use
seenarios 1o cstablish certain desired propertes,
This  search s performed  with 2 modilied
Backpropagaiion  provedure.  Backpropagton
IRumelhart et al, [98¢] 15 a neural net learning
method that attempis lo determine the parameters
of a neural net in such a way that a given (failure)
function on the outpul ncurons ol the net is
minimized,

The failure funpction in our case 18 given as a
function (i) of the nigogen input into the reservor
and (#) of the costs involved by the restrictions that
the TTV imposes on the land use (e.g. the
]

compensation paynmenis for fertilization

SETUp TRE aChvanG R TIRCHoRE ol SCGHenrons
as well as the weights on all edges of classes EL
EZ and E3. Afterwards we assigned values to all
weights of cdges of class B4 according (o Lhe
fertilizer inputs on the SCGs taken from an actual
seenario.

“According to-the number of SCGs - the catchiment -

the resulting network contained 15301 neurons and

45897 edges. As activalion functions for the
] _

neurons we chose 2™-degree polynoms (Figure ).

T

)

Beseale 110K

function with sampling points, showing nitrogen
discharge (y-axis) for given nitrogen input
(x-uxish
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difference between the actual and the desired
output of the output nearon. it s used (o compute &
change in the parameters of the neural net {Tor our
grocedure just the parameters that-describe the
connections from the input neuron to the SCG
neurons, class By, Thiv change represents how o
modily the Tand use scenario the oplimi
started  with.  The  paramelers  are  changed

repeatedly until the faiiure is sutficiendy small,

Cur learning procedure differs from the standard
Backpropagation algorithm in the following way:
After each step of deternunation ot the partial
errors on all SCG neuwrons we update only the
weights of edges of class B4 As a consequence
from that moedification. our learning provedure
possibly (inds another local minimum of the error
function  than  the  standard  Backpropagation
procedure docs. But it works correctly assuming
the fact that the weigths of classes E1, E2 and E3
must not he changed since they deseribe some
statical properties of our calchment.

To test our network, we assigned the value 1 o the
inpul neuron of the network described in section
7.2 und propagated that value through the net. The
activation of the output neuron amounted to 74000
kg N oand devisted from the total  nitrogen
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discharge  computed by  WASMOD by
approximately 10%. The reason for that deviation
is the inpccuracy of our activatdon functions.
Nevertheless for our demands that accuracy is
suificiently high.

Aflerwards we started the optimization procedure
described above. Our target output from the neural

nel winounted 1o 60000 kg N. Thus, the Tailure of

our net (difference between desired and  actual
outpuly amounted to 14000 kg N. Applying our
madificd Backpropagation procedure 1o the net,
the latlure became O (Le. nitrogen outpul reached
the target value) after 61 steps of  weight
adjustreent.. The changes of the weights and thus
the changes in external nitrogen inpuis on the
SCGs 1o establish that reduction are shown in
Figure 7.

0 1 3 Kiomelers

Figure 7. Fertilization changes computed by a
modilied Backpropagation aleorithin, The darker

hydrological models this neural net can be used w
ractably search for optimum land use scenarios
wrl Neinpul into the reservoir, First applicalions
indicate that a suitably designed neural network
learning procedure will find near optimal solutions
wr the problem if the starting land use scenario is
reasonable. Therefore the presented optimization
procedure 15 an important step  towards  an
integrated computer based decision support system

design for watershed nunagement,
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