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The aithors would like to ke the Handbod dynamic, making it nat only a Handbod for modell ers but
aso ore by modellers. All users are therefore requested to send their experiences, proposals for
improvement and any other nates to the aldressmentioned below so that these may be processed in the
next version.

Rijkswaterstad-RIZA

attn Harold van Waveren

Postbus 17

NL-8200AA Lelystad

e-mail: aguest@riza.rws.minvenw.nl

This GMP Handbodk may be fredy used and multiplied, provided that corred acknowledgement is made to:
STOWA/RIZA, 1999,Smocth Modelling in Water Management, Good Modelli ng Pradice Handbod; STOWA
report 99-05, Dutch Dept. of Public Works, Ingtitute for Inland Water Management and Waste Waer Treament
report 99.036,1SBN 90-5773056-1.

Extra copies of thisreport (NLG 25) are avail able from:

SDU, afdeling SEO/RIZA, Postbus 20014, NL-2500 EA Den Haay, Tel +31 70 3789783FE-mail
miget@sdu.n. Payment upon alivery; giro slip enclosed.

Hageman Verpakkers BV, Postbus 281, NL-2700AC Zoetermea, stating ISBN or order number and
a dea delivery address

This Handbod can also be downloaded from the internet: http://waterland.ret/rizalaquest/
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Foreword

On 4th February 1997, a meding was held within the Aquest framework, discussng the topic of a
Standard Framework for models in Dutch water management. The idea behind this is that major
efficiencies can be dtained by coordinating or even integrating the numerous sparate developments in
this domain. Important players in Dutch water management attended the meeing (Dutch Department of
Public Works, Provinces, Water Boards, STOWA, RIVM, Staring Centrum, NITG-TNO and various
consultants involved in ore of the LWI programmes at that time (WL | DELFT HYDRAULICS, DHV,
EDS and Aquasense/ECOSY S).

At this meding, all parties involved expressed the intention to achieve doser co-operation regarding a
Standard Framework for models and it was agreed that the consultations would be continued. This has
resulted in the establishment of threestudy groups: ‘Generic Todls', ‘Good Modelling Pradice (GMP)’
and‘IT Model Couging'. The Generic Todls gudy group has made an inventory of the tools available in
the Netherlands (and in ather courtries), which may serve & building blocks for a Standard Framework
for models. Meanwhil e, this dock-taking has been completed and the study group recently started the
exploration d the technicd feasibility of the construction d a Standard Framework, which was in fad
recantly renamed Standard Water Framework (SWF). For this purpose, an IT architedure is being
designed, including atechnica description d the interfaces.

TheIT Model Couping study groupis not an official study group undy the Standard Water Framework,
but rather an existing group which was involved in the LWI projed cdled ‘Architedural design of
complex model systems'. This projed concentrates on the link between the mmplex SIMONA 2D/3D
hydrodynamic models by the Dept. of Public Works and Delft 2D/3D by WL|DELFT HYDRAULICS.
The LWI projed has been completed by now and the -operating parties have initiated a foll ow-up
projed.

At this moment a fourth group is adively involved in the Standard Water Framework. Their field of
study is the problems regarding the apyrights of software and databases.

The Good Modelling Pradice (GMP) study group tes darted a projed for the development of a GMP
Handbod. The objedive of this projea was to stimulate the proper manner of deding with models. The
projed set out in August 1998, was financed by the Dutch Department of Public Works, STOWA and
DLO Staring Centrum. The projed was exeauted by Wageningen Agricultural University, NITG-TNO
and DLO Staring Centrum under the management of WL | DELFT HYDRAULICS and was supervised
by a broad group d representatives from water managers, universities, scientific institutes and
engineeing offices.

The projed started with an inventory, in which relevant literature was consulted and the experiences
from the organisations involved were carted. This formed the basis for the first draft of the ‘Good
Modelling Pradicé Handbod. Next, the usability of the draft Handbodk was verified by bath
inexperienced and experienced modell ers at various water management institutions. The test period was
concluded with a workshop at which the testers experiences were discussd. The final version d the
Handbodk now presented to youis based onthe findings during the test period.

The Handbod is primarily intended to suppat the modeller. It deds with all magor steps in the
modelli ng processand is therefore very suitable for use & a dedlist. Reoording the procedures of the
chedlist (for instancein the forms appended) will creae amodel journal which renders this model study
reproduwcible and transferable, all owing other parties involved to get an ideaof the model study exeauted
more eaily. In this ®nse, the Handbodk is explicitly not intended as a compulsory straitjacet to the
modell er, but rather as atechnicd todl.
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The members of the projed team, whose names are given on the first page of this Handbodk, were
suppated and advised by a supervisory committee onsisting of the foll owing persons:

dr. T. Aldenberg

ir. R. Bol

ing. E. Groot

drs. C.J. Hemker

dr. J.P.M. Kouwenhoven

dr.ir. W. de Lange

dr.ir. AJM. Néelen

drs. E. Olij

dr.ir. T.N. Olsthoan

ir. HA. Pagp

ir. P. Roeleveld

ir. A.P. Salverda

ing. J.M. Stroom

drs. M.W.M. van der Tol
prof.dr.ir. P. van der Veea

ir. B.J. van der Wa

ir. J.D. van der Werff ten Bosch

RIVM-LWD

Dept. Public Works South Holland Diredorate
Rijnland Dike Board

FreeUniversity of Amsterdam, Earth Sciences
Resource Analysis

RIZA (Inst. for Inland Water Man. & Waste Waer
Treament)

DHV Water (now Nelen & Schuurmans
Consultants)

Discharging sluices
Amsterdam Municipal Water Works

Friesland Water Board

STOWA

Witteveen en Bos (now Waterbedrijf Gelderland)
Rijnland Dike Board

RIKZ

Delft Techndogicd University, Civil Techndogy
IWACO

Resource Analysis

It would na have been passble to develop the first GMP Handbodk withou the commitment of the
testers who were the pil ot users of the Handbodk and provided valuable feedbadk onits usabilit y.

Finally, we would like to thank the numerous experts of WL | DELFT HYDRAULICS, NITG-TNO,
Alterra (former DLO Staring Centrum), STOWA, LUW, RIKZ and RIZA for their contributions to the
pitfalls and sensitivities contained in Part 2 of the Handbodk and all other persons for their suppat in
whatever form towards the redisation d the Good Modelli ng Pradice Handbod.
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Introduction

Background to the Handbook

Models have beaome an essential tod in the modern world of water management. They are used extensively
and day an important auxili ary role in fulfilli ng the cre tasks of water management, in pdicy preparation,
operational water management and reseach, and in the clledion d basic data (monitoring), among other
things.

Besides the fad that the use of models is bemming increasingly common in water management, a
development can also be discerned in terms of increasing co-operation in the modelling field. Gone ae the
days when every manager or ingtitute developed its own models. This is refleded, for example, in the
willi ngnessto develop the Standard Water Framework by a large number of partiesinvolved in Dutch water
management. The Standard Water Framework (for models, databases and IT tods such as presentation
programs in water management) is intended to provide water managers with an integrated system in which
models and aher information systems can easily be ‘couded’ or ‘demuped’, depending on the type of
problem requiring attention. This allows for efficient use of the know-how developed elsewhere and d the
avail able financial means.

However, when models can be deployed in such a flexible manner, this also increases the risk of
inexpert use. This may be the result of errors in the software or incomplete manuals, though the
cause may equally lie with the modeller himself. Careless treament of input data, insufficient
cdibration and validation, working outside the scope of the model, inacairate model hypaotheses,
these ae dl errors which can lead to the results of model cdculations being unreliable. This can
have far-reading consequences, certainly when considering the important role played by modelsin
modern-day water management.

Objedive

In order to stimulate the wrred use of models, the initiative has been taken to develop a‘ Good Modelli ng
Pradice Handbod, alist of guidelines for the use of models. GMP can also improve the reproducibility
and transferability of model studies. There were previously no guidelines for GMP suppated by all the
parties involved in water management, though some institutes did have their own guidelines. To summarise,
the objedive of the GMP Handbod is to:

 take the initiative on guidelines with regard to model use, which are suppated by all parties in water
management;

» stimulate more caeful use of modelsin water management;
* toimprove the reproducibilit y and transferabilit y of model studies.

The Handbod is intended in particular to suppat the modeler. It deds with all maor steps in the
modelli ng process and is therefore very suitable for use & a dedlist. Rewrding the procedures of the
chedklist (for instance in the forms appended) will creade amodel journal which renders this model study
reproduwcible and transferable, allowing other parties involved to get an ideaof the model study exeauted
more eaily. In this ®nse, the Handbod is explicitly not intended as a compulsory straitjadet to the
modell er, bu rather as atednicd tod.
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Target groups and use of the Handbook

The Handbod is intended for all water management parties involved in modelling. There is a number of
spedfic target groups, ead of whom will probably use the Handbodk in its own manner. That is the reason
for the choice of aloose-led system, so that eat user of the Handbod can arganise it to suit his or her
purposes.

The main target group for the Handbod is the (nonprogramming) modeller who carries out modelli ng
projeds. The various comporents of the Handbod provide an inexperienced modeller with a dea and step-
by-step plan in order to cary out a modelling projed in a caeful, reprodwcible and transferable manner.
More experienced modellers will probably mainly use the dedlist to ched whether al steps in the
modelli ng processhave been o will be paid sufficient attention.

Upon contrading out a modelling projed, a client will benefit particularly from the dedlist and the
concepts and badkgrounds described in parts 1 and 2. In assessng the cmpleted modelling projeds, the
client can make good se of the forms (passbly) filled in, which describe the badkgrounds to the results
achieved and therefore improve the transferabilit y and reproducibilit y of the model study.

The Handbodk may well bemme part of the quality system in institutes and companies in the future,
regardlessof whether they are ading as a dient or an exeautive party. Finaly, the Handbodk can be used as
astudy and referencebodk in the training of modell ers.

However the Handbodk or parts of it are used, it is esentia that ead of the individual steps is foll owed.
The dient and modell er can confer on which steps will have priority and/or extra dtention in any particular
modelling projed. There may well be good reason to agreeto pay certain steps littl e or no attention. The
speed with which the various geps are foll owed will generaly depend onthe complexity of the modelli ng
projed

All users are alvised to at least real the glossary of terms and the scope of the Handbod, as this can avoid
unrecessary misunderstandings.

On the whale, the Handbodk is expeded to be auseful toadl in deaeasing the gap and confusion which often
occurs between client, exeauting party and modeller. More dforts will be required in order to remove
barriers completely, particularly in the personal communicaion ketween client and modell er.

L ayout of the Handbook

The re of the Handbod comprises two sedions:

Part I a step-by-step pan of all adivities involved in working with models in water management (from
‘problem’ to ‘interpretation’ and ‘ documentation’);

Partll: asummary of the pitfalls and sensitivities for models, for a total of 13 dfferent domains of
application, varying from groundvater quality models to surfacewater quantity models, and from
eologicd modelsto models for water related econamic sedors.

Both Part | and Part 1l include literature references for supdementary information. A series of forms has
been included with the Handbod, bah on gaper and dskette, for the recording of modelli ng projeds. There
isaform for ead step in the first Part. A glossary of terms has also been included. This has been compiled
on the basis of al existing lists (recorded, for instance within the framework of the National Study
Programme on Dehydration and the inventory of Generic Tods under the scope of the LWI) and the
(international) literature in this field, whereby concepts are described ‘over the full width of water
management’.
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Dynamic char acter

The Handbod in front of you is not a static item. Althouwgh it is based on an extensive testing period,
broader and more intensive use of the Handbod will i nevitably lead to suppgements and improvements.
Hence the loose led layout of the Handbodk. The ideais to kegp the Handbod dynamic and to regularly
distribute extensions or adaptations based onexperience gained in pradice Of course, the feasibility of this
plan depends gredly on the resporse by the users. The authors therefore invite dl users to passon any

experiences, suggestions for improvements and any other general comments, to the aldress given in the
front of this Handbodk.
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To what types of models does this Handbook apply?

The oncept of a ‘model’ is a very broad ore. This paragraph indicaes which types of models are
covered by this Handbodk and which are naot. On the one hand, this means defining the scope of this
Handbod, onthe other hand a detaili ng of the concept of a ‘model’. More general information onthe
terms used in the Handbod can be foundin the glossary and the related conceptual framework.

Scope

The questions from palicy and management pradice often concern the behaviour of a water system, the
system parameters or influencing fadors of certain system parameters. The key question is generally:
Given the need for information and required accuracy contained in the question, what is the most
suitable source of information to answer a question. There ae, in principle, two posshle gproaches,
which can be seen as the extremes of a spedrum. Firstly: fully data oriented (field measurements) and,
seawndy, fully process oriented (use of a deterministic model based on plysicd process knowledge).
This has been visualised in the figure below.

physicd
process
knowledge

measuring:

data

fuly data g yp fully proces

oriented oriented

Neurd soft hybrid numerica deterministic

networks models models & data numerica
asgamilation models

As usual, al kinds of combinations are posdble, between these extremes. In many cases, the use of a
model alone or measuring data done will not result in the answer required. In making a rough
subdvision, the range of oppatunitiesliein the foll owing classes:

Neural networks, whereby a relationship is derived between cause and effed, based on puely statistica
grounds. The crrelation between the input and the output variablesis derived via cdibration onthe basis
of data sets comprising a representative set of input — output relationships. The cdibrated neural network
can then predict the output for new values of input variables.
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Soft Hybrid models, whereby physicd concepts are processed in a neura network, for example by not
only limiting the cdibration to the inpu-output combinations but rather also including physicd concepts
such as the mnservation d equations as a precwndtion. The physicd concepts used thereby supdement
the knowledge mntained in the measuring data.

Numerical models with data assimilation, whereby the basis is formed by the physicd process
knowledge stored in the numericd models, supdemented with field measurements which are alded to
the model via data asgmil ation (seethe glossary and appendix 2).

Deterministic numerical models, whereby al knowledge of the system is gored in the model in the form
of equations and the accery parameters and knowledge of the system environment is supgied in the
form of time series. In these types of models, the physicd process knowledge is assumed to be fully
known.

Water management mainly makes use of the latter category: deterministic numericd models. Numerica
models with data asgmilation are dso applied, but only by a seled group d spedalist users. The GMP
Handbodk mainly discusses the deterministic numericd models (the right hand side of the figure). The
limit has been set at the numericd models with data assmil ation. Consequently, Soft Hybrid models and
neural networks, which are regularly used in emlogy for example, are not discussed.

Detaili ng of the concept of ‘ model’

Besides the éove dasdficaion d models, determined by the degree to which plysicd process
knowledge is the basis for the model, many other clasdficaions are possble. A number of these
clasdficaionswill be dedt with in this paragraph, withou any claim of being exhaustive. The Handbodk
can be used for al these models, as long as they comply with the scope described in the previous

paragraph.

In Part 2 of this Handbod, ‘ Pitfall s and sensitivities', a dasdficaion o models was chasen onthe basis
of domains of applicdion. Based on this classficaion, attention is paid to spedfic pitfals and
sensitivities of models used in water management. The following domains of applicaion can be
distinguished:

» groundvater modelsfor the saturated zone (quantity and quality);
» groundvater models for the unsaturated zone (quantity and quality);
* predpitation rundf models,

» water distribution models;

* hydrodynamic models;

» high water forecasting models and operational models;

e cdamity models;

* morphdogicd models;

o surfacewater quality models;

* waste water purificaion models;

* emlogicd models;

* modelsfor water related econamica sedors;

* emissonmodels.
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Models can aso be dasdfied onamore general basis, such as the spatial dimension to which they apply.
e 0D (point models);
e 1D;
e 2D;

e 3D;

We sometimes also refer to quasi 2D or quasi 3D models. These ae not separate dimensions but rather
refer to a manner of schematization, by modelling a 2D system as a series of couped line dements, for
example.

Carrying on from the spatial dimensions, a distinction can also be made in models for the locd, regional,
national and international scae.

The resolution in time is comparable to the spatial resolution. The main dstinction made here is whether
amodel is gationary or dynamic. The mathematica solution mechanism also dften plays arole here. In
turn, this leals to anather sub-division, which varies from purely analyticd to fully numericd, and
everything in-between of course.

Finally, models can also be distinguished onthe basis of the reason for their application, varying from
pdlicy analyticd (rough and kroad) to scientific reseach models (detailed and rerrow). In-between, we
find the operational models (for red-time wntrol of structures, for example) and the cdamity models. In
faq, it is not always possble to clealy distinguish between these fields. In past yeas, it has become
increasingly apparent how the models for the various domains begin to overlap.

The five dasdficaions given above (domain o applicaion, space time, mathematicd solution
mechanism and reason for applicaion) are partly separate but also pertly linked to ore ancther.
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Concepts

1 Glossary
concept meaning
agorithm sequence of steps for solving a problem in a computer

program

analytic dement
method

cdculation methodfor groundvater flows based on
the superimpasition d analyticd solutions of the
Poisn' s equation (for spatially variable verticd flow
andfor the storage term for nonstationarity) which
apply to infinite or finite aeasin severa linked o
nortlinked layers

auxili ary variable

variable whase value is not dependent onitsvalue a a
previous value of the independent variable (e.g. nat
dependent onitsvalue & an ealier point in time)

cdibration

adivitiesto oltain a previously determined degreeof
simil arity between model and measurements in the
field by the (systematic) change of uncertain fadors
(often parameters), foll owed by analysis of the
residual errors

conceptua model

description o a system structure with qualitative
dependencies

constant

aquantity whose value is acarrately known

data

items of information

data asssmil ation

approach which integrates datain a physicad/chemicd
processdescriptionto all ow for the information
contents of both data and processdescription keing
made explicit and weighted

dependent variable variable which changes versus one or more
independent variables

deterministic withou randamness(the oppasite of stochastic)

dimension 1. length, width, height
2. (dimension analysis) unit in which a quantity
is expressed

dimension analysis

test to verify the mrrednessof al dimensionsin the
model equations

discretisation the onversion d a mntinuows model (intime and
space into amodel which describes the systemin
discrete (not infinitely small) stepsin time and space

domain sciencedomain, in this Handbodk sub-domains of

water management

dynamic model

model in which time is an independent variable

energy budget balance of energy flows

entity independent quantity with its own meaning
finite difference transformation o (partial) diff erential equations
method which are continuows in time and/or spaceinto

discrete diff erence aeyuations to solve these
numericdly with the ad of a discrete grid

finite dement method

transformation o (partial) differential equations
which are continuous in spaceinto dscrete ejuations
to solve these numericdly with the dd of discrete
elements, viz. spatial compartments
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Concepts

concept

meaning

fuzzy logic model

model with descriptions onthe basis of fuzzy logics,
e.g. with intermediate val ues between yes and no

(maybe)

global behaviour test

test to verify whether the rough operation o the
model meds with expedations

heuristic method

nonformal methodto reat an oljedive which is not
predsely known in an explorative and continuously
evaluating manner in acordancewith a spedfic
criterion

identification cdibrationin order to determine unambiguous values
of all parametersand aher cdibration fadors

independent variable variable versus which changes in a dynamic system
are described; e.g. time, threespatial dimensions

integrate solving differential equations

integration algorithm agorithm to (numericdly) solve differential equations

interpretation interpretive explanation

Jaoobian matrix

matrix of partial derivatives from individual residues
to the (model) parameters

massbaance

balance of material flows

mathematicd model

the mathematicd trandation d the conceptual model

meta information

dataon data (locaion d data, measured hav and by
whom, what acairacy, €tc.)

model

colledive term for representations of esential system
aspeds, with knowledge being presented in a useful
form. Note: In this Handbod, ‘model’ is often
referred to as a computer program (amodel program)
with correspondng inpu. However, the word ‘ model’
may also refer to some notes on paper, a mathematica
model, adiagram or afigure

model program

mathematicd representation in the form of a computer
program, intended to buld models through the input
of data

model projed form

GMP Handbod form to describe the modelli ng
projed as completely as possble

modell er 1. the developer of a model

2. someone working with a model
modelli ng 1. making a model

2 working with a model

modelli ng process

al steps which have to be or can be taken when
making and working with models

modelli ng projed

projed in which working with amodel is an important
fedure

neura network model

model which describes the relations between input
and ouput by means of anetwork of nodes with their
own weight, to all ow the neural network to produce
known ouput data on entering known inpu data

nonstationary model

model in which time is an independent variable (see
dynamic model)

objedive function

quantificaion d the model error with the dad o field
measurements
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Concepts

concept meaning

observation field measurement, hence observation at the system
which is represented by the model

optimisation determination d those parameter values which
minimise the predefined oljedive function

parameter quantity whichis suppased to be a onstant, bu

which isnat exadly known

partial differential
eguation

differential equation with more than ore independent
variable

problem definition

a dea, predse (not necessarily quantitative)
spedficaion d the known problem detail s and the
cdculationsto be made

programmer someone who writes or adjusts computer programs.
Note: some (programming) modell ers write their own
programs, bu thisis not very common

residual residual error

residual analysis (statisticd) analysis of residuals

residual error diff erence between the model results andfield
measurements

robustnesstest test to verify whether the model is resistant to extreme

inpu data

schematisation

simplified representation d the spatial and temporal
distribution o variables and parameters

scope

the set of condtions under which amodel may be
applied

sensitivity analysis

reseach into the relation between changing fadors
(often parameters) and model output

simulate

imitation d apart of redity or a system (conceptua
model, physica model, computer model)

soft-hybrid model

data oriented model (e.g. aneural network) in which
physica concepts areincluded (e.g. through
cdibration)

Sability

quality of differential equation and/or integration
methodreducing the eror in ead integration step

standard input

the inpu data of a standard test (e.g. from the
Handbod of the model program or asimple cae) of
which the correspondng output is known

state

aset of variables in the system at a spedfic paint in
time which contains all i nformation d the past which
isrelevant for the future of the system. The state is
not always a unique set of variables: several sets may
satisfy the definition

state variable

avariable which is part of the state of the system

stationary (static)
model

model which is not dynamic; changesin time ae not
examined

statisticd distribution

probability distribution d arandam sample

stochastic

randamly

system

awhadle (often apart of redity) consisting of
interrelated entities

system definition

atextual description o a system
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Concepts

concept meaning

uncertainty analysis adiviti es to estimate the reli ability of amodel
foll owing cdibration (and/or validation)

unit predefined urit to expressor measure aquantity

validation comparison d model output with an independent (i.e.
nat yet used in cdibration) set of measuring datain
order to determine whether the model is‘good (or
whether the mncept is good, whether the model is
able to reproducethe past with the required acarracy
and whether the model is suitable to answer all the
questions)

variable quantity whaose value may change

verificaion chedk of the corred implementation o the

mathematicd model into a computer program and the
computer program into a computer
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2  Conceptual framework

2.1 Introduction

In pradice, the language used by modellers in water management is not always univoca and dten gives
rise to confusion. To prevent such confusion, this Handbodk contains a glossary with urequivocd
definitions. In addition, an attempt is made to present these ncepts a more ntextual manner in the
following paragraphs, in order to give the individual concepts more wherence.

2.2 The concept scope of modelling and simulation

This Handbod uses the word model as a olledive term for ‘representations of essential system aspeds,
with knowledge being presented in a workable form'. This frequently refers to a computer program (a
model program) with correspondng input. However, the word ‘model’ may also refer to some notes on
paper, a mathematica model, adiagram or afigure, representing the system. In this context, a systemisa
part of redity (isolated from the rest) consisting of entities with their mutual relations (processs) and a
limited number of relations with the redity outside the system. A model is arepresentation d a system if
it describes the structure of the system (entities and relations). A system is referred to as an oljed system
when it is converted into a model. In this context, modelling means the @nstruction d amodel, bu this
concept is aso used for working with a model. Simulation is a similar term and is generally used for
‘doing something with the model on a computer’. However, the concept is also used in a wider sense,
meaning ‘to imitate the system on a wmputer’ (i.e. the whole system). This pradicaly always implies
making a number of assumptions which render the model more simple, bu also less redistic. This
simplificaion makes the model more workable, though.

Models can be depicted in all kinds of presentations: ordinary language, figures, mathematics, etc. A
mathematical model isthe mathematicd trandation d the conceptual model. Examples of mathematical
models are: algebraic equations, differential equations, ordinary diff erential equations, partial differential
equations, neural networks, statistica models and combinations of these.

A model is dynamic if it describes changes over time; it is stationary or static if it does not. A
mathematicad model has one or more independent variables and ore or more dependent variables. In a
dynamic model, time is the minimum independent variable present. In a spatial model, at least one spatial
dimension is anather independent variable. A dynamic 3D model has four independent variables: time
andthreespatial dimensions

Dynamic models on the basis of a ‘hard’ nonstochastic representation are referred to as deterministic
models: the knowledge of the modelled system is fully determined in the model and repetitive use of the
model produces the same results. Just like the system of which is it arepresentation, a model has a model
structure (state variables and relations which are defined by auxili ary variables) and a model behaviour
(how does the model behave dong the ais or axes of the independent variables: what are the dhangesin
the result of amodel over time and/or along the spatial axis (axes)).

This Handbod only discusses mathematicd models, consisting of (partial or ordinary) differential
equations and/or algebraic equations. The term mathematica model then refers to a set of one or more
mathematicd equations. The logics used in this model are usually crisp (yes-no; do-don't; black-white),
sometimes they are fuzzy logics (yes-maybe-no; newborn-young-midde aged-old-ancient).

Non-mathematicd representations of a model are often cadl ed conceptual models: the structure has been
defined bu the dements of the model and the relations have nat (all) been quantified. The mathematicd
equations in a model may be solved in an analyticad manner (allowing for the exad value to be derived
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for eah padnt in the domain) or a numericd manner (alowing for a numericd approach of the exad
value for eat pant in the domain).

The aitities in a mathematica model are represented by means of one or more state variables and the
relations between the antities by means of auxiliary variables. The state variables determine the state of
the model. Changes in state variables are defined by means of (partial) differential equations. Auxili ary
variables are defined by means of algebraic equations or are diredly al ocaed a value (inpu). Equations
may make use of state variables, auxili ary variables, parameters (constant over time), or other model
components.

The onceptual model is converted into a computer model by entering data in a model program (a
mathematicd model in the form of a wmputer program, intended to buld models through the inpu of
data). For this purpose, choices have to be made, including those required for spatial schematization.
Apart from the choices made mncerning discretization, system data must be supgied to o included in
the model program with which the model is to be built. The procedure of cheding the proper
implementation d the model onthe computer iscdled verification.

Following the input of a model in the cmputer, the resemblance between model and system has to be
aligned, in ather words, the similarity of model behaviour and system behaviour must be improved. This
process is cdled calibration; iti s performed by changing the parameter values and subsequently
comparing the model results with the field measurements. The process often uses optimisation
techniques. Using the same techniques as those used in cdibration, sometimes allows for identification
of the model (if the model is nat too complex and the system is known by measurements), meaning that
univocd values of al parameters and aher cdibration fadors are found. Sensitivity analysis may serve
to identify the uncertain fadors, which have to be ajusted duing cdibrationto oltain greaer simil arity.
Following cdibration, the remaining differences may be investigated and the remaining uncertainties in
the model predictions may be quantified in an uncertainty analysis. In addition to being cdibrated, the
model may also be validated. In the validation processthe model results (the results of the uncertainty
analysis) are mmpared with an independent set of observations (i.e. na used in cdibration) of the red
system to verify whether the model describes the system (behaviour) corredly.

The whdle set of procedures and adions involved in modelli ng and simulationin order to solve aspedfic
problemis cdled the modelling projed.
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2.3 Coherence on the basis of the ‘model’ concept

The figure below shows the relationship between the various representations of a model.

model

P
model systeem
programme data
.
mathematical discretisation
representations choices
conceptual / [
model system

The mnceptual model is developed onthe basis of knowledge of the system and serves as the basis for a
mathematicd model. This model may be solved either analyticdly or numericdly. In the latter option a
number of choices are made, based on the system, to numericdly imitate the mathematicd model
(discretization), and numericd algorithms are couded to enable discretization over time. The model thus
creded is further refined into a model program and finally into a cmputer model by entering the proper
inpu data.

Literature

Knepell, P.L. and D.C. Arangno, 1993.
Sargent, R.G., 1984b.

Schlesinger, S., R.E. Croshie, R.E. Gagne, G.S. Innis, C.S. Lalwani, J. Loch, R.J. Sylvester,R.D. Wright,
N. Kheir and D. Bartos, 1979.

Zeigler B.P., 1976.

Version 1.1 7



This pageisintentionally left blank.



Good Modelling Practice
Handbook

Part |: Modéelling

Step-by-step



This pageisintentionally left blank.



Contents:

Step 0 The modelli ng process 0-1
Step 1 Start amodel journal 1-1
Step 2 Set up the modelli ng projed 2-1
2.1 Describe the problem 2-1
2.2Define the objedive 2-2
2.3 Anayse the montext and read agreanents onthe justificaion 2-2
2.4 Spedfy the requirements 2-2
2.5Draw up aworking plan and a budget 2-4
Step 3 Set up the model 31
3.1 Choose the beginning: data analysis, system definition a conceptual model 31
3.2 Anayse the data 32
3.3Make asystem definition 33
3.4Make a onceptual model 34
3.5 Choose from existing model programs 35
3.6 Choose adiscretization for the model in space adtime 3-6
3.7 Choose anumericd approach 3-6
3.8 Implement the model 37
3.9Verify the model 37
Step 4 Analyse the model 4-1
4.1 Make aplanned approach for the analysis adivities 4-1
4.2 Make agenera analysis of the model 4-2
4.3 Carry out a sensitivity analysis 4-3
4.4 Carry out (formal) identification (if possble) 4-4
4.5 Calibrate the model 4-4
4.6 Carry out an urcertainty analysis 4-9
4.7Vdidate the model 4-10

4.8 Determine the scope of the model 4-11



Step 5 Using the model
5.1Make aplanned approach for the simulation runs
5.2 Perform the eventual simulation runs
5.3 Verify the results
5.4Isthisal?
Step 6 Interpret the results
6.1 Describe the results
6.2 Discussthe results
6.3 Describe the conclusions
6.4 Chedk whether the objedive has been achieved
6.5 Summarise the results
6.6 Analyse the aonsequences for the research guestion
Step 7 Report andfile
7.1Report in the language of the target group
7.2 Make the model study reproducible

51

51
5-2
5-2

6-1

6-1

6-1

6-1

6-2

7-1

7-1



GMP Manual Part | The modelling process

Step 0 The modelling process

Making, studying and working with models can be seen as a network of adivities and products. This
sedion d the Handbod presents a method for supervision d the modelling process The process has
been dvided into seven steps for that purpase, namely:

1. Start amodel journal;

2. Set upthe modelli ng projed;
Set up the model;

Analyse the mode!;

Use the model;

Interpret the results;

N oo g M Ww

Report and fil e the resullts.

step 1: start a model journal

i

—® step 2: set up modelling project <
—® step 3: set up model -
step 4: analyse model <

i

stap 5: use model

Y

stap 6: interprete results

Y

stap 7: report and file results

The modelling process has many feedbacks to moments at which a step in the process indicaes
deficienciesin previous geps. These fealbadks make the modelli ng processan iterative procedure.
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Part | of the Handbok deds with ead step in a separate chapter. Per step o adivity, the following
matters are generally dedt with:

what isit?

who dasit?

why isit dore (objedive)?

what are the products?

who uses the products?

what methods are used (standard/diff erent)?

whereisit all described?

The steps given in the Handbod are not all relevant at al times. Some parts of the processcan simply be
skipped for certain applicaions. Even if one axd the same method is aways used (acwrding to a
protocol), this can be referred to, so that the recording of adivities need na give too much work in
pradice The result is a description d al which has been dore in the modelli ng projed and the results
thus adhieved.
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Step 1 Start a model journal

One of the main problems of model studiesisthat it is often difficult to determine whether the quality of
the study is adequate to solve the problem for which the study was intended. It is also doften imposdble
for third pertiesto continue from the point at which the study left off. Both problems are caused by aladk
of information on heov the study has been caried ou. In aher words, the study is nat (fully)
reprodwcible. What was the pattern of thowght followed? Which concrete adivities were caried ou?
Who caried ou which work? Which choices were made?How reliable ae the end results? These ae &l
guestions which can be answered if a daily model journal is kept. This is often negleded under the
presaure of time, also becaise it is not rewarding work. In order to make life somewhat easier, a number
of templates have been designed and included in this Handbod. These templates can be used to enter
information in the model journal. They proceal through the complete model study step by step, thus
giving a description as they go along. We shall come bad to the question d reporting in the final step of
this GMP Handbod.

step 1

use GMP
templates

start a model
journal

step 2
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Step 2 Set up the modelling project

2.1 Describe the problem

step 2

step 1

define problem

define
objective

define context

specify
requirements

agree on
justification

plan activities

step 3

Someone somewhere has deteded a problem for which a model would seem to provide a useful
contribution to solving the problem. One of the first steps to be undertaken is analysis of the problem.
This analysis of the problem generally needsto take place atwo levels: at the dient level and at the level
of the modeller. Of course, the two levels are inter-related bu there ae dso often major differences
between the perception o a pdicymaker and that of a technician. They must consult to arrive & an
effedive problem description for the modeller, eventualy establishing a working plan which is
acceptable for both parties. The problem areamust first be defined. To which damain dees the problem
belong? In which charaderistic time scde and spatial scde does the problem occur? And also: which
physicd processs play arole, and must therefore eventually be described along with the model? A brief
description d the problem in text will also be required. The question d the various time and spatial

scaesisdescribed in grea detail in appendix 1.
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Details do nd belong here, neither do dktailing and interpretation d the model. However, serious
attention must be paid to the fad of whether a model is the right medium for solution d the problem.
What are the dternatives?

2.2 Define the objective

If amodd seansto be the right tod to solve the problem, the objedive of this projed must be defined.
The objedive must be described in terms of:

the domain and the problem areg
the reason for solution d the problem by means of a model;
the questions to be answered by the model;

the scenarios to be cdculated.

Thelatter isaprofessoninitself andis potentially a grea source of misunderstanding between the dient
and modeller. This will therefore be dedt with in grea detail in step 5. At various moments during the
projed, it must be dhedked whether the objedive is being met.

2.3 Analyse the context and reach agreements on the justification

2.3.1 Context

The use of a moddl nealy always takes place within a broader context: a projed, a study, routine
adivities, etc. The model itself will sometimes also be part of a larger whaole, such as a network of
models which use eab athers' results.

2.3.2 Justification

In many cases, an internal or external client will put a problem to a person who must solve the problem.
This means that the adivities required to solve the problem (within the modelling projed) must be
justified towards this client. Agreament must also be readed on hav this justificaion must take place
Are intermediate reports required, is there an dficial completion o the modelli ng projeaq, is verification
by third perties required, etc.? It is particularly important to record beforehand at which moments the
client must approve the results. It must also be recorded during the processthat this approval has indeed
been gained. Finaly, it is aso sensible to read agreement with the dient on the template, scope and
contents of the report (also what type of ‘pictures). This canna yet be agread in detail of course, it will
therefore be apoint of reaurrencethroughou the projed.

2.4 Specify the requirements

2.4.1 Quality requirements

This may well be the most difficult step of the etire modelli ng process When is something adequate or
inadequate? This may be dea right from the start, but usualy the quality requirements can ony be
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determined following lengthy consultation between the dient and modeller. And even then, it often
bewmmes apparent during or after the modelling process that the quality requirements demand slight
adjustment or are simply unattainable, so that the entire processmust begin again. It is therefore sensible
not only to work through this gep right at the beginning of the modelli ng processbut aso to continue to
maintain close contad with the dient throughou.

What quality requirements shoud be concerned? There ae anumber, which are adually all i nter-related.
* requirements with regard to the quality of the answer to the question pased;

» requirements with regard to the quality of the analysesto be caried ou using the model;

» requirements with regard to the quality of the model;

» requirements for the cdibration, particularly with regard to when cdibration can be ceaed.

2.4.2 Expertise requirements

In order to solve a cetain problem with a model, those involved must have epertise in the study
discipline. The form of expertise required must have been determined beforehand, as well as whether this
can indeed be provided by the projed participants. If that is not the case, there must be an indication o
how the expertise can be aquired after all.

2.4.3 Estimated capacity/manpower requirement

Just like ay other projed, an estimate must be made beforehand d how much cepadty is required to
complete the projed. Sometimes there may be external forces or other reasons which restrict the anount
of time/manpower avail able. This must be taken into acaunt when planning the projed. There must be a
clea relationship between the size of the projed (in manpower) and the level of ambition d the
modelling projed. An indicaion (and nomore than that) of the global time required could then be &
follows:

start amodel journal 0%
define the modelli ng projea 10%
make the model 25%
analyse the model 30%
use the model 10%
interpret the results 5%
report 20%

Due to feedbadk links, some ‘steps’ (or ‘sub-steps’) are performed more than orce (seethe figure for step
0: The modelling procesg. The time ependiture given here refers to the total time to be spent.
Occasiondly, there may be aready-made model which can be diredly deployed. Steps 3 and 4 will take
much lesstime then, o course
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2.4.4 Communication and repotrting

A note must be made of how and with whom there will be communicaion regarding the projed
(medings, workshops, study days, etc.) The requirements st for reporting of the projed are & foll ows:

what neals to be reported?
to whom?
when?

It must be established beforehand haw these requirements will be met in this projed, so that this canna
become a subsequent bore of contention. In small, routine projeds, a simple report and pasble
production d the results may be sufficient, whereby the recording of the projea through the Handbod
guideli nes (the templates) is generall y adequate.

It is often useful to appdnt a supervisory committeein order to monitor the quality of the process Some
clients demand thisin fad.

2.4.5 Other requirements

Supdementary requirements may be formulated in some projeds. One culd think in terms of:

» use of the results from other models and the requirements which must be set for that purpose;

» suppy of the results of this modelli ng projed for use by other models;

» scientific reporting;

* the hypotheses on which the model is based;

» thequality of thefield data;

» formulation d resporsibiliti es for the purpase of final completion;

» evaluation d two or more diff erent approadhes (with various models and/or model programmes);
e completion d an implemented model for the dient;

* processng of the model resultsinto a palicy advice

e provision d digital files of (part of) the results.

2.5 Draw up a working plan and a budget

Depending on what is common pradice, the adivities must be caried ou in the form of a projed (plan,
projed management, administration, etc.). In the gproach taken towards a projed, there will i n any case
be aworking plan establi shed ac@rding to namal methods (common pradicein the organisation), which
includes:

problem definition (step 2.1);
objedive of the projed (step 2.2;
agreements onthe justificaion (step 2.3;

what quality requirements must be made of the end results (step 2.4.9);
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what requirements must be made of the people carying out the projed (step 2.4.3;
required cgpadty of people and ather resources (step 2.4.3;

requirements made of communication and reporting (step 2.4.9;

other requirements made of the projed (step 2.4.5;

how the projea will be caried ou.

Furthermore, the working plan must contain the foll owing comporents:
possble sub-division d the modelli ng projed in sub-projeds,
time scheduling;

alocation d thetasksto projed team members.

At the end d this gep, the projed must have been recorded as clealy as possble. There must always be
the oppatunity to read to urforeseen circumstances and insights, of course. The ideais nat to have the
projed fully airtight at this gage.

Use of ISO 9001 is cetainly advisable. These standards of the International Organisation for
Standardisation concern the requirements made of organisations involved in matters varying from design
and development to production, install ation and service
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3.1 Choose the beginning: data analysis, system definition or
conceptual model

The design of amodel begins with analysis of the avail able and recessary data, description d the system
and the design of a conceptual model. The sequence taken for these 4 steps can vary depending on the
case and the modeller, and is nat redly of any importance It is often an iterative process In this
Handbod, analysis of the data is the first step taken bu the choice ould equally have falen upona
system definition a establishment of the conceptual model to start off this gep.

3.2 Analyse the data

3.2.1 Determine which data is needed to make and use the model
Lots of datais nealed in order to make and use amodel. It may concern:
schematization data (physica areadata, peripheral data);
inpu data (initial values and inpu time series);
(procesy parameters,

datafor scenarios and dedsion suppat (combinations of the ove).

At this dage, we need to know the exad nature of the data required in order to solve the problem. Of
course, this dep canna aways been seen separately from the (conceptual) model and the model program
with which you want to work in the end, bu in this gage it isimportant to think in terms of the physica
processes gich as those defined in the problem definition (step 2.1). They eventually form the basis for
the dhoiceof amodel program. In aniterative process you can come badk to this gep later, oncethe final
choice has been made for a catain program.

3.2.2 Determine which data is needed to analyse the model

For analysis of a model (sensitivity analysis and cdibration, for example), more data must be olleded
along with the input data. It concernsthree apeds:

* measurements (system observations) for comparison d the model results (not necessary for sensitivity
anaysis);

» knowledge on the parameters: which are known and which are not predsely known;

o gtatisticd distributions (often oy arange) of al parameters which are not acarately known.

Not only must an inventory be made of this data (what is available and where is it) but it must also
adually be wlledaed (for later).
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3.2.3 The availability of data and meta-information

At this dage of the projeq, it isadually enough to know the foll owing about the data required:
+ thedataisavailable;

» wherethe data can be found

» whether the datais available in dgita form;

» what are the goproximate values;

* how to ded with serious outliers;

* how to ded with misdgng values,

e thequality of the data;

» whoisresporsible for supdy of the data.

This knowledge is therefore global knowledge and meta-knowledge (where is the data, measured how
and by whom, which level of acarragy, etc.). Infag, it is often useful to adualy start colleding the data
at this dage of the projed.

Finally, we recommend paying attention to the copyrights of the data and the legal aspeds.

3.3 Make a system definition

If there is reasonable perception of the problem, the objedive of the projed and what data is avail able, a
definition can be made between which matters can be modelled and which canna. This is generaly a
physicd part of redity.

The system definition can be made & foll ows:
e sumupall relevant parts (componrents) of the system;
* describe the mutual relationships between the momponrents (the processes);

 describe the relationships between the system comporents and the ewironment (= everything which
isnat part of the system).

The system boundhry is the dividing line between the system and the environment. It may often sufficeto
clealy define the system boundiry, preferably in such a manner that the dividing li ne between the system
and the ewironment is charaderised by a dea transition from processes inherent to the system to
processes nat inherent to the system.
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3.4 Make a conceptual model

3.4.1 Working towards a conceptual model

The first red modelling step is the cnstruction d a @nceptual
model (or model concept). This conceptual model describes the
functional relationships between comporents with which the system
(redity) will be simplified to a moddl, in text or in mathematica
equations. This may posshly be suppated by means of drawings,
graphs and dagrams. The result is a model withou everything
being explicitly described in mathematicd terms.

The importance of a mnceptual model is particularly thet the idea
on which the moddl is based is described and can be provided as
information to ather people.

Definition d the boundries of the model is an essential step in
formation d the conceptual model: what is to be included and what
not, howv far beyond the target area (in space ad time) is to be
included, which processes occur at the periphery and hiow is the
interadion with the enwvironment translated (per sedion d the
li mit).

It is important to make a toice here in terms of the degree of
detailing, particularly with regard to the question d which
processs are to be included in the model. An initial choice must
also be made with regard to time and space This will be dedt with
in more detail in step 3.6 and in appendix 1. The detailing in
comporents and processes (aggregation level of the model) nealsto
be thosen at the time of construction d the cmnceptual model.

This first modelli ng step and the other steps within this chapter are
also paid plenty of attentionin Part 1l of this Handbod (Pitfalls and
sengitivities) for all types of models. This includes an incicaion o
the basis on which the dcoices described in this chapter can be

conceptual model

system:
input data;
analysis data

define
structure

define relations

define
assumptions

4

check

conceptual
notOK model nat OK

OK

Y

choose a )
model >
program

made, in which situations certain choices are out of the question a adually preferable, and what

consequences are dtacdhed to the dhoices made.

3.4.2 Describe the structure

The structure of the model must, in any case, be recrded in the cwnceptual model. In ather words, the
network of comporents from which the model is built must be described here, aswell as the relationships
between the comporents (usualy ‘processs’) . This concerns the foll owing comporents:

e inpu variables (= interpoated input data);
» dtatevariables;

» other variables.
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3.4.3 Choose the type of model

In this gep, the independent variables must first be diosen. In adynamic model for example, these would
betime and 1 o more spatial dimensions. After determining the independent variables, the type of model
must be caosen. That is particularly dependent on the domain of applicaion (chemicd, physicd,
ewmlogicd, etc.) but also ontime and space among other things. If time is the only fador which pays a
role, it isadynamic model for apoint in space(0D). If space ad time ae the independent variables, the
model can be 1D, 2D or 3D.

In this gep, we alvise youto consult the manual of aspedfic model programin suppat of your choice

3.4.4 Define the relationships between variables

The relationships siow which variable dfeds one or more other variables. These may be state variables,
inpu variables or other variables. Insofar as this has nat taken place ésewhere or by others, a record
must be made here of how the relationship is defined mathematicdly (or textualy).

3.4.5 Establish the assumptions

Each mode concept implicitly contains a (large) number of assumptions. Evaluation d the success or
failure of a modelling projed will not work withou the oppatunity to use the suppgitions and
hypotheses in the concept in order to interpret the results. A list of all assumptions must therefore be
made, with anate of why this assumption was made or why it isjustified. Do nd forget to explicitly state
how definition d the model came éou. Reference to another model study (with the same asumptions)
is metimes also justifiable.

3.4.6 Verify the conceptual model

If there is a cnceptual model, we now need to consider whether this concept is the best one, given the
problem, the objedive of the model and the available data and techniques. This can be determined in a
variety of manners, nore of which are particularly formal. The best method is to compare anumber of
concepts with ore another in an experimental manner (i.e. make and analyse the model in acordance
with the various concepts and then compare the results). A lesstime consuming methodis to submit the
conceptual model to experts (meding, workshop, client, supervisory committeeor such).

If inconsistencies (matters which are in coriflict) are foundin the conceptual model, or if there ae other
reasons to find the conceptual model unacceptable, you need to move badk to ealier steps.

3.5 Choose from existing model programs

In the previous deps the aiteriato be met by a model are defined as clealy as posshle. These aiteria
can nov be used to look for suitable model programs (i.e.: a mathematicd model in the form of a
computer program, intended for the mnstruction o models by means of data input). Alternatively, new
software auld be developed, though thisis generally not advisable, uniessyou have sufficient know-how
and experienceor thereredly isno aher option.

The dhoices to be made here ae partly determined by the choice of the type of model, depending on the
dimensions in space &ad time. The series of avail able model programs from which to choose will differ
for a0D model or a3D model, for example.
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The chaicemay be further determined by projea based matters and the computer. Examples include:

 the avail able hardware platform;

the avail able operating system;

» the available expertise;

» the availabletime;

» themodeller’ s personal preferences with regard to interfaces;
 the dient’swishes or requirements;

» what isavail ablein the organisation.

Finally, an important pradicd criterion is whether there is an accessble manual for the model program
and a help desk for any future problems. In the future, such matters will probably be aranged via the
STOWA hallmark for model programs. By then, a simple recommendation to chocse programs with a
STOWA hallmark will suffice

3.6 Choose a discretization for the model in space and time

A 0D, a 1D, a 2D or a 3D approach has been chasen, depending on the objedive of the model and the
avail able data. This leaves the adual schematization (the spatial structure of the model) to be seleded.
Therest of the discretization (choices of spatial and temporal resolution) must now also be chosen.

Of course, the objedive and the avail able data ae once aain of importance, but attention also neeals to
be paid to the available time and manpowver (= money). Very often, the adual discretization is also
related to the dhoice of the model program.

The final choices with regard to the discretization are made dter seleding the numericd approach (step
3.7).

3.7 Choose a numerical approach

In certain model programmes, a choice ca be made between various methods of solving the
(differential) equations numericdly (or analyticdly). Analyticd methods are generally much quicker but
by no means always avail able. Numericd methods are therefore often applied.

The various methods can be distinguished in terms of discretization (finite differential method, finite
elements method o analyticd elements method). A choice can sometimes also be made from a variety of
numericd integration algorithmsin order to solve the differential equations over time.

Both choices are dosely related to the stabilit y of the solution, the discontinuiti es (posgble rigidity of the
system), the desired acairacy and efficiency. These ae matters covered by numericd mathematics which
fal largely outside of the scope of this Handbod. Part of this problem is also related to the final
discretization (step 3.6 and to the oppatuniti es off ered by the software.
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3.8 Implement the model

In this gep, the model is‘put into’ the mmputer by means of the dhasen model program. Thisis acually
a straightforward step bu it may entail agrea ded of work (depending on the model program). This gep
must certainly take placewith grea care, as errors made here can be difficult to trace

It isimportant to read the manual of the model program carefully before beginning, in order to be avare
of the aeas requiring attention duing implementation. Only thase people with grea expertise in the use
of the model program in guestion will manage to arrive & a good poduct (= model) without needing to
use such aworking aid.

3.9 Verify the model

3.9.1 Verification versus validation

Verification is the step in which you ched whether the mathematicad model (and therefore dso the
conceptual model) has been eff edively converted into a wmputer program. An interpretation chedk as it
were. Validation, on the other hand, is used to ched the suitability of the model to smulate an
independent data set (i.e. na yet used in cdibration). Seestep 4.5.This also determines the suitability of
the modd in relation to the objedive (can it answer the questions which may be put to the model; step

2.2).

A simple verification processmay comprise the foll owing comporents:

* a died of the prescriptions of the model program used (step 3.9.9;

e dimension/unit analysis (only for programming modell ers; step 3.9.3;

e run a sample model (with schematizatiorvdiscretization) which is supdied along with the model
program (step 3.9.9;

» chedk the spatial schematization (step 3.9.5.

Verificaion will never give cetainty with regard to corred implementation. It can, at most, increase
confidencein the implementation process

3.9.2 Check the implementation instructions of the model program used

Once the model has been implemented, it is snsible to ched that no errors have occurred duing that
implementation rocess Any problems can generally be solved with assstance from the producer of the
model program or amore experienced user.

3.9.3 Dimension analysis (only for programming modellers)

A second step in the verificaion d amode can be adimension analysis. It is nat only the dimensions
which are verified, bu also whether the arred units have been applied. This dep will therefore nat only
deted incorred dimensions/units (W versus J, for example) but also errors in urits and conversion
fadors (kg m*s* en kg m? h').
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3.9.4 Run a simple, familiar sample

Some model programs include asimple model for testing purposes, i.e. a ssimple schematization, inpu,
etc. of which the output is already known. If the program does not include such a sample model, the
modeller can define his own simple cae, of course, the required results of which are dready known to
him or her. In the runwith standard inpu, the ideais that the model shoud na crash, that the results are
comprehensible and also that they are in kegping with expedations.

3.9.5 Check the spatial schematization

The spatial schematization must always be deded. Some model programs can make their own
summaries of the schematization, such as total values of the surfaces and the volumes. Making a picture
is often also very useful for purposes of insight.

Literature
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Step 4 Analyse the model

4.1 Make a planned approach for the
analysis activities

step 4

Once amode has been developed (step 3) in which there is { osepz )

ressonable mnfidence, it can then be studied in more detail. The
first step is to set up a plan in which a summary is given o the
analyses to which the model is to be subjeded. There must also be ctordand input cfieck mass
a note of the quditative requirements to be dcedked in eath

analysis.

globaal robustness

Analysis of the model can vary in nature, from very simple to very behaviour test test
comprehensive and complex. Depending on the options and l
reguirements, the foll owing tests can/must be caried ou:

sensitivity
analysis

e global analyses (step 4.2);

e runwith standard inpu (step 4.2.1; formal | OK
identification
e global behaviour test (step 4.2.2; not OK
» verificaion d massbalances (step 4.2.3; notOK || calibration
» robustnesstest (4.2.9); oK
« sensitivity analysis (step 4.3; ey
e (formal) identification (scarcdy applicable to most models, step
44)’ validation
not OK not OK
» cdibration (step 4.5; oK
e uncertainty analysis (step 4.9; determine —
+ validation (step 4.7). oK

< step 5 )
Once the @ove adivities have been completed, the scope of the
model can be determined (step 4.8 followed by a final chedk whether the objedive has adually been
adhieved.

This plan must not only determine which analysis techniques are to be used bu also hov much timeisto
be spent on the analysis and the quality of the results. It is important to keep a record, per step, o what
has exadly taken place by whom, when, using what input data, etc.
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4.2 Make a general analysis of the model

As described in the previous paragraph, there ae four, mainly simple tests used to gain a genera
impresson d whether the model works corredly. These tests are:

e arunwith standard inpu (step 4.2.9;
» global behaviour test (step 4.2.2;
» verificaion d massbalances (step 4.2.3;

» robustnesstest (step 4.2.9.

The various tests will be described below.

4.2.1 Carry out a run with standard input

The most common test is to carry out a single run wing so-cdled ‘standard inpu’ material. This is
generally a simple cae of which the modeller knows the exad results in advance Obvioudly, this neal
not be dore if it has already taken pacein step 3.9. A standard run must be well documented: what
model version was used (program with suppgementary data a inpu in the previous dep), what is the
inpu for the test cdculation and what are the results?

4.2.2 Carry out the global behaviour test

The global operation d ead model neals to be diedked. This means that the model must translate any
changesin theinpu or in the operating variables into an altered ouput, which describes the behaviour of
the system in an expeded manner.

4.2.3 Check the mass balances

Most model programs have provisions to read and maintain the mass balance (or energy balance).
However, this must be chedked in order to be cetain. If there ae no such provisions, the modell er must
cary out the test himself.

4.2.4 Carry out a robustness test

In arobustnesstest, the model isfed with extreme valuesin order to find ou which condtions causeit to
crash (or show other undesirable behaviour). Most of the work involves the choice of alimited number of
interesting input sets. This exercise is naot redly necessary in commonly used models, because the scope
of the model is then known predsely, i.e. there is knowledge of the wndtions under which the model
may be used (step 4.8. The model program manual can aso (partialy) provide diredional instructions
for this process
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4.3 Carry out a sensitivity analysis

The next step is the systematic testing of the model behaviour in readion to changes in the inpu, the
initial condtions and parameters. This can be done manually or using programs written spedally for this
purpose (see4.5). The model behaviour must be studied onthe basis of changes in the output variables.
The results of this gep give information with regard to the acaracy required for inpu, initial condtions
and parameters. On the other hand, it indicates which parameters benefit from parameter estimation.

When changes in inpu, initial condtions and parameters lead to either no change or extreme changesin
model behaviour, the model structure may require reconsideration. However, the results only apply to the
range covered by the test.

The dhanges implemented in inpu, initial condtions and parameters must be redistic, of course. A fixed
percentage of a nomina value is often used, a a percentage of the standard deviation. Testing of
minimum and maximum deviations is ensible in nontlinea models. Changes can be studied ore by one
or in combination with other changes. Finally, a dhoice needs to be made on the asessment of the model
behaviour. Besides the dhoice of (the weights attached to various) variables, the choice of period is
equally important; an average, a set moment or the largest deviation? Initial condtions, for example, will
play alessimportant role @ the period lengthens or the reference paint lies further away.

Numerous gudies have been caried ou into the what, why and hav of sensitivity analyses. Generally
spedking, there ae various options:

» an analytical sensitivity analysis: if the model equations can be analyticdly solved, the dfed of
changing fadors (parameters, for example) on the moded results can be diredly cdculated and
graphicaly represented;

» individual variation of a number of assumedly independent factors: in this approacd, the fadors are
changed ore by one. The main disadvantage of this methodis that no attentionis paid to the dfeds of
interadions between the fadors,

» clasgc sengitivity analysis: the model is lineaised aroundthe nominal values of the fadors, so that
the derivative to afador can be tracal in ore single run at any time and for any state variable, in order
that the sensitivity of the model can be simply determined. This method is only applicéble if the
fadors may only deviate very dlightly from the nominal value and the result will depend strongly on
the dhosen naminal value. Ancther disadvantage is that interadions between fadors are hardly taken
into ac@urt;

* ‘Response Surface Method: a meta-model is made of the model, which is linea in the wefficients
and dten comprises afirst or sesaond ader of Taylor series approach. Interadions between the fadors
are not acouned for in the former case, bu are acourted for in the latter. However, the meta-model
must still be vali dated, through crossvalidation, for example.

* ‘Monte Carlo’ analysis. al fadors to be varied are varied simultaneousy sampled from their
statisticd distribution), therefore not systematicdly. A relatively large number of runs are required
and linea regresson is subsequently applied to determine the relationship between the model results
and the fadors. Unlike the dasdc sensitivity analysis, noassumptions need be made beforehand with
regard to lineaity.

* ‘Regiondized Sensitivity Analysis': by running the model a number of times (Monte Carlo) and
segmenting the runs into acceptable and uracceptable, two empiricd distributions are found, after
which the distributions can be used further in order to estimate avalue for the sensitivity.
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All these options canna be described in full here, but a number of references have been included in the
literaturelist (Bedk, 1987, Jansen, 199@, 1990b Kleijnen & Groenendad, 1989.

An analyticd approach is €ldom possble, bu is certainly very preferable to any other methodwheniit is
posshle. Independent variation o fadors is smple to cary out but ignores the interadion ketween
fadors (co-variance).

Whatever the method applied, the results of the sensitivity analysis must be translated into a sensitivity
measure . The following are options (depending on the method): partial derivatives, regresson
coefficients and degree of discrepancy. Once ajain, a full description canna be given o al these
options, references have therefore been included in the literature li st.

4.4 Carry out (formal) identification (if possible)

Idedly, a model shoud be ‘constructed’ on the basis of the knowledge avail able on the system (= the
field situation). Slightly less extreme: the parameter values of a model must be &le to be determined
with grea acairacy if sufficient measurements/observations have been made in the field. In pradice, this
is hardly possble. There ae usually too few field observations, the time series are too short or the
number of parametersto beidentified too large. In that case, cdibration dfersa solution (step 4.5.

4.5 Calibrate the model

45.1 Introduction

If a model canna be fully identified (step 4.4, cdibration becomes esential. There will then at least
always be a cetain degreeof fit between model results and measurements in the field. Criteria must be
defined beforehand (step 2.4. in order to be aleto cary out an urcertainty analysis (step 4.9 to chedk
whether the model offers aufficient certainty for the problem to be studied, following cdibration. This
paragraph gives a global description d the principle of cdibration. However, good and efficient
cdibrationis also aquestion d experience

Sedion 2 of this Handbodk (Pitfall s and sensitiviti es) includes an extensive summary  of experiences of
modell ers with all types of modelsin water management.

There is extensive literature on the cdibration d models, varying from very advanced mathematicd
processes to an applicaion described for a spedfic discipline. Hemker provides a very readable
introduction (1997).

Calibration focuses on the comparison ketween model results and field observations. An important
principleis: the small er the deviation ketween the cdculated model results and the field observations, the
better the model. Thisisindeed the cae to a cetain extent, as the deviations in a perfed model are only
due to measurement errors. In pradice, howvever, agoodfit is by no means a guaranteeof agoodmodel.
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calibration

The deviations between the model results and the field
observations are determined by a large number of
fadors. These fadors can be divided into groups
(possble software earors are not taken into acount
here).

sensitivity
analysis

Conceptua errors. These ae inacarrades in the model

choose
definition, such as the (conscious) simplificaion o optimization
complex structures, negleding of cetan (sub- parameters
)proceses, errors in the mathematicd description a in
the numericd method applied.
specify
Parameter values. Many models entail alarge number of objective
. function
parameters whose value is nat exadly known.
Errors in the driving forces. This is expressd, for
instance, in errors in the boundry condtions of the choose define sto
model optimization criteria P
. method
Measuring errorsin the field olservations.
In modelli ng pradice, the ébove sources of errors are by
.. - do parameter
no means aways explicitly quantified. Data optimization
Asgmilation is an approach in which all sources of
errors can be integrally included. A disadvantage of
many Data Assmilation techniques, however, is that
they are often complex and are nat always described in not OK ?J‘ahlfse
literature which is easily accessble to modellers. In the ot OK residuat error
text boxin this paragraph and in appendix 2, the concept OK

of Data Asdmilation is explained in more detail. Te Y
Stroet (1995 gives a good summary of Data
Assmilation ogions in cdibration. In general terms, the
cdibration processcan be split i nto three parts, whereby
the gycleis generaly repedaed a number of times, using
different choices for the parameters to be optimised.

uncertainty
analysis

» choiceof the parameters to be optimised;
e cdculation d the optimal values;

» analysis of the results of the optimisation.
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4.5.2 Choose the parameters to be optimised

Many models have large numbers of parameters which may or may nat be spatialy distributed and/or

correlated. In virtually al cases, the anournt of
field data does not permit all parameter values to |Data Assmilation
be optimised, havever. Consequently, the number AN
of parameters to be optimised must be reduced in
one way or ancother, by choosing which
parameters (or combination thereof) are to be
optimised. This can be dore in many ways, by
including the ‘well known' parameter values as
known constants, by making groups of parameters
values equal to ore aother (zoning) or by
asuming a (geostatistic) relationship between
parameters.

important  characteristic  of Data
Assimilation is that it tries 1o make optimum
use of both the process definition and the
measuring information. The quantification (in
terms of probability distributions) of all
sources of wuncertainty is an essential
precondition. Data Assimilation can be used
pboth in the calibration and estimation of the
model results in the use phase (state
estimate). The advantages of Data
Assimilation are that:

The choice of parameters to be optimised can be |+ Process definition and mesasuring information
based on the results of the sensitivity analysis. (statistic) are optimally combined bah for the
The modell er also often hes the expertise required cdibration and the state estimate;

to chocse the right parameters for cdibration
purposes. On the ore hand, they must have
considerable influence on the final model results
and, on the other hand, they must be visible |The influence of field okservations (bath in time and
throughout the measurements. space on the caibration and the state estimate ae
explicitly included and quantified. This may be used
for measuring network design and measuring network
4.5.3 Calculate the optimal values evauation.

the uncertainties in the cdibration and state
estimate ae eplicitly quantified.

Establishing the objedive function

During cdibration, a description will be made, in some manner, of the differences between the field
observations and the model results, in the form of an oljedive function (penalty function). The objedive
function can be mathematicdly formulated in many ways, depending on which fadors are explicitly
included. All deviations between the model and field olservations will be processed, at all times and in
all spatial positions (where goplicable) for one or more (state) variables. Simple, commonly used forms
for the objedive function in the univariate cae (one unknown variable/parameter with suppgementary
field data) are:

» therelative aror;
» the average value of the residua error;
* the maximum residual error;

» the quadrates of the residual errors (sum of least squares).

Each o these has advantages and dsadvantages, bu these will nat be discussd in this Handbod. In the
multivariate version too (number of unknown parametersivariables with field data), the objedive
function can be expressd in a single figure (value). This can be dore by taking the maximum or the
average of all values determined per variable, for instance If necessry, the objedive functions can be
expanded by weighting the various terms in order to emphasise ceatain aspeds to a greaer or lesser
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extent, and by adding additional condtions (constraints). In pradice, the choice of the objedive function
is often determined by the model program used.

Choose a method for optimisation

The esence of the objedive function is that its value deaeases along with the deaeasing deviations
between the field olservations and model results. Minimisation d the objedive function is therefore the
target during cdibration. While this is reasonably simple in the univariate cae, it soon lkewmmes
impossble to keep track of the situation when a number of parameters needsto be optimised.

Many methods have been developed to find the minimum of the objedive function. A distinction can be
made between manual optimisation and automatic optimisation. These two tedhniques can aso be
combined, d course.

Manual optimisation attempts to find the minimum through trial and error, hogng for the best. The
results of ealier runs are used to gain insight into the influence of the various parameters on the val ue of
the objedive function. The parameter values are nstantly adjusted urtil the objedive function falls
within acceptable limits. The alvantage of manual optimisation is that the modeller gains grea feding
with the daraderistics of the model (see &so the sensitivity analysis). However, although an
experienced modell er can achieve goodresults for problems which are not too complex, this approach is
not particularly reproducible. Moreover, it will seldom result in the true optimum of the objedive
function.

An dternative for manual optimisation is automatic optimisation, whereby the minimum of the objedive
functionis ought systematicdly in an iterative process The modell er therefore no longer nealds to adjust
the parameter values during the process

This adually makes the optimisation processa parameter estimation process a seach in the parameter
space(seaching in an n dimensional space whereby n is the number of parameters to be estimated).
Working from a cetain state of affairs (a cetain fit between the model and field situation, a from a
certain value of the objedive function at that paint in time), the modeller can determine whether the
situation can be improved. Often a cetain mathematicd technique is applied to determine the diredionin
which the parameter values must be aljusted, and haw grea that adjustment must be. Calculation d the
model continues using the new parameter values, the objedive value is re-assesed. The modell er chedks
whether the value of the objedive function meds the pre-set criteria (i.e. is it small enowgh). If thisis
indeed the case, the processcan be halted, if nat, then ore or more new vedors will be dosen again. Etc.

A main advantage of automatic optimisation is that many methods also generate information on the
reliability (uncertainty) of the model. Thisinformation can be used in the uncertainty analysis.

Although there ae grea variations in the methods nowadays, al derived from the world of ‘(global)
optimisation’, only a limited number of these ae used in the world of water management. A full li st
canna possbly be given here, and ali mited number of passhiliti es will t herefore be discussed.

The methods can be divided into two groups: stochastic and deterministic. The stochastic ones are
usually simple to implement, require no particular mathematicd structure (no partial derivatives of the
parameters in order to determine the diredion d adjustment), bu there is aso no guarantee that the
(best, global optimum) solution sought will be foundin afinite period d time. Deterministic methods are
much more difficult to implement. They are most simple when incorporated in the model program used,
but there ae dso programs on the market (PEST, 1994 for example) which can be wupded to model
programs.

A number of stochastic methods will be briefly described here. PRS (Pure Randam Seach) is a method
whereby the parameter vedors are drawn randamly from the probability distributions of the individual
parameters. The model isthen run wsing a new parameter vedor, and the fit is determined. This continues
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until optimisationis complete. Thisis aso exadly what happensin a Monte Carlo approach. Variants are
the CRS (Controlled Random Seach) which dffers from PRS in the way in which a new parameter
vedor is chosen. CRS therefore aonverges more quickly, though the properties of the posterior parameter
vedors are somewhat less attradive. The Genetic Algorithms (GA) method resembles this; it has less
useful methods for drawing new parameters, bu more provisions for controlling the optimisation
process Unified Covering by Probabili stic Rejedion (UCPR), a recently developed method, converges
ressonably quickly and, in the end, hes a set of parameter vedors with attradive properties (being
uniformly distributed).

Deterministic methods use the mathematica structures in ore way or ancther. Partial derivatives (to the
parameters) can thus be determined and wsed. Relevant methods for the type of problems handed in this
Handbod will be summed up elow. Many of the methods make use of the Jacobian. These include the
GaussNewton method and the related Levenberg-Marquardt method (which can also ded with singular
matrices). These methods use the ‘sum of least squares’. More simple in use ae the dired seach
methods, such as Nelder-Mead o Powell’s method, bu these often result in locd optima. There ae dso
those methods which are in-between the dired seach methods and those methods based onthe Jaoohian,
such as the method referred to as DUD (Doesn’t Use Derivatives) which was developed by Ralston and
Jenrich. They estimate the Jacobian instead of cdculating it. Finally, there isthe commonly used ‘ adjoint
method developed by Carrera-Neuman.

In pradice the modeller will often be limited to the built-in cdibration ogions and will chocse one of
those. When more than ore method hes been included, it may be worth whil e to compare the methodk.

Define criteria to stop optimisation

The best way of determining when ogtimisation can be stopped is to use apre-determined criterion for
the objedive function. This is the cae when a parameter vedor is foundwith which the model deviates
lessfrom the field data than the aiterion. Or (in another method), when all parameter vedors give results
which med the aiterion. The process of automatic optimisation is often stopped orce the successve
iterations do nd change any more than a pre-determined criterion. It is then assumed that the objedive
function is close enough to the minimum. However, dorit forget that the minimum found applies to the
chosen set of parameters. It is quite possble that a different choice of parameters to be optimised will
give asmaller value than the objedive function. The results of the optimisation must therefore dways be
analysed.

Optimisation daes naot necessarily result in a satisfying set of parameters. In this snse, there is a
diff erences between manual and automatic optimisation. An automatic procedure caana converge to the
corred minimum if, for instance, the objedive function is relatively insensitive to the parameters to be
optimised, o if the number of parameters to be optimised is too large. In manual optimisation, the
modeller runs the risk that errors resulti ng from too many parameters to be optimised are nat deteded, so
that the model appeasto be dfedive but in fad isnat.

In pradice, there ae various other criteria used for stoppng. For example, a pre-set number of iterations
or a pre-set number of man days to be spent on cdibration. This can lead to very undesirable results and
istherefore strongly advised against.

4.5.4 Analyse the results of the optimisation

Two requirements must have been met once optimisation has been compl eted:

 the stop criterion must have been met (seestep 4.5.3;
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» theresidual errors must be small and may not be systematic (i.e. the residual errors must acdually be
‘randam’; seeHemker, 1997%.

For example: a hydrodynamic model may seem excdlent because dl the cdculated model values are
smaller than a catain criterion, for example deviating x centimetres from the measured values. If,
however, al the cdculated padnts are onsistently x centimetres too high, then we refer to this as a
systematic error.

If the model concept is good and the right choice has been made for the parameters to be optimised, the
residual errors will be accetable. If the residua errors are unacceptable, there ae various options
avail able to progressfurther. These ae;

other cdibration fadors (parameters) withou a new sensitivity analysis (return to step 4.5.9;
other cdibration fadors (parameters) based ona new sensitivity analysis (return to step 4.3;
e going bad and changing ‘the model’, for example the:

 discretization (return to step 3.9;

e numericd approad (return to step 3.7);

e conceptual model (return to step 3.4.9);

e quality requirements (the aiteria) (return to step 2.4.9;

» colledion d more or other field data (return to step 3.2.3.

When a model canna be cdibrated acceptably, the imperfed or unsatisfadory cdibration results may
well still be used in certain cases. It is then utimately important that the remaining uncertainty be
estimated as redisticdly as possble, in order to avoid the mode being aff orded too much confidence

4.6 Carry out an uncertainty analysis

In this gep o the simulation and modelli ng process the remaining uncertainties must be estimated. This
step resembles the sensitivity analysis, except that the &tention has now shifted to the total effed of
uncertain fadors on the model results, rather than the (relative) sensitivity of fadors. In brief, this means
that the uncertainty in the cdibrated parameters (and aher sources of uncertainty which have been
explicitly included: the uncertainty in conceptual errors and errors in driving forces) are trandated into
the uncertainty in the model results. Some cdibration methods suppat this gep (Prices CRS, for
instance). Results of a cdi brated model may acually only be presented with inclusion d the reliability of
the model results.

The method wsed for analysis depends drongly on the cdibration method chosen o applied. In a
straightforward approad to the uncertainty analysis, the uncertainty in the cdibrated parameter vedor
(and aher sources of uncertainty) can be charaderised by a variance-covariance matrix. This can then be
translated with the model to give an urcertainty interval (confidence interval) in the model results. This
approad is often nd too simple in pradice, howvever. An dternative choice is the min-max approach
(which closely resembles a sensitivity analysis) or an urcertainty interval constructed using a Monte
Carlo Simulation.

Uncertainty intervals are adually not conclusive, however, as an interval is creaed foll owing a number
of choices. It will often oy refled the uncertainty as a result of parameter ranges, for example. These
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may beame insignificant in relationto urcertainty in future inpu. The uncertainty interval also depends
on a number of assumptions regarding the statistica distribution d the cdibrated parameter. A common
asuumptionisthat the aror in the parameter value has a (log) normal distribution.

4.7 Validate the model

In order to determine whether or not a manually cdibrated model is ‘good, it must be validated (see éso
3.9.0). The cdibrated model must be a@le to reproduce field olservations from an independent data set
(i.e. adata set not used in cdibration) with a catain pre-set degreeof fit (with or withou uncertainty in
the model and field observations). Validation can also be caried ou for automaticdly cdibrated models,
as long as an independent data set has been kept aside for this purpose. However, al available data is
often used in the automatic cdibration pocessitself in order to arrive & the best possble results. The
dedsionto leave out validationis then a conscious and justifiable one.

The ‘independent data set’ is often a measuring series from the same system as the series used for
cdibration, bu then for a different yea. It is even better if the model can simulate field observations of
ancther highly simil ar system. Of course, the model may nat be recdi brated.

An important note to be made here mncerns the impasshility of proving that the model is ‘corred’in a
philosohicd sense. There is no means of proof. Confidence in the model can only be increased by
experimenting with that model, i.e. by carrying out al kinds of validation tests. Thisis generally referred
to as corrobaation. After a sufficient number of successul tests, the model is not ‘valid' or ‘good but
rather ‘good enough’, whereby the ‘enough’ fador is determined by the requirements made beforehand
(step 2.4.1. The mode can then be regarded as having been validated (to agreaer or lesser degree).

The imposshility of proving the mrredness of a model must not be unattadhed from an important
consequence models (whether or not validated) may not adually be used to form extrapalations, neither
in space na in time. This makes the use of models atricky business(at least in theory). If validation has
taken place particularly for situations which closely resemble the situation onwhich the model is to
make predictions, there may be some mnfidencethat the prediction will be reasonably reliable, bu thisis
by nomeans certain.
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4.8 Determine the scope of the model

The final step in the analysis processis to determine under which circumstances the model may be used
and particularly whether this can solve the problem for which the model was designed. This must also be
clealy described. The scope is inextricably bound upwith the model which has been developed and
analysed.

A model may adually nat be used for extrapdations as commonly applied in predictions and in scenario
analyses, bu that is often exadly the reason for development of the model. The model will be used after
al in such cases, bu a presentation d the results must pay extensive atention to the uncertainties
attached to the use of the model for this applicaion. Bek summarised the problem effedively in the
following statement: ‘using scientificadly based models, you will often predict an incorred future with
gred acairacy, and when using complex, nonidentifiable models, you may be cgable of predicting the
corred future with grea uncertainty’.
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Step 5 Using the model

5.1 Make a planned approach for the
simulation runs

Once the model has been thoroughly tested and the modeller is
sufficiently confident of its operation, the model may be used for all
kinds of applicaions. Inthisphase, it is ®nsible to design a planned
approad, describing the exad implementation d the model. The plan
defines:

* theinpu to be used;

the (cdibrated) version d the model to be used;

» theperiodto be simulated,;

the deviations to the reference run (the run with standard inpu);

the quality of the resultsto be expeded.

Designing the cdculations to be made requires close @-operation
with the dient. The cdculations to be made have been roughly
described ealier, in step 2, but now that the model is ready to be
applied, the arangements must be reconsidered and further detailed.
It isimportant that distinction be made between the questions posed
by the dient and their tranglation into questions for the modeller and
the model. There sometimesis amajor diff erence between the dient’s
pdlicy scenarios (which dften only alow for a minor deviation from

step 5

@

make plan
application run

run

do preliminary
inspection
results

check run

not OK

OK

Y

the present pdicy) and the modeller’s analysis senarios (which explore the band width of the wil dest
solutions), for example. Close @-operation in the ‘same language’ is essential to prevent confusion.
Therefore, you shoud come to agreament with the dient abou an urambiguous conceptua framework.
Before entering into consultation with the dient, it may be useful to make aseries of initial cdculations

in advance Thiswill give both parties an ideaof what they are talking abou.

5.2 Perform the eventual simulation runs

This important adivity (thisiswhat it is al abou) is the next logicd step in the procedure. Make sure
that the output (the results) is auitably stored to allow for future referencefor other purposes and for use
with aher tods, for instance further processng for a presentation and statisticd analyses. Generally,

model programs have various integrated storage options.
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5.3 Verify the results

Immediately following the adual use of the model, the results must be verified to expose any extreme or
impossble outcomes. Items to be paid attention include:

* any extremesandottliers;
* ranges of model output;
* unexpeded results;

e indicaionsof numericd errors.

5.4 s this all?

In this phase of the modelli ng projed, it must be determined whether all the planned adiviti es have been
performed and whether they have been performed in a sound way. Did the modeller use the @rrea
version d the model, with the @rred inpu;, with al other corred settings, is the solution stable, are the
massbalances corred, etc.

Use the modelli ng projed templates to verify all theindividual steps:
e doesthe model fulfil its purpose?

e arethe quality requirements met?

» isall necessary data crred andwas it properly used?

 isthe system definition corred?

* isthe onceptual model corred?

» were dl hypatheses made mrredly and justifiably?

» wasthediscretizationin space adtime dosen well ?

» wasthe doiceof the model restrictions corred?

» withretrosped, was the corred model and/or model program chosen?
» wasthe numericd approach chasen in aresponsible manner?

» wastheimplementation performed corredly?

» what was verified regarding the implementation?

» wasthe manual of the model program adhered to?

» arethedimensions and urits corred?

» which analyses were performed?

» arethe massbalances corred?

» what are the sensiti ve parameters (and aher fadors)?
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* how and with what result was the model cdibrated?
 isthisadequate given the pre-set (quality) requirements?
e wasan urcertainty analysis performed?

» was the scope of the model defined acairately and in such a manner that the questions to be answered
by the model may indeed be answered?

» did the exeaution d the runs, intended to find answers to the questions posed, take acourt of any
uncertainties in the results?

Literature

nore
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Step 6 Interpret the results

step 6

6.1 Describe the results step 2
step 5 or 3
Defining the exad interpretation d the results is crucial,

in particular becaise some people will only (want to) look !
at the results, disregarding the way in which these were
attained. specify the
results

A prudent approad is to first describe the results withou
attaching any conclusions, consequences or statements to
them. Use texts, figures and tables to give both a ompad _
and a full description o the results (referring to discuss the
appendices, annexes, other reports, databases, if possble).
This description must be recorded in the modelli ng projed
templates, covering the entire modelling projed. These
template the basis for later reports and communicaions. formulate

conclusions
6.2 Discuss the results
In this gep, the results are compared with those of other check goal p—
similar studies. Any unanticipated results must be
discussed and supdemented with a (possble) explanation. met

analyse
consequences

6.3 Describe the conclusions for problem

The mnclusions to be drawn from the results must be

related to the objedive of the model and the model
cdculations (step 2.2. In aher words, there must be ¢

dired link between the research question and the results.

6.4 Check whether the objective has been achieved

In this gep (operational validation) the question must be answered, whether the procedure followed has
resulted in a model with which it is posgble to answer the questions posed in the objedive. If thisis not
posshle, then either the objedive will have to be aljusted (no poblem for the modeller, but often
unaccetable to the dient) or the model will have to be aljusted (which is likely to imply aload of work
for the modell er and therefore extra wsts for the dient).

6.5 Summarise the results
People ae often more willi ng to read information when it is presented in a cncise form. Therefore,

make aresporsible (statisticd) summary, explicitly indicaing any restrictions of and urcertainties in the
results. Compare the quality of the projed results with common pradices (of others) in the field of study.
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6.6 Analyse the consequences for the research question

Unfortunately, the procedure followed will often produce an ursatisfadory solution, a @mpromise
between feasibilit y and aff ordability. This may have various consequences:

the resporse to the modelli ng projed is negative (particularly if the modeller kegys too many options
open);

the modelli ng projed expases gaps in the domain knowledge, thus generating new research questions;
the modelli ng projed requires more field olbservations/measurements,
afollow-up modelli ng projed hasto beinitiated to thoroughly investigate dl matters involved,

the dient isdissatisfied, ar, quite the contrary, satisfied.

Literature

nore
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Step 7 Report and file

step 7

7.1 Report in the language of the target -
group

The road from science through the model to advice is veiled, and
unambiguouws road signs are lading or illegible. To the dient the

origin, the status and the reliability of an advice ae often absolutely repomand
inconcevable. Although the results of amodel are very rarely used as
the basis for pdlicy, modellers have their own resporsibility when it
comes to trandating the model results into pdicy suppating

conclusions. Policymakers at management level, for instance, want o
clea answers to complex questions. Many of the scientificaly templates

justified marginal notes made when answering the question are not
included in the exeautive summary which eventually forms the basis Y
for dedsions. Therefore, the trandslation d the model study
conclusions must nat only be scientificdly justified, bu aso so @
crisply formulated (i.e. without jargon) that they are fully understooc

by the members of the target group (e.g. managers and pdicymakers),
preventing them from  having to convert the amnclusions into a padlicy advicethemselves.

Ancther asped is the form in which the results are presented. If they are given as graphics, it is
particularly important that the form be discussed in advance by modell er and client (step 2.3.3.

7.2 Make the model study reproducible

The report is based onthe completed templates given elsewhere in this Handbod. They cover the entire
modelling process from problem definition to pdicy advice Logicdly, a pradicd and peferably
uniform structure and layout of the report will enhance the quality of the entire modelling projea. All
topics discus=d in this general sedion d the Handbodk must also be discussed in the report, even if - for
goodreasons - they were nat exeauted.

The quality of this report shoud alow third parties to reproduce the model study (including its results)
and/or proceed from the point where this gudy left off. The latter consideration therefore requires a dea
indication d, for instance, the validity, usability and any restrictions of the model results.

The modd study must not only be reported - as described above - but aso be filed (on paper and
eledronicdly) in order that model studies from the past may be re-initiated or serve & areference

Literature
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Checklist

Good Modelling Practice

- Checklist

Activity / Step

Performed?

Step 1: Start alogbook (and continue using it)

Step 2: Set up the modélli ng projed:

2.1 Describe the problem

2.2 Define the objedive

2.3 Analyse the mntext and read agreaments on the justification:

2.3.1 Context

2.3.2 ustificaion/ responsibiliti es

2.4 Spedfy the requirements:

<
B
zZ
o
S
)

2.4.1 Quality requirements

2.4.2 Expertise requirements

2.4.3 Estimated cgpadty/manpower requirement

2.4.4 Communication and reporting

2.4.5 Other requirements

2.5 Draw up aworking plan and a budget

Step 3: Set up the model:

3.1 Chocse the beginning: data analysis, system definition a conceptual model

3.2 Anadysethe data

3.2.1 Determine which datais needed to make and wse the

model

3.2.2 Determine which datais needed to analyse the model

3.2.3 The avail ability of data and metarinformation

3.3 Make asystem definition

3.4 Make a onceptual model (in words):

3.4.1 Working towards a conceptual model

3.4.2 Describe the structure

3.4.3 Choose the type of model

3.4.4 Define the rel ationships between variables

3.4.5 Establish the assumptions

3.4.6 Verify the anceptual model

3.5 Choose from existing model programs

3.6 Chocse adiscretization model in space adtime

3.7 Chocse anumericd approach

3.8 Implement the model
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3.9 Verify the model

Step 4: Analyse the model:

4.1 Make aplanned approach for the analysis adivities

4.2 Make ageneral analysis of the model

4.2.1 Carry out arunwith standard input

4.2.2 Carry out the global behaviour test

4.2.3 Chedk the massbalances

4.2.4 Carry out arobustnesstest

4.3 Carry out a sensitivity analysis

4.4 Carry out (formal) identification (if possble)

4.5 Cadlibrate the mode!:

4.5.1 Introduction

4.5.2 Choose the parameters to be optimised

4.5.3 Cdculate the optimal values

4.5.4 Analyse the results of the optimisation

4.6 Carry out an urcertainty analysis

4.7 Vdlidate the model

4.8 Determine the scope of the model

Step 5: Use the model:

5.1 Make aplanned approach for the simulation runs

5.2 Perform the eventual simulation runs

5.3 Verify theresults

5.4 Isthisdl?

Step 6: Interpret the results:

6.1 Describe the results

6.2 Discussthe results

6.3 Describe the onclusions

6.4 Ched whether the objedive has been achieved

6.5 Summarise the results

6.6 Analyse the mnsequences for the reseach question

Step 7: Report and file:

7.1 Report in the language of the target group

7.2 Make the model study reprodcible (file)
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start end
step 1 step 7
check model
St"’.lgu':::;?a journal and
J templates
step 2 report and file
describe
problem
l step 6 OK
define describe @ nzg‘:'g:ﬁ o | TOLOK
objective context for problem
-
l l et
specify agree on ot met check objective
requirements justification
make a describe
workplan conclusions
step 3 discuss results
define system T
describe
determine determine results
which input which analysis
data data
step 5
make
conceptual — checkrun r+—
model
choose preliminary
choose a - - N
model program —  numerical inspection
approach results
choose
discretisation = run —
(space + time)
implement make plan
model application run
verify model
not OK not OK
OK
step 4 not OK not OK
check mass run with not OK validation OK determine
balances standard input scope OK
not OK T
OK :
robustness test glqbal calibration |—— uncertainty
behaviour test analysis
not OK T
sensitivity formal
analysis identification | ok
5
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Step 1: Start a model journal

Thistemplate has been filled in by

» Thefollowing procedure(s) is (are) used in arder to record al steps of the modelli ng projed:

the templates of this Handbod

your own model journal based on this
Handbod

your own model journal of your own
design

any other procedure (which ore?)

aquality system (which ore?
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Step 2: Set up the modelling projed

Thistemplate has been filled in by

2.1 Describethe problem

» Give abrief description,in words, of the problem (no cetail s):

» Encircle the problem domain(s): (groundvater quantity models, groundwvater quality models,
predpitation rundf models, water distribution models, hydrodynamic models, high water forecasting
models, morphdogicd models, surfacewater quality models, emisson models, eclogicd models,
econamic models, other models)?

* Fillinthefollowing for the (physicd) processes in this modelli ng projed:

relevant processs? charaderistic time scde? spatial scde?

* Isamode theonly corred tod for solution d the problem?
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» If nat, what are the dternatives for amodel based approach?

* What is the reason for applicaion d the model (pdicy analyticd, scientific, operational, cadamities
management)?

2.2 Definethe objedive

e What isthe domain and the problem area?

* What isthe objedive of amodd inthis projed?

*  Which questions need to be answered using the model ?
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» Give anindicaion d the scenarios which need to be cdculated using the model.

2.3  Anaysethe mntext and read agreanents on the justificaion

2.3.1 Context

» The larger context (projed, study, routine adivities, reseach programmes, etc.) of the modelling
projed is:

* Thismodelli ng projed must be caried ou in combination with the following models (in a chain):

model locaion

VWWersion 1.1 7



GMP Handbook Forms

2.3.2 Justificaion

It has been agreed with the dient to assess the following modelling projea steps at the following
dedsion moments:

dedsion moments modelling projed step

The foll owing agreaments have been made with the dient on reporting and completion.

2.4  Spedfy the requirements
2.4.1 Quality requirements
* The analysed (cdibrated) model must describe aspedfic data set with a spedfic acaracy: yes/no.
* Ifyes
which dataset: .......

with what acawragy: ...

2.4.2 Expertise requirements

» Thefollowing persons and their expertise will be deployed in the modelli ng projed.

name of person expertise

2.4.3 Estimated manpower cgpadty
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» Thefollowing manpower isrequired for the modelli ng projed:

discipline time (days) to be spent on step

2.4.4 Communicaion and reporting

» Thefollowing medings, workshops etc. have been planned within the scope of the modelli ng projed:

adivity when? | personsinvolved subjed

*  Which reports must be made for the modelli ng projed?

type of report (progress interim report, final | when? intended for whom?
report)

2.4.5 Other requirements made of the modelli ng projed

» From which ather models does this modelli ng projed use the results?
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* What requirements are made of the results of other models (format, proper balance cdibration,
discretization, meta-information, .....)7?

Whowill suppy the results of those other models, and when?

Whowill verify the results of those other models?

Whowill approve the results of those other models?

» How can the quality of the (field) data best be described?
very incomplete/reasonably complete/complete

poaly documented/reasonably well documented/well documented

* What else can be said abou the quality of this data?
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* Must dternative models or other methods (discretization, integration algorithms) be used in this
modelli ng projed in order to crede aframework for comparison?

» If theresultsareto be processed in apdlicy advice whoisto doso?

2.5 Draw up aworking plan and a budget

» Make aworking plan of the modelling projed on the basis of the a&ove, and a planning schedule for
the steps yet to be caried ou. Add a budget.
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Step 3: Set up the model

Thistemplate has been filled in by

3.1 Choose the beginning

» The development of a model is an iterative process whereby the foll owing steps may be caried ou
one or more times.

3.2 Analysethe data

3.2.1 Basicdatarequired for arun

spatial data

time series

begin values

boundiry condtions

parameters

scenario data

other data
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3.2.2 Datarequired for analysis

observations of the system (field
measurements)

statistic distributions or ranges of non
constant parameters

3.2.3 Availahility of data

is data avail able?

where isthe data?

isthe data avail ablein adigital version?

briefly describe the values of the data

how to ded with outliers?

how to ded with misdgng values?

describe the quality of the data

whoisresporsible for supgy of the data?

VWWersion 1.1



GMP Handbook Forms

3.3 System definition

» Thesystemisthat part of redity simulated in the model (seePart I).

comporents of which the system is
comprised

the rel ations between the comporents

the relations between the mmporents and
the environment (outside the system)

3.4  Conceptual model
3.4.1 Inwords

» Describe the general conceptual model in words.

3.4.2 Structure

 If the structure of the model is not completely defined by the choice of model, describe this dructure
using words or diagrams.
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3.4.3 Type of model

domain of application

dynamic/stationary

number of spatial dimensions

Relationships3.4.4  entirely defined by the choice of model, describe them below.

3.4.5 Asamptions

o If implicit or explicit assumptions have been made (other than those in the model program in question
and described in the Handbodk), describe them below.

3.4.6 Veificaion d the mnceptual model

* What adion has been taken to determine that the conceptual model is consistent (no contrary isaues)
and in kegping with the solution to the problem?

3.5 Which existing model program or model?
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which existing model program or model
has been chaosen?

why was that model program or model
chosen?

is there any better option onthe basis of
content, and what would that option ke?

why has that better option nd been
chosen?

3.6 Discretization in spaceand time

describe the spatial schematization

where has this been recorded (in detail )?

what choices have been made regarding
the discretization in the time (related to
numericd approacd)

3.7 Further numerical approach

which solution method (agorithm) has
been chosen for the spatia integration
step?

is there any choice and is the choice
made the best one in terms of content?

if the choiceis nat the best one, why was
it made?

which solution method hes been chosen
for the integrationin time?

is there any choice and is the coice
made the best one in terms of content?
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if the choiceis nat the best one, why was
it made?

3.8 Implementation of the model

how is the model implemented?

on which pants does it deviate from the
manual of the dhosen model program?

3.9 Verification of the modé

» Veificaionwas caried ou by:

internal chedk (included in the
functionality of the model)

manual ched of 1/0O, other parts of the
implementation

manual or automatic chedk of dimension
and unts

was a test run caried ou using the
sample suppied with the model program
(or similar)?

was the spatial schematization chedked?
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Step 4. Analyse the model

Thistemplate has been filled in by

4.1 Which analysis activities?

» Indicae which analysis adivities were planned ar why they were not carried ou:

which yes/no comments

standard run

global behaviour test

massbaance dedk

robustnesstest

sensitivity analysis

(formal) identificaion

cdibration

uncertainty analysis

validation

determination d scope

4.2 Make a general analysis of the model
4.2.1 Runwith standard inpu

describe the inpu

how did the run progress?

are the results comprehensible?

are the results in keeging with the
expedations?
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4.2.2 Global behaviour test

» Which charaderistic changes have been tested in order to ched the model behaviour (effea of more
load, more predpitation, more nutrients, noload, etc.):

» Carry out these runs and describe the result of these tests.

4.2.3 Massbhaances

*  How were the massbal ances chedked?

how? yesno | result

by the model

manually

4.2.4 Robuwstnesstest

was arobustnesstest carried ou?

which extreme values of parameters and
other inpu were used?

what were the results of thistest?
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4.3 Sensitivity analysis

was a sensitivity analysis carried ou, and
if so, how?

did this analysis pay attentionto
interadions between all uncertain fadors
or not?

what measure was used for the
sensiti vity?

sensitive fadors (including parameters)
are

insensitive fadors are

4.4 Formal identification

is there enough data (observations and
measurements) for identification?

was the identificaion succesful ?

4.5 Calibration

did cdibration take place?

how was the choice of fadorsto be
cdibrated made?

which measure was used to determine the
progressand the result of the cdibration
(objedive function)?

which methodand/or padkage was used

VWWersion 1.1
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for cdibration puposes?

which criterion was used to stop
cdibration?

describe the result of the cdibration

did it med the aiterion set beforehand?

did residual error analysis take place?

aretheresidual errors g/stematic?

if cdibrationwas not succes<ul, to
which previous gep dd the process
return?

how much time (in man days) was gent
oncdibration?

4.6 Uncertainty analysis

was an estimate made of the uncertainty
in the model results?

the uncertainty analysis was carried ou
onthe basis of a mvariance aaysis

the uncertainty analysis was carried ou
differently, namely

VWWersion 1.1
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4.7 Validation of the model

are the results of the cdibrated model
compared with field measurementsother
than the data used for cdibration
purpases?

what were the results?

4.8 Scope of the model

has the scope of the model been
determined?

how was the scope determined?

what doyouthink to be the scope of the
model ?
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Step 5: Use the model

Thistemplate has been filled in by

51 Describethe eventual simulation runsin terms of:

theinpu used

the (cdibrated) version d the model

the simulation period

the deviations from the standard run

the expedations regarding the results

5.2 Perform the eventual simulation runs

date

person

computer

department

institute

where aetheresults gored?

5.3 Verify the results

which extremes and outli ers were found
in the model output?

did the model output ranges med the
expedations?

which urexpeded results were foundin
the results?

are there indications of numericd errors
(discretizationin space adtime) and if
so, what are they?
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5.4 Isthisall?

are there points on which the model does
not med the objedive?

what quality requirements are not met?

which of the necessary dataisincorred
and was used wrongly?

in what sense is the system definition
incorred?

in what sense is the cmnceptual model
incorred?

which assumptions were made incorredly
or unjustly?

was the discretizationin space adtime
chasen well ?

with retrosped, was the arred model or
model program chosen?

isthere abetter model program or model?

why was the better alternative not
chosen?

was the choiceof numericd approac a
sound ore?

can the implementation d the model be
improved?if so, how?

what was verified regarding the
implementation?

onwhich pantsdoesit deviate from the
manual of the model program?

was dimension and urit analysis carried
out?

which model analyses were performed?

are the massbalances corred?

what are the sensiti ve parameters (and
other fadors)?

how and with what result was the model

VWWersion 1.1 24



GMP Handbook Forms

cdibrated?

isthis adequate given the pre-set (quality)
regquirements?

was an urcertainty analysis caried ou
and with what result?

does the model cover the scope required
by the problem?

did the runs, intended to find answers to
the questions posed, take acourt of any
unceataintiesin the results?

what else can be noted abou the
modelli ng projed?
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Step 6: Interpret the results

Thistemplate has been filled in by

6.1 Describethe results

where can a description d the results be
found?

where ae the simulation results dored
and in what form?

6.2 Discussthe results

in comparison with ather studies

unexpeded results are

can the unexpeded results be explained?

the model projed is incomplete in the
following points

other points of criticism with regard to
the modelli ng projed

6.3 Describethe mnclusions

summarised, the onclusions are &
follows
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6.4 Hasthe objedive been met?

which pdnts of the objedive
have been met?

which pants of the objedive
have not been met?

6.5 Summarisethe results

the executive summary of the
modelli ng projed is as
follows
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6.6 Analyse the mnsequencesfor the research question

who hes readed to the
modelli ng projed and hav
(positive, cautious,
negative)?

what were the most
important readions?

which gaps in the domain
knowledge ae deteded by
the modelli ng projed and
which new reseach
guestions are generated?

was the number of
observations and
measurements sufficient for
the modelli ng projea?

in a subsequent modelli ng
projed, the following issues
would have to be paid
further attention:

what suggestions can you
give for subsequent studies
or other (similar) modelling
projeds?

to what extent is the dient
satisfied?
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Step 7: Report and File the modelli ng projed

Thistemplate has been filled in by

7.1 Reporting

the report makes use of the templates of fully/partly/net at all
this Handbod

areport onthe modelli ng projed can be
found

will t here be any further scientific
reporting on the modelli ng projed? if so,
in which journal ?

7.2 Other documentation

afull description d the model used can
be found

which ather internal memos (etc.) are
there?

where ae the modelli ng projed records
stored?
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I I ntroduction

Part | of this Good Modelli ng Pradice Handbod gives a step-by-step plan which a modeller can use in
hiswork. This depped plan mainly concerns the processto be gplied in modelli ng work, more than the
adual contents. This part, onthe other hand, dscusses the ntents, by means of a description o pitfalls
and sensiti vities which the modeller may med. This description d pitfalls and sensitivities does nat in
any way claim to be comprehensive. After all, pitfalls and sensitivities are often spedfic to a moddl.
However, an attempt has been made to sum up frequently occurring problems.

Matters important to al models are discussed in chapter 2, with sub-division into the same steps defined
in part | of this Handbod. Chapter 3 then describes the pitfalls and sensitivities for a total of thirteen
different and spedfic domains of applicaion, varying from groundvater models to ealogicd models and
from water quality models to econamic models.

Where posdble, relevant literature references have been included for readers looking for spedfic detail s
onasubjed. This part can beregularly updated onthe basis of experiences of modell ers.
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2 General pitfallsand sensitivities

This chapter gives a number of general pitfalls and sensitivities. It follows the steps of the modelli ng
processas described in part 1.

Step 1: Start a model journal

The model journal has no dred influence on the modelling process However, when passng on
modelli ng tasks and when re-using the model and dcata fil es (after some time), the ladk of full i nformation
can lead to incorred interpretation. For example, becaise it isnolonger simple to deducewhich ouput is
related to which input. The mmpletion d agoodmode journa isararity. Two common ptfalls are:

e themodd journal isincomplete,
» themoded journa isincomprehensible, na only for third parties but often also for the author himself.

Both pitfalls have alot to do with time and motivation. Little can be dore a&ou the latter, keguing a
model journal is smply no fun. However, the time fador can be influenced, by planning sufficient time
for this asped beforehand, for example. It is also a question d investment. For the short term, keeping a
model journal costs time, but this time will be eaned badk amply in the longer term, when looking to
determine exadly what work has already been carried ou.

Step 2: Set up the modelli ng projed

The objedive of the modelli ng process and the requirements which the modelling must mee canna be
recorded clealy enowgh. A pitfall when setting up the modelli ng projed is that the method d recording
the results is not determined urtil | ater onin the modelli ng projed. When a model is part of a chain, it is
particularly important that all relevant requirements are spedfied beforehand (including the resolution,
boundiry condtions, urcetainty and scde). The scope chosen must be large enough to alow the
boundiry condtions to beindependent of what takes placein thefield of study.

If the temporal and spatial scdes of the problem have not be defined clealy enowgh, this will have
consequences in the later phases of the modelling process Consequently, the model scdes may not be
corresponcent to the required answer. If the model scde dhosen istoo large, thiswill be translated in too
general a schematization, so that relevant detail s can nolonger be derived from the results. The problem
could be schematized away, for example. If the chosen model scde is too small, irrelevant small-scde
variations will be dispropationately weighted, which can lead to norroptimal cdibration for the large-
scae variations.

The user must be avare of the posghiliti es offered by the model. It occasionaly occurs that a model is
required to have more functionality than is possble (insufficient suppat in know-how, data, theory, etc.).
In pradice the target of a modelling processis often also formulated at a ‘management’ level. This
sometimes leads to communicaion goblems in the trandation to the ‘technicd’ model level.
Consequently, the modelli ng does nat provide the answer required by the dient in the end.

Step 3: Set up the model

A sensitive paint in this dep is the mnstruction d a good model concept. A wrong choice of processes
and the comparisons which describe the process can lead to errors in the model which canna be traced
at a later date. This can occur, for example, if essential processes (chemicd, for example) or driving
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forces (discharges, for example) are ignored. As the modelling progresses, there is a risk that wrong
choicesin the model concept may become ‘conceded’ by the method d cdibration.

Ancther sensitive point is the mnstruction d a very detail ed model, whil e there is insufficient or no ceta
available. In large , spatially organised models in particular, it is vital that the scde and the number of
independent parameters (degrees of freedom) are dhosen in acordance with the available data. If too
many parameters are gplied to a model, there is a risk of it appeaing to work well (it follows the
historica measurements) but that it is hardly or nat at all suitable for interpaation a prediction. This can
adually only be determined if adequate measuring data is available, i.e. with the right frequency in
relationto the chasen time step. Measuring datais often interpolated in order to med the temporal step of
the model. The method d interpalation in particular can have major consequences. This must be taken
into acourt upon construction d the model, as there is otherwise the risk that a model is constructed
which canna be cdibrated. In a number of cases, incorred estimation d a starting state (for example, the
amourt of palution present), can lead to wrong conclusions.

Finally, knowledge of the various model programs available is aso of grea importance Only too dten
however, the choice of model program is made becaise the modell er is famili ar with that program. This
does nat necessarily mean that thisis the most suitable program, of course.

Step 4: Analyse the model

The main pitfal in this gep is that insufficient time is taken, despite the fad that virtually everyone
agrees that this may well be the most important step in the modelli ng process Pradice wins over theory
apparently, so that this gep is presaurised by the fad that afinal product must be delivered ontime.

Asssanent of whether a model is ‘good often daes nat take placeobjedively, onthe basis of pre-set
criteria. In many cases, this assesanent depends on the expertise of the modell er. In complicaed casesin
particular, this expertise is therefore asensitive fador.

In choosing the parameters to be cdibrated (see the previous two steps), the number and the spatial
distribution d the degrees of freedom (the model controls) must be geared to the anourt of information
available for cdibration. Calibration d a model with too many degrees of freedom often results in a
distorted picture of the truth. Errorsin the model concept can be ‘cdibrated away’ in this manner. In the
previous point, there is the paradox that a model seams to fit better when there is lessmeasuring data. In
pradice however, there is often atendency to increase the number of parametersto be cdibrated, in order
to reduce the deviations between the measured and cdculated values. There ae theoreticd concepts
(‘observability”) to determine whether too many degrees of freedom have been defined, bu these ae not
generaly used in pradice

In a number of cases, estimates are cdculated for the reliability of the cdibrated parameter values. This
is certainly remmmendable. For that matter, urknown parameters can also be estimated by means of
expert judgement. Default values are usually not adequate, because they apply to a (too) genera or a
single system.

Parameters may not be sensitive to the avail able observations (not at the locations or times at which there
are observations). As aresult, the sensiti ve parameters canna be alequately cdibrated.

Comparison d the model results and otservations does not always take acourt of the differences in
scade (see &so appendix 1). A paint observationis often dredly compared with a model value which is
representative of a cetain volume or a cetain time period. Calibration generally does not cover all the
sources of uncertainty. Consequently, measuring errors may have astrong effed on a parameter value in
small data sets.

Finaly: aperfed ‘history match’ is, in itself, noguaranteeof agood dcfinition d the system.
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Step 5: Use the model

Before starting the red cdculations, there must first be cetainty that the model is aff orded sufficient run-
in time. This may sometimes even be longer than the simulated period. We recommend that the run-in
time be estimated onthe based of residencetime and processng speed, beforehand.

The main pitfal in modelling is that the model is used ouside of the scope. This ocaurs, for example,
when the model construction and analyses have taken place using data gained from ancther water
management regime.

This usually occurs if the modd is used for scenarios which represent the situation d measures yet to be
caried ou. This pitfall can be due to two things: either the model analysis (the previous dep) was not
caried ou properly, or the results from the previous 4ep have not bee gplied effedively.

Step 6: Interpret the results

Take acoun of the uncertainty bandwidth when interpreting the results. Chedk, for example, whether a
distinction can till be made between the results of various <enarios. When presentation padkages are
used, urits or flow diredions have been known to become switched. The asolute values may well be
corred, bu in the wrong diredion.

Step 7: Report

Reporting must take placein the ‘language’ of the dient. It is important that a corred balanceis found
between the (technicd) detail s and the degree of usability for the dient. In pradice reports are often
incomplete, so that the modelli ng processis nat reprodicible onthe basis of the report.

An esential pitfall often encourtered by both the dient and the modeller is that the transfer of
knowledge often dces not exceal beyond the completion o the report. Consequently, the information
provided by the modeller may be incorredly applied. Whil e this, in theory, is prevented when areport is
good, in pradice it becmes apparent that a written report alone is hardly ever sufficient to provide a
client with exadly the information required. Personal contad between the modeller and client is
esential. It is the resporsibility of the modell er to monitor whether the information provided by him has
been used in the wrred manner, insofar as he has any influencein this matter.
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3

Pitfallsand sengitivities per domain

This chapter describes a number of common ptfalls and sensitivities per domain. One domain will be
described per paragraph. The foll owing domains will be mvered:

groundvater models for the saturated zone (quantity and quality);
groundvater models for the unsaturated zone (quantity and quality);
predpitation run-off models;

water distribution models;

hydrodynamic models;

high water forecasting models and ogerational models;

cdamity models;

morphdogicd models;

surfacewater quality models;

waste water purificaion models;

ewlogicd models;

eanamic models and wse functions;

emisson models.

Eadh paragraph comprises two sedions. The first sedion kegins with a brief introduction to a number of
relevant charaderistics of the models. Examples are dso given of model programs currently applied in
the Netherlands. The second sedion gives the pitfals and sensitivities per modelling step. This only
concerns those modedlli ng steps in which pitfall s and sensiti viti es actuall y occur.
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3.1 Groundwater models for the saturated zone (quantity and
quality)

3.1.1 Generd

There ae many model programs avail able for a numericd approac to the groundwater flow. Withou
attempting to be comprehensive, the model programs used most frequently in the Netherlands are:
MODFLOW, TRIWACO, MicroFEM, MLAEM and SIMGRO. Withou exception, these programs are
based on the dementary conservation o equations (Darcy’s law and the @ntinuity equation). The
differences are mainly foundin the method d discretization (finite diff erentiations, finite dements and
analyticd elements) and the way in which the user can define the boundary conditions.

Two classes of model programs can be distinguished in the groundwater quality models. The first class
comprises the ‘lumped’ model programs in which chemica aspeds are defined by strongly simplified
parameters (dispersion, sorption, retardation). Well-known model programs in this class are: MT3D,
HST3D, RT3D, MODWALK. Just like the groundvater flow models, the differences between the
various programs lie mainly in the method d discretization and the way in which the user can define the
boundiry condtions. This mainly concerns the top system (the bed sedion with saturated groundwvater
flow above the first aguifer).

The second class of model programs expli citly describes the chemicd readions. Representatives of this
class are FREEQM and CHARON. This type of model program canna be used withou considerable
chemicd expertise.

3.1.2 Pitfalsand sensitivities

Step 3: Set up the model

Conceptual model

A conceptual model is constructed prior to numericd modelling. This conceptual model defines, among
other things, the global structures of the subsoil and the substances foundiniit.

The hydraulic properties play a particularly important role for the groundvater flow. The choices made
in the cnceptual model with regard to the limits of the model field, bah haizontally and verticdly, are
generally not changed in the further course of the modelli ng process The dhoice of the location and type
of the boundry can gredly influence the model results and therefore requires eff edive underpinning.

The layers are often clasdgfied into aguifers and separating layers. The method d binding of these layers
gredly influences the simulated flow field, and thereby the model results.

Ancther important asped is the existence of hydraulic short circuits or blockages. These phenomena
occur in separating layers, fradure systems (open o closed), sand and gravel banks and dams.
Information on these phenomena is often na explicitly included o is insufficiently known. Nor-
recognition d these structures can lead to incorred interpretation d the results during the further course
of the modelli ng process Moreover, the negligence of density variation can lead to completely incorrea
flow diredions and cdibrated constants. In the mastal areas of the Netherlands in particular, the dfeds
of density variation dwe to deviations in the salt content will have to be taken into acount. This also
applies at waste dump sites and aher locations with strongly poll uted groundwvater.

For the total sediment discharge, it is particularly the estimation o locd heterogeneity which is
important. These help to determine the travelling times and kreakthrough curves. Also vita is a good
hypathesis of the geo-hydrochemicd processes. Examples of important aspeds are the sorption rocesses
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(balance or imbalance, linea or norntlinea), the presence of decompasiti on, the geochemicd condtions
(for example rich or poa in oxygen), the presence of organic matter in the sediment, etc. The limited
observation materia is often na adequate to be ele to dstinguish between various processs in the
cdibration phese, so that the modelling is drongly dependent onthe expertise in the conceptual phase.

Choiceof the model program

The dhoice of model program is nat particularly criticd for the final results of a model for groundwvater
flow, at least nat in the models generally used in the Netherlands. However, the modell er must be avare
of the underlying assumptions and the usage limitations of the various model programs. The top system
(small surfacewaters, drainage and ursaturated zone) may be defined in more detail in ore model than in
ancther, for example. The gproach to modelling in MLAEM varies quite strongly from that in the other
modelli ng programs (there ae no element grids, for example, and a choice must be made from various
types of analyticd elements).

In the modelli ng of total sediment discharge, the diff erences between the various model programs may be
very relevant, however. There is numericd dispersion in most of the mode programs based on finite
elements and finite differentials. The massbalance is often na guaranteed in model programs based on
the finite elements approach. This may result in major errors, particularly when there ae strong gradients
in the concentration, die to the model incorredly distributing the flux and the mncentration over alarge
surface aea

Besides physicd and chemicd considerations, pradica considerations also play a role in the choice of
model program. The more organised the input of parameters and ogions, the lessthe chance of pradica
usage erors. Moreover, the cdculating time and the memory required may also play arole in the more
complex (unstealy) problems.

Step 4: Analyse the model

Sensiti ve parameters

In groundvater flow models, the sensitive fadors often depend onthe objedive of the model. For many
models, the degrees of resistance of separating layers are sensitive parameters as they are more difficult
to estimate (variation d 10 a 100) than, for example, the permeability of aquifers (variation d 2). Loca
haes in separating layers have much larger regional effeds than locd areas with high permeability.
Conversdly, areas with a much higher locd resistancein the separating layer, hardly have any influence
at al, whilelocd areas with high resistancein aquifers are generally relevant.

The ladk of flow over a separating layer means that the value of the resistanceis nat important, bu does
make it almost impossble to determine the resistance Once flow has been applied over this layer in a
scenario (through extradion, for example), the resistance may well be a dominating fador (if it is
relatively grea, for instance).

The most sensitive parameters for total sediment discharge models depends on the type of substance
being described and onthe locd situation. For thase substances which adsorb to organic matter, the
retardation fador and the organic matter corntent can often be noted as being sensitive parameters
(NOBIS, 1995.
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Discretization

The spatial and tempora discretization must be small enough to minimise numericd errors. Generally
spedking, this means that smaller steps must be taken when the gradients becme steegper. The stegoness
of the gradients is partly determined by the hydraulic properties of the system and can dften be
charaderised by the cmmposite lekage fador (see Maass 1996. Elements must generaly be smaller
than this le&kage fador. This therefore dso applies to surface waters where there are hardly any
resistancelayersat all. The erors made in such cases can lea to bah incorred flows in the model and to
incorred hydrauli c parametersin the cdibration.

Many total sediment transport models are very sensitive to the grid size in terms of the numerica
dispersion. The discretization suitable for a flow model is not automaticaly also suitable for a total
sediment discharge model based onthe speed field of the flow model in question. The time step and grid
distances can be chosen independently of one ancther. Some model programs automaticdly determine
the (maximum) time step. If thisis nat the case, major numerica errors may occur.

Reduction d the grid dstances and the time steps will not automaticdly produce better model results. A
very fine grid may give the impresson o a very detailed and therefore acaorate model. Unless
information is added on the right scde however, the only added value of a finer grid is its ability to
prevent numericd errors. In combination with overly detailed parameterisation, a finer grid may even
provide less information. Conversely, too coarse an elements network can leal to ‘stable’ cdibration
results, which are incorred due to insufficient posshiliti es for simulation d variations in hydraulic head
andflux.

One of the main pitfals in the modelling of boundries is the definition d a dosed boundry or fixed
hydraulic head at the locaion d a cdchment boundry under an infiltration area That boundry and
therefore the flow and the hydraulic head change & the circumstances change. The same gplies in
modelli ng a freshwater-salt water boundxry areg this cannd be seen as a dosed boundry either if the
circumstances in itsvicinity change.

Spedal attentionisrequired for the discretizationin the verticd. A quasi 3D approad is an effedive one
for modelling for regional flow. Quasi 3D meansthat the verticd diff erencesin the hydraulic head within
an aquifer are negleded in the cdculations. This does not mean that there can be no verticd flow
comporent within the aquifer. In such cases, grea care must be exercised with the schematization in
aquifers and separating layers, as incorred conredions can lead to major errors in the model. Moreover,
in locd problems and in flows in heterogenic padkages, this approach may leal to relevant errors,
particularly in the cdculated flow distribution and the total sediment discharge.

Parameterization

A numericd groundvater flow model or a groundwvater transport model comprises many spatialy
distinguishable units (blocks, elements). In principle, eat unt is attributed a value for the parameters
(permeability, storage w-efficient, dispersion co-efficient, sorption, etc.) This results in many (often tens
of thousands of) degrees of freedom. Given the limited avail ability of information, bdh in terms of the
geologicd definition as the observations of the dynamics (hydraulic head and concentration
measurements), it is essential that the number of degrees of freedom be reduced. This takes placethrough
a cetain form of procesdng of the parameter values. Common methods include zoning, whereby a
certain zone is attributed the same value and a geostatistic interpolation.

A pitfall of parametrization is that the structures which are modelled are too detailed and canna be
adjusted in the course of the modelling, due to alad of field olservations (see &so cdibration), so that
they in fad begin to lead a life of their own. Another important point is that the scde on which
information onthe parameter values is available is not always in kegping with the model discretization.
This applies to geologicd information from drilli ng, for example, and to geohydrologicd information
from pumping tests (see &so appendix 1). The parameters in the grid bocks must become ‘block
effedive’ values. The point observations therefore need to be scded up. The method d scding may be

8
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very sensitive, particularly when there is grea heterogeneity. If a ‘simple’ mathematicd average or a
linea interpdation d the point valuesis used in such cases, major errors may be the result, particularly
with regard to the breakthrough curves and residencetimes. It is difficult to determine beforehand which
method shoud be used, but there must in any case be caeful verificaionin relation to observations from
thefield.

Boundary condtions

An important comporent of the modelli ng processis formulation d the boundiry condtions. These ae
not only the condtions concerning the physicd external boundries of the model but also the cndtions
concerning the so-cdled interior boundiries (extradion pants, drains, etc.). It is esentia to include &
many observations of fluxes (discharges) alongside the patentials (measured or estimated hydraulic heads
and groundwvater levels). Hydraulic parameters in a model withou given fluxes cannd, in principle, be
defined, as they may otherwise be dtributed any posshble value (and therefore dso uselessones) in a
cdibration procedure.

Cadlibration & Scding up

Measurements with which a model is cdibrated (hydraulic head, fluxes and concentrations) are often
point observations in relation to the ‘block effedive’ values which the model cdculates. When there is
gred small-scde variability in particular, it is very questionable to what extent a cdculated head o
concentration in a grid block or element must meed the measured pant value. The trend must generally
be in keguing, though even this need na always be the cae. Prior effedive (geostatistic) anaysis of the
representativenessof the measuring paintsistherefore dways recommendable.

Calibration & Minimization criteria

Cdlibration (bath manually and wsing cdibration programs) is carried ou by changing parameter values
in order to gea the model results to okservations. A squares aIm or a varianceis often used as a measure
for cdibration. A large number of cdibration proceduresis based onunweighted criteria. In ather words,
all measurements are atributed equal importance This can lead to imbalanced cdibration, for examplein
areas where there ae dusters of observations with a grea ded of superfluous information. The duster
then weighs dispropartionately heavy in relation to a single measuring point at a different location. If the
scope of the variables' values is very diverse (in concentration measurements, for example), there is a
risk that a peak in the observations will be dispropartionately weighted.

Calibration of steady models

Steady models are coommonly used in the geohydrologicd pradice These models negled the dfed of
storage and can orly describe an ‘average’ flow, and are therefore usually only applied for modelli ng of
the quantity. The principle behind steady models is that a balanced situation is described, i.e. a situation
in which the dfeds of changesin time can be negleded with regard to the dfedsto be cdculated. There
are anumber of pitfalls here, particularly for the description d the groundwater flow (flow diredion and
residencetimes). Thereis often less engitivity for the d@fedsin terms of groundwvater levels or hydraulic
head.

The observations used in the cdibration come from a dynamic system. Observations from a so-cdled
‘average hydrologicd yea’ are often applied, and this can lead to serious errors (also in terms of
hydraulic head) in systems with a long-term ‘memory’ (gred inertia). For cdibration d the hydraulic
parameters of the quantity, it is often more alvisable to look for an almost steady state (i.e. a state in
which the storage variationis negligible) such as that foundat the end d the rainy season, and to take the
average of this over anumber of yeas.

In order to cdibrate asteady model effedively (i.e. usable for cdculation d an average flow situation),
the steady values must be cdculated for the observations from the dynamic system (hydraulic head,
concentrations, predpitation, surfacewater levels, etc.). A rule of thumb in this is to take the arerage
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over approx. 4 times the arrelation length (the period within which the variables to be modelled still
show cohesion). Consequently in many situations in the low Netherlands, a 5 to 10 yea period with
representative head olservations may well suffice In the higher Netherlands, the period required is much
longer (often > 40yeas).

Calibration of unsteady models

If there is little dynamics in the cdibration plese, it is difficult to determine the parameters which
influence time-dependent behaviour (storage). If possble (in groundvater decontamination for example),
gred dynamic variation shoud be gplied to the starting state, for the benefit of cdibration o the model.

Step 5: Use the model

In the user phase (forecasting), the model results are often sensitive to dfferent parameters when
compared with the cdibration phase (present state). A well-known example is that a model cdibrated for
an average state cawna effedively be gplied to a dry or wet state. Ancother example is that the
groundvater flow is often strongly dependent on the feed from the top system. Due to the complexity of
the top system, many model studiesinvest agrea ded of energy inits cdibration. However, if the model
isintended for analysis of the dfeds of a change in degp groundvater redamation, the separating layers
between the aquifers may be equally important.

One of the best-known pitfall s in separating layersis that the cdibration phase is generally dominated by
asmall hydraulic gradient, to the extent that its resistance caina be cdi brated, whil e that resistance may
be adedding fador when redamationis increased in the new situation. Measures in the top system often
lead to a dhange in the representative resistance of that top system. It also occurs that a dange in the
flow (diredion and volume) alters the hydrauli c properties of layers. Examples include:

a thange in the entrance resistance under surface waters due to the turning of seeage into
infiltration a to dredging work.

strong increase in the resistance of a separating layer through an increased flow due to extradion.

The spread length changes in such cases, requiring verification that the dement sizes are even smaller
than this le&age fador.

For total sediment discharge models too, the @nditions (in terms of flow and dscharge) may be quite
different in the user phase than in the cdibration phase. Diffusion and decompasition may have an
important effed on the total sediment discharge in the cdibration plase for example, while convedive
transport is much more important in the user phase. What is needed in that case is modelli ng outside of
the scope of the cdibration.

Generally spedking, the dynamic variation is different and more limited in the starting state than in the
user phase. A change in the diredion d flow (horizontal and/or verticd) can have major consegquences
for the parameter values determined by the cdibration (for example thaose for retardation and sorption).
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3.2 Groundwater models for the unsaturated zone (quantity
and quality)

3.2.1 Generd

LEACHM, MUST, DEMGEN, MOZART, SWIF, WATBAL, SWACROP, SWAP, ANIMO and STONE
are ommonly used model programs for the cdculation o water transport and sometimes also the total
sediment discharge in the unsaturated zone of the bed. The model programs vary in the way in which the
flow equations (Darcy equation combined with the @ntinuity equation to the Richards equation) are
solved. Generally spe&king, this can be dore viathe foll owing methods:

» Balance gproad (tipping bucket) of which WATBAL is an example. Thisisin fad the most smple
version. Often, orly 1 o 2 soil compartments are used (above and unatrground. The result is that there
isarelatively limited need for data, but aso that the results gained have relatively littl e detail . This type
of model program is often used onlarger scdesin arder to gain a general impresson d water transport.
Sediment transport isnot included.

» Pseudostealy approach, combination d balance and dynamic model program. MUST is an example of
thistype. A distinction can be made in terms of various il compartments. This type of model program
is mewhere between the balance gproach and the dynamic model programs. Sediment transport is nat
generally included.

» Dynamic model programs in which the Richards equation is ®lved. SWAP is an example of this type.
The programs use soil compartments of variable thickness 1 cm close to groundlevel, and 25cm deeoer
in the profile for example. The result is that there is arelatively large need for data, and that the results
gained have relatively gred detail. This type of model program is often used on smaller scdes (field
scde) in arder to gain a detailed impresson o water transport. Sediment transport is included in a
general manner.

3.2.2 Pitfalsand sensitivities

Step 3: Set up the model

Virtualy all of these types of models are sensitive to schematization and boundry conditions. Splitti ng
of the vertica soil compartment generally takes placein 1 cm layers over the first 15 cm below ground
level, viab cm layersto 25cm layers onthe lower side of the unsaturated system. In the horizontal sense,
the combination d soil maps and files on measured physicd charaderistics of the soil tend to be the
pradica begin of schematization d physicd soil properties in the unsaturated zone, and consequently
form the input for cdculations. The models are nealy all based onthe aumption that the unsaturated
zone is a homogenous, anisotropic medium. In pradice however, matters dich as hysterisis in the water
retentivity curve, preferred flow and swelling and shrinkage phenomena ae the rule rather than the
exception.
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In the detailed dynamic models, these processes
are often included as sparate modues in the
model, bu this then leads to the problem of how
to generate inpu data for these modues. One
could say that the ‘model crisis is metimes
replaced by the ‘data aisis' and that the problem
istherefore not redly solved.

Step 4: Analyse the model

Physicd soil properties (water retention and
saturated and ursaturated permedbility) are dways
sensitive parameters.

This type of model almost always defines water
andlor mass balances. These balances must be
corred. Any balancing errors caused by computer
inacarades soudd preferably be found in the
results.

Just like in the saturated zone, tota sediment

Blooper: “W €' ve introduced the ditch factor
in the clibration”.

“In cdibration d our nutrients drainage and
leading model, the prediction was nat at al in
kegoing with the measurements. There was a
fador 2 dfference eab time. Upon further
analysis, it becane gparent that processes take
place & the transition from unsaturated
groundvater to surfacewater in particular, i.e. in
the ditches and canals, which result in enormous
retention. Thaose processes were nat included in
our model. We were in a hurry and therefore
coud na adapt the model. We introduwced a
‘ditch fador’ of 0.5. The model then made
perfed sense!”

discharge models for the unsaturated zone ae sensitive to the initial values, to sorption processs (balance
or imbalance, linea or nat linea), the presence of decompasiti on, agation state and the presence of organic
matter. Independent measuring values are often indispensable. However, the measurements are often nd
representative. Spatial and temporal scaes play a particularly important role here, becaise the top system
is often guick to read (the top system is that part of the soil with saturated groundvater flow above the
first aquifer). If the initia values are nat known o poaly known, an adjustment cdculation time of a

number of weeksis recommendable.
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3.3 Predpitation/run-off models

3.3.1 Generd

Common model programs in the Netherlands are SOBEK-RR, RAM, AQUARIUS, SIMGRO, MIKE-
SHE, MODFLOW, J-model. Predpitation run-off models smulate regional groundvater flow and water
levels in the surfacewater. They often take acourt of aspeds sich as water retention in the unsaturated
zone, sprinkling irrigation, undergroundirrigation and condensation reduction.

The models distinguish between hardened and nonrhardened sites. They also acournt for the type and
cgoadty of drains and the procesdng capadty of water purificaion dants. In greenhowse horticultural
areas, they must take acourt of basin management.

The flow in the surfacewater can be cdculated in a number of diff erent manners. The most common are:
steady, pseudo stealy, ursteady or by means of cachment charaderistics. The models are often part of a
larger model train, centred arounda theme such as dehydration.

3.3.2 Pitfalsand sensitivities

Step 3: Set up the model

The main pitfall s and sensitiviti es are described in the

sedions on surfacewater models and models for the |Blooper: — “A “safé
unsaturated zone. However, a number of additional |UnNnecessarily expensive’.
points can be mentioned. There must be cetainty
beforehand that this type of model is siitable, for
example. Thisis nat the cae in areas where there is
significant surfacerun-off. The slope and micro-reli ef
areimportant influencing fadors.

design, but

“After construction d a large retention basin,
it proved to never fill more than halfway, even
following extremely heary rainfal. Upon
cheding the design cdculations, it becane
apparent that the sssumption was made that

The dfed of the fluctuation d the lower boundry [@l predpitation would run df quickly.
condtion (regiona influence) for the modelling of |Predpitation losses were not teken into
the unsaturated zone is often also underestimated. [@C®@UMt and reither was a tardy run-off
The regional groundvater system must beincluded in |Comporent via the groundwater. The result
some caes, bah saturated and ursaturated. Thistype [Wa & somewhat oversized besin. “They
of model is often applied for extreme ondtions. |developed a ‘saf€’ design, bu it was
However, estimation o the initial condtions of the |Unnecessarily expensivel”

unsaturated zone in particular is as difficult as it is
important. In that case, the water content measured or knowledge of the progress of presaure heads in
relation to depth are very valuable indeed. Also important is good estimation d drainage resistance & a
function d the groundvater level.
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Step 4: Analyse the model

Spedfic cdibration parameters

(See #&so surface water models and models for the unsaturated zone). The most important cdibration
parameter is the percentage of open water. The size and the moment of run-off peas are often used for
cdibration puposes. The storage -efficient in the unsaturated zone is usualy poaly known and is
therefore often cdibrated. The drainage resistance is aso dften hard to measure aitonamoudy and is
therefore often oltained via cdibration d groundvater levels. A common gtfall for this type of model is
that modell ers often attempt to compensate arors in the modelling of the unsaturated zone by altering
other parameters (such as the drainage resistance). Finally, the last pitfall is that the models require a
sufficiently long adjustment period (a number of weeks) in arder to arrive & reliable cdculation results if
theinitial condtions are uncertain.

3.3.3 References
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3.4 Water distribution models

3.4.1 Generd

Commonly used models are DM, DIWA, HYDRA, TAUWSIM, RIBASIM, AAD (ARIADNE),
CONVER. Water distribution models are often used for planning in the field of water demand situations,
while hydrodynamic models are mainly used for water surplus (flood) situations. Water distribution
models mainly use steady cdculations, while dynamic cdculations are preferably caried ou using a

hydrodynamic model.

3.4.2 Pitfalsand sensitivities

Step 3: Set up the model

The interpretation d input data requires expertise from
the model user. The ‘bodkkeeping’ approach in this
type of models often deviates mewhat from the
pradicd situation and requires careful reshaping of
pradicad data into input quantities for the model (from
infrastructure  to  model  schematization, from
management measure to model cdculation, etc.).
Couging with dstricts (district models) is often
essential.

Water distribution models make cdculations using
steady situations. The time steps chasen must therefore
not be too short. In a water distribution model withou
volumes (some water distribution models have volumes
in reservoirs), the water has no ‘run time', the water
comes diredly from its urce a the mouth of the
river. This implies that water distribution models
can/may only be gplied for planning projeds, and
therefore not for ‘red-time studies. Inacarades in

Blooper: “The error in the measurement
was svenfold”.

“We were adgned to analyse a water
movement model in which Chloride was also
modelled, to determine how a cetain salt
discharge could be cmpensated. The salt
discharge gave aound 26 increased
concentration, which neaded to be canceled
out using water management measures.
However, the measuring error for the salt
concentration was 7% in itself, while the
model also had an urcetainty margin of
more than 10%. Our model was therefore
totally unsuitable for such isaues. Our client
was adamant, howvever. He wanted the
cdculations and that was that. We did it in
the end, bu can it have helped m much?”

water distribution models are often linked to exceeding of the maximum appli cable time step.

Step 4: Analyse the model

Input errors are simple to find by defining balances (grea advantage of water distribution models versus

hydrodynamic models).
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Calibration parameters

The main cdibration parameters in this type of
model are:

 measured dscharges (and/or water levels) in
rivers and channels;

e long-term balances, chedk these ajainst
charaderistic parameters aich as the anual
average discharge and such;

« water level management and management rules
for water distribution;

» unknown balance items can dften be adequately
estimated using the model;

» take acour that the pradicd situation is often
dynamic however, due to cessation d pumping,
for instance

Step 5: Use the model

Blooper: “The water was sucked out of the sea
and disappeared in the extraction”.

“We had caried ou cdibration wsing a cdi bration
tod. What we hadn't redised however, was that
the tod only presented the absolute value of the
discharge. The discharge presented therefore said
nothing abou the DIRECTION of the flow. Due
to considerable extradion somewhere in the
midd e of the projed area the situation could arise
whereby, after cdibration, the water was * sucked’
out of the sea flowed up the mountain and
disappeaed into the ‘extradion pant’. The
absolute value of the cdibrated discharges was
pretty much in kegoing with the measured values,
however! Warning: this error/pitfall could even
occur when uwsing a ‘normal’ presentation toadl,
becaise the user can inpu the positive flow
diredion per branch/segment of a
schematization.”

Initial condtions often pay alimited role in a model, though the starting volumes in any reservoir may

be of importance
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3.5 Hydrodynamic models

3.5.1 Generd

Hydrodynamic models are often deployed at the beginning of a chain of simulations, such as water
movement => water quality or water movement => morphdogy. This often takes placeon the basis of
sequential couding, whereby simulation d amodueis not started before the previousis fully completed.
In certain cases however, couding isimplicitly or explicitly required at the time step level, such as water
movement <=> salt | temperature. Similarly, cdculations using a hydrodynamic model are sometimes
couped to a predpitation run-off model. Once aain, sequential simulation is the rule of thumb, bu in
flat aress a dired couing between groundvater and surfacewater is desirable.

Hydrodynamic models are based on schematizations of one or more dimensions. The doice of the
amourt of detail with which the cdculations are caried ou is mainly based onthe cdculation times
produced from the schematization. At present, 1D models are often deployed for analysis of the
behaviour of a system over a number of yeas. The following step is normally to determine the statistic
parameters of the behaviour of the system. For instance sewer systems are aurrently designed on the
basis of simulations of the overflow behaviour for a 10 yea predpitation series. The statisticd
parameters are then the overflow frequency per location and the distribution d overflow volumes. 1D
models are often used for design, forecasting, operational management, optimisation d systems and
policy studies. Model programs currently used include: SOBEK (with the River / Low Land / Urban
lines), DUFLOW, ISIS, MIKE11, MOUSE and HYDROWORKS.

2D schematizations are gplied where detail ed insight is required into the speed field and/or the water
levels in the horizontal axis and where the variation d variables over the verticd axis has no significant
influence on the result of the caculations. 2D models are generally deployed for the supervision o
design and exeaution and for detailed morphdogicd studies and water quality studies. Simulations are
generally defined for a seleded set of events. Current model programs in this field are padkages auch as
MIKE21, Delft3D, WAQUA and DUCHESS

3D simulations are caried ou in similar projeds to the 2D simulations, namely in situations where the
distribution d the important variable values along the verticd axis makes discretization along this axis
essential. Generaly speeking, thisis the simulation d distributions of temperature, salt and aher water
guality parameters. Current model programs are Delft3D, MIKE3 and TRIWAQ. The lesscommon 2DV
schematizations are dso simulated using these padages.

3.5.2 Pitfalsand sensitivities

Step 3: Set up the model application

System behaviour

The model schematization shoud na be set up withou having good insight into the behaviour of the
system to be modelled. It may be useful to first set up a pilot model, whereby a number of cdculations
can be made on the basis of a rough estimate of model data. Sensitivities can be studied, such as the
degree of influence of boundry condtions, sensitivity of certain physicd model parameters auch as
friction a storage, damping of the dynamic phenomena in the system, etc. Always ched which terms are
important in the eguations used.
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Modelling scde

Blooper: “The first ship to come along

The choice of scde is particularly important in 2D and _
very nearly rammed the bridge”.

3D modeling. Are important physicd processes

described onthe dhosen grid? Is the required dynamics \we used ou new 1D hydrodynamic model
passed on in successve cdculations, such as [iq design a channel which was to be used
morphdogy, water quality? Which time scae is chasen, |mg; nly for shipping. The flow rates had to
viafiltering of tides, for instance? be limited therefore. The design indeed
made to restrict the flow rate to 1 m/s
maximum. After the danne had been
opened with grea pomp and circumstance,
the first ship to passvery nealy rammed the
bridge. It had become dmost uncontroll able
due to the high flow rate. What was the
problem? The bridge caised a narrowing of
the dannel, which also happened to be
Boundary condtions locaed in the bend in the dhannel. While

_ the average flow rate was inded still 1 m/s,
Are the boundhries of the model far enough apart? The it was 5 m/s locdly under the bridge. We

principle is that, when studying changes in the physica el v assl 2 20 e s mese
system, the results remain as independent as possble of
those defined at the boundhries. In ariver, for instance,
this means that the lower boundry must be so far
downstream from the study area that the badk water
curve caused by an error in this boundry condtion is
not passed onin the model results of the aeawhere the
measures were taken. The pilot model can be useful in
chedking the chosen locdion o the boundiries.

As far as the latter is concerned, there was once acase
when, duing adjustment of a tidal model, water levels
apparently did na vary. Due to the low frequency of
sampling, a cdculating time step of 12 hous had been
chosen, which is exadly one tida movement. A
cdculating time step of an hou gave much better
results.

Salt and temperature diff erences

These have grea effeds in the hydrodynamic detail ed cdculations (2D and ). Their influence on the
resultsis often limited in 1D models. However, do nd forget the dfed on dspersion co-efficients.

Storage and dscharge cgadty

Thisis particularly important in 1D cdculations. 1D systems can generally be seen as a cmmbination o
storage and dscharge cgadty. How sensitive is our system to these two parameters? How does this
sensitivity vary throughou the model area?Concentrate on this when carrying out sensitivity analyses
with the pilot model. Do na forget to corred errors caused in the storage and dscharge caadty by
slimming down a network (sewer pipes, polder ditches).

Massor volume balance

Not all available models guarantee a orredly cdculated massbaance However, this may well be vital
when applying the model results. This is the cae when the storage parameter is grongly nonlinea in
nature, such as in sewer systems. If comparative cdculations are made to simulate the dfed of retention
basins, a balancing error in the massbalancewill have grea effed on the design and therefore the costs
of the projed to be implemented. Anather good reason for corred mass balance (or volume balance)
occurs where the hydrodynamic cdculation is used as part of water quality simulations. The importance
of a oorred volume balance must also be set off against the acaracy with which certain data is known.
Uncertaintiesin lateral discharges and the topagraphy of the high water bed in high water predictions are
notorious. In such amodel, avolume earor of afew percent caused by the cdculation methodis therefore
not redly aproblem.

Garbage in - garbage out
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Do na be put off by this well-known slogan in choosing the model. What costs are involved in gaining
better data? How is the quality of the data passed onin the model results? What are the options for
improvement of wrongly measured model parameters or boundry condtions on the basis of
interpretation d cdibration results? For instance applicaion d neura networks in predpitation run-off
cdculations leads to reaognition d extrapalation errors in the stage-discharge airve which is used in the
transition o water levels in dscharges. Surely our own neural network (common sense) enables us to
deted such an error and consequently to make asaumptions which lead to improved extrapdation?

Numericd parameters

Care must be taken in chocsing the numericd parameters. An important fador is the number of
cdculation pants on the wave length to be simulated, badh in terms of space ad time. Make sure there
are sufficient cdculation pants per wave length, whose dfeds must be included in the cdculation. The
model will otherwise often filter out these wave mmporents. Equal density in the spatial and temporal
definition is optimal. This often means that a Courant figure (relationship between the numericd time
step and the travelling rate of a wave through a distance step) greaer than ore. Also ched the chosen
spatial discretization onthe basis of a sufficiently acairate definition d the topography and spedal locd
phenomena, such as bad water curves. A model is often used in order to compare situations. Make sure
the Courant figure dways remains the same. 2D and 3 models often use hidden interim steps in time.
Chedk whether the numericd procesdng cannd leal to strongly deviating values of the model variables.
This is particularly the cae in the larger Courant figures. It is always snsible to ched the model for
sensitivity in the dhoice of the numerica parameters.

Step 4: Analyse the application

Initial values

Ched the length o cdculation required in order to be rid of the influence of incorred or inconsistent
initial values. Generally spe&ing, the following applies for tidal areas: water levels approx. 2 tides,
speeds and dscharges approx. 4tides and residual flows approx. 12tides. In rivers, the ajustment time
needed to let errors work themselves out of the model depends on the travel time of the wave through the
model. Remember that thisis governed by the storage fador. Always gart a high water cdculation with
water only in the summer bed, therefore. Also remember that in systems with littl e friction, the assumed
initial values work through in the ssmulationfor along time (in suice dambers for instance).

Cadlibration

Resistance m-efficients are esential. They canna be measured and must therefore be derived.
Verification takes placeon the basis of water levels (discharges are lessacairrately measured than water
levels). Take acount of the wind effeds on the water level. Trandation d water levels into discharges
can lead to incorred discharges.

In tidal areas, the uncertainties mainly lie in defining the dfedive depth. Resistance m-efficients then
bewme less important. When the doice of grid size does nat adlow for the redistic inclusion o
sandbanks in the model, a useful and effedive depth neals to be chosen in order to be adle to take
acournt of the dfeds as a result of the locaion d the bank. In storm surge models, the greaest
uncertainty liesin the wind forcing. Kalman filtering may play arole here.

In river models based on quasi stealy states, always begin with the lowest discharge. The cdibrations for
the higher water levels are caried ou in the sequence of increasing discharges.

Make sure you limit the spatial variationin the parameter values. This can be atieved by dividing up the
areainto larger sub-areas with the same parameter values. This area d¢asdficaion can be made @ther on
the basis of dired spatial distribution a on the basis of area daraderistics (eatopes). Too much
variationin parameter values leals to excesgve parametrization.
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Ched whether steeiing of the engineaing works has no dsturbing effed on the mnsistency of
cdibration dcata.

Detail ed cdibration is thought lessimportant for certain cdculations. In the sewers world, for instance, a
reference céaculation is generally made on the basis of the data file of the sewers g/stem and standard
friction values. The only important thing is how the new situation deviates from the existing ore. In high
water cdculations for our rivers, compensation cdculations are made on the basis of a cwmparison d a
reference céculation and the new situation. Once ajain, the cdibrated model is not constantly adjusted
to the changes.

Validation

Do na uncerestimate the importance of modd validation. First and foremost, validation serves to
provide insight into the processof excessve parametrization. Extrapolations son kecome urreliable. A
good pinciple would therefore be to use a1 extreme situation in a set of field observations initially to
validate the cdibration onthe basis of the other data sets.

Step 5: Use the model

Take cae in choasing the boundary condtions for which a model is implemented. Pay attention to the
choice of combinations and take nate of the dependent fadors (predpitation and wind dredion, for
instance) in particular. Also chedk whether simulation is required with boundry condtions being
defined onthe basis of statisticd pre-processng or whether adtual time series are given at the boundiries
and the dtatisticd processng takes place on the basis of model results. The latter is beaming
increasingly common in the gplicaion d 1D models, due to the increasing speed with which computers
can cdculate.

3.5.3 References
Abbdt, M.B., 1997.

Babovic and Larsen, 1998.

Cunge, JA., F.M. Holly and A. Verwey, 1986.

Hanif Chaudry, M., 1993.

Kowalik, Z. and T.S. Murty, 1993.

Verwey, A., AW. Minns, V. Babovic and C. Maksimovic, 1994.

Vreugdenhil, C.B., 1994.

21



GMP Handbook Part I Pitfalls and sensitivities per domain

3.6 High water prediction models and operational models

3.6.1 Generd

Asitisnot always smple to dstinguish between high water prediction models and operational models, a
joint inventory has been made of the pitfall s and sensiti viti es with regard to these models. Steaing on the
basis of water quality through the use of operational models is not redly applicable in the Dutch
situation. Steeing often takes place on the basis of measurements rather than on the basis of model
cdculations (see cdamity models). High water prediction and ogerational models mainly comprise a
combination d a predpitation run-off model and a water movement model. At present, there ae mainly
one dimensional model programs in use for the water movement, such as DUFLOW and SOBEK.

3.6.2 Pitfalsand sensitivities

Step 3: Set up the model

In setting up and choaosing the model, it is very important
to know the daraderistics of the system. These
determine the required data density and frequency.
Sewer systems have a very short resporse time for
instance, so that the dfed of brief but heary rain
showers is important. This requires grea detail in terms
of space ad time. In pdders, it is the anount of

Blooper: “ The model wastoo goa”.

“For yeas, we had worked with a cetain
high water model, which we knew to
generally predict dSlightly higher water
levels than adually occurred in pradice In
time, we produced a new model which

predpitation which is important, while the distribution
of the predpitation in time (and space plays a less
important role. In river basins, the distribution d the
predpitation in terms of space ad time is important, as
well asthe diredion d the shower, for example. Sloping
areas and flat areas require their own spedfic
approades.

Avoid setting up models which are ‘hurngry for data.
This includes systems which expea supdy of current

predicted the water levels amost exadly.
The mnsequences: ayea later there was a
flood, with relatively grea damage. What
had happened? The locd courcils aways
asumed that our old model’s prediction
would be astandard half metre too high.
For the sake of convenience, they had also
deducted a half a metre from our new
prediction. Now that the prediction was
acarate, nobod was prepared for the

datain aperiod d time or at a detail ed level whichisnat
redizable in pradice Take acount of the types of
emergency situations for which models may be
deployed. What data is required? When and how is it
suppied (telephore lines may not be operational, for
instance)? Keg the schematization as smple &
possble. You will often only be interested in spedfic
locaions in the system. You are nat interested in changes as the result of measures taken, such as in
planning studies or environmental effed studies, bu rather in the dfeds of a discharge wave on the
existing system. When rules of thumb are gparent, they must be gplied. The spead of cdculationis also
important! Of course, the model results for the seleded locations must be in kegping with the adual
situation.

resultant flood”

The accetable prediction period d models depends primarily on the response time of the system. The
resporse time determines whether you can or indeed must base the model prediction on*historicd’ sets
of measurements, current predpitation figures or weaher forecasts. The shorter the resporse time, the
shorter the prediction period and/or the greder the inacaracgy of the prediction. Of course, thisis aso
related to the aeafor which the predictions are to be made. In the upstrean areaof ariver basin, thereis
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usually littl e ‘historicd’ data available and the resporse time is dort, for areas further downstream, the
upstream data can always be used.

The model results can be strongly influenced by errors or inacarades in the schematization d the
infrastructure. Failing to naice abridge or incorred inpu of dike heights can lead to completely
different flow or even flood matterns! When a dike is breaded, the model results will aso nolonger be
usable, of course.

The initial water level in reservoirs and storage basins can have agrea effed if the retention volume is
significant in relation to the volume of the discharge pe&k.

Water movement models are dynamic models and therefore generally not very sensitive to the initial
conditions, though this depends on the resporse time of the system.

Step 4: Analyse the model

Calibrationin sloping areas takes placemainly on the basis of discharges andin flat aress on the basis of
water levels. There is often nd much measuring data pertaining to extreme discharge situations. This
makes it difficult to cdibrate models effedively.

Asfar asinpu datais concerned, the model is generally most sensitive to the predpitation data. It isalso
very important to know whether the predpitation falls in the form of rain or snow. The defined soil
condtions determine how quickly the water will run df. The preapitation/run-off part is often the most
sensitive part of high water prediction models and operational models. These ae mainly event models
which depend gredly ontheinitial condtions.

3.6.3 References
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3.7 Calamity models

3.7.1 Generd

Calamity models currently used are: Version 3 d the Rhine darm model (DBAM shell based on Delft
Tods (analyticd solution 1.9)); MARS and RAMFOS (particle models for the North Seabased onthe
DELPAR model program); TRANSHLL (2D analyticad model for suspended solids on the North Sea
withou tide); Meuse alarm model (1D analyticd mode).

Caamity models are often spedfic operational models which are quickly ready for use and require littl e
(additional) information. Most of the work is involved in setting up such a model. In emergency
situations, it must be passble to simulate using a limited amourt of data material. The estimation o the
travel time (in river modelling or 1D modelling) is generally thought much more important than the
maximum contents of discharged substances which will occur: what is important is the time the manager
neals to proted and/or close potable water intake paints. In 2D cdculations, there is also urcertainty as
to where the discharge will passby and end up the tide, wind force and wind dredion are all i mportant
fadors here. Inclusion d the dispersion in the modelling is very important in order to gain insight into
the concentrations which will occur in the surfacewater.

In cdamities, there is aways a nead for detailed information onthe nature and the type of substances
discharged (toxicity). Information onvolatility and/or speed of decomposition are usually dightly less
urgent because aworst case analysis is generaly caried ou (no decompaosition, sedimentation o
evaporation). Detailed information on substances is dored in a number of databases, including one
managed and kept up to date by the Dutch arganisation for appli ed scientific research.

Detailed sampling of discharge/cdamities is very important for the cdibration o this type of models
under various hydrologicd and meteorologicd circumstances.

3.7.2 Pitfalsand sensitivities

Step 3: Set up the model

Handing of the dispersionterm can have amajor influence on the final result. Processes and plenomena
which are strongly related to silt and adsorbed substances can dften be lessacarately reproduced using a
model.

Step 4: Analyse the model

The cdculated results are dways grongly dependent on the uncertainty of the inpu data: emissons and
water quantity (travel time) are particularly crucia. If there is measuring data available pertaining to
ealier cdamities, that will help to considerably improve the cetainty/acaracy of the cdculated result.

Step 5: Use the model

When using a cdamity model, take acount of the fad that a model is usually subjeded to a reasonably
spedfic time scde. That time scde lies between afew days and a few weeks for the Rhine darm model,
for example.
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3.7.3 References
Spredico, M. and A. van Mazjk, 1993

25



GMP Handbook Part I Pitfalls and sensitivities per domain

3.8 Morphological models

3.8.1 Generd

Unlike hydrodynamics for instance, morphdogy entails much more uncertainty with regard to the
processes which occur and the way in which the system reads to them. Just like e®logy, morphdogy is
at the end 0 a dhain:

water levels => transport => flow rates => morphdogy

The omplexity and inacaracy increase gredly the further down the chain we move. A clea distinction
can be made between river systems on the one hand and tidal systems on the other. In river systems, the
morphdogicd end situation is much more dea than in tidal systems and the time scaes gudied are often
longer. This requires a different approach to morphdogicd modelling. Model programs currently used
include: SOBEK (1D), DELFT 3D, MIKE 21, UNIBEST, ESTMORE, EMPREL.

3.8.2 Pitfals and sensitivities

Step 3: Set up the model

Dominant discharge

Cadlculations with avariable discharge ae preferable because it is theoreticdly impossble to choose such
a onstant discharge (‘dominant discharge’) that this results in the same soil situation as a series of
varying discharges. A varying discharge is nowadays generally used in one dimensional cdculations,
though a constant discharge is gill usually applied in two and threedimensional models, for the sake of
pradicdity. A discharge is therefore dhosen which gives the same aanual sediment transport as the
hydrograph d varying discharges. In tidal models, a representative ‘morphdogicd tide' is defined,
analogous to the ‘dominant discharge’. The inacaracy thus introduced is then taken into acourt in the
interpretation.

Quas steadiness

A common assumption in morphdogicda cdculations of lowland rivers is that the water movement is
guas steady. When compared with the morphdogicd changesin the river, the water movement adapts
quickly to the new boundry condtions that the hydrodynamic unsteadiness of this adaptation is
negligible. This means that the flow can be cdculated using a steady water movement model. Varying
discharges can therefore be cdculated using a series of stealy discharge levels. In tidal aress, the concept
of quasi periodicity is applied, based onthe fad that morphdogicd time scdes are much larger than the
time scaes which apply to the water movement.

Feadbad in estuaries

An extra complicaion in the hydrodynamic boundary condtions for models with tidal flow is that the
volumes of water flowing through an estuary during atidal cycle ae not an independent parameter but
rather are influenced by the morphdogicd development in the estuary. Moreover, in tidal models, the
morphdogicd changes are linked to the residual transports during a tidal cycle. These residual
discharges are the net effed of inward transports during flood and ouward transports during ebb. The
definition o sediment transport therefore requires much greaer acaracy for estuaries than for rivers.
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Step 4: Analyse the model

In morphdogicd models, the water movement must always be cdibrated first. In ore-dimensional
models, the water levels can be aljusted using the bed roughness co-efficients. In two-dimensional
models, flows can also be aljusted using bed roughness co-efficients and turbulent diffusion co-
efficients.

Morphdogicd cdibration can then initially take placefor the bed situation: the bed length profile in ore-
dimensional models, the bed topography in two- and threedimensional models. In the cae of graded
sediment, there must also be cdibration d the composition (charaderistic sediment grain size) of the top
bed layer. Calibration based onsediment transport is not a suitable method.

Measured and cdculated bed length profiles can be mmpared onthe basis of average pasitions. Filtration
therefore takes place of:

» dures and sand waves from the measurements;
» bed waves caused by one-dimensional schematization from the cdculation results.

Quantitative aiteria for cdibration d bed topographies can be related to crossbed drops in bends and
locations of bend transitions (which are more or lesslinked to the length of the sand banks in the inside
bends).

One-dimensional morphdogicd models of branching rivers are extremely sensitive to the empiricd
junction relations to be defined, which indicate how, on arrival at a junction, the sediment splits and is
divided among the river branches (see PAO syllabus ‘River morphdogicd boundry condtions —
continued’, pages 6 and 8and the literature references given therein).

Very important parameters in two- and threedimensional morphdogica models are the a-efficients for
the dfed of bed dopes on the sediment transport. Also important is that the parameter for numerica
stahility in fad entails modificaion d the c-efficient for the dfed of longitudinal bed slopes on the
sediment transport. Spatial variations in sediment grain size and bed roughness also have a grea
influence on two- and threedimensional morphdogicd cdculations. As yet, there ae no effedive
techniques for measurement of these spatial variationsin the field, to all ow for goodcdibration. Modues
to cdculate these spatial variations are arrently under devel opment.

Step 5: Use the model

Subsequent expansion d a cdibrated flow model with a morphdogicd modue does nat generally result
in a good morphdogicd model. Such cases require full re-cdibration and pssbly even definition d a
new schematization.

Step 6: Interpret the resulis

Caculated initial erosion and sedimentation which do na obey a genera trend have no plysicd
significance They are the result of an adaptation d the bed situation to the schematization.

3.8.3 References
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3.9 Water quality models

3.9.1 Generd

Water quality models are models which are ale to simulate the (generally chemicd) quality of water
systems. This is usualy dore on the basis of water and silt movements, emissons and (chemica)
processes. Water quality models are roughly divided into two caegories:

* ‘Nea field models, for determination d locd effeds (mixed zone gproad). These ae pradicdly
aways gealy models, due to their small temporal and spatial scde, which are mainly used for
licencing purposes.

» ‘Far field models, for cdculation d an entire water system. These ae often dynamic models, as
processes and transport through flow play an important role here. They are dso used for pdicy
analyses, comparing the dfedivenessof measures/scenarios.

Common water quality model programs are: DELWAQ (including SOBEK, DBS and Delft3D),
DUFLOW, Mike*, Nuswa, PcDitch, PcLake, SOM3 and IMPACT. These programs can also be used for
pesticides. SLOOT.BOX and TOXSWA (plot ditch, for admisson) are alditional spedfic model
programs for pesticides.

A spedal caegory of models which is grongly related to water quality models, are the sediment models.
Sometimes they are separate model programs (such as Horizon), sometimes they are integrated modues,
e.g. the Switch moduein DBS.

There ae model programs which do na cdculate water and/or silt movements themselves, bu rather
recave this data from other models. However, programs are increasingly showing a trend towards
integration o hydrodynamics, morphdogy and water quality. DUFLOW, SOBEK and Mike ae
examples of such integration. Programs such as Nuswa, PcDitch and PcLake gply a simplified water
movement.

The various water quality model programs vary strongly in

terms of (the number of) substance groups included. Some
model programs only focus on pesticides, for instance,
while other programs theoreticaly aim at all substance
groups (nutrients, metals, organic micro-contiminants,
pesticides,etc.) and the dtendant process models (e.g. re-
agation from the amosphere, net sedimentation d algae
and  dktritus, minerdization, rtrificaion and
denitrificaion, sedimentation, resuspension, chemicd and
biologicd decomposition, adsorption and desorption and
volatili zation). Regarding eutrophication, kologicd
processes (algae are included in addtion to chemicd
processs. Certain model programs allow for the inpu of
new processes by the user.
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Blooper: “Negative mncentrations”.

“Upon completion d a water quality model,
the nitrogen concentrations (nitrate and
ammonium) in the boundry layer between
water and bed showed severe oscill ations.
Further investigation poved that this
happened around the value 0, and that the
model in fad cdculated negative nitrogen
concentrations. This was due to the
integration algorithm chosen on the one
hand, and the &sence of a mechanism to
prevent this, on the other. When this
situation was remedied, the performance of
the model becane much better.”
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3.9.2 Pitfalsand sensitivities

Step 3: Set up the model

Just like in any other type of moddl, it is necessary to analyse whether sufficient data is avail able before
starting the acual water quality modelli ng. In this case the most relevant data includes:

» water movement (see3.4and 3.5 @ Part 11);
* emissons (see3.13 d Part Il);

* silt transport (for silt-boundsubstances);

e processes (including parameter values);

e measuring data.

Quite frequently, a splendidly detail ed model is constructed, while there is littl e or no measuring data
avail able to cdibrate the model.

Emissons data is faced with a similar problem. Diffuse sources, in particular, are difficult to quantify,
and even if they are quantifiable, the figures are not very reliable. In these situations, constructing a
extremely detail ed water quality model is a waste of time. If discharges are eaily mixed over the entire
width o the flow, an 1D model will suffice In stagnant situations and in locd-scade models, a 2D model
is preferable.

When constructing the model, the modeller shoud take acourt of the fad that the time scaes of some
processs vary largely. An example is the sedimentation processunder the influence of the tide, where
the difference in time scdes entails a number of time steps. The numericd approach may then prove
extremely difficult, unessthe model program includes the option to cdculate various processes with
different (numericd) time steps.

Finaly, the treament of the dispersionterm may gredly affed the end result.

Step 4: Analyse the model

When analysing the model, it is sensible to verify the mrreanessof the model by means of a number of
test cdculations. In this case, relevant data includes the mass balances and the displacement
charaderistics, in particular. Even a simple sum with a cnservative substance may provide much insight.
Grea prudenceisrequired if the results fail to med (part of) the expedations. In that case the caise must
be investigated in detail .
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To verify the stability and acaragy of a model
applicaion, the time step/place step ratio shoud be
varied in arder to chedk whether a aiticd boundiry is
excealed o approached. This doud be taken into
acourt in the cae of some rapid processes (re-
agation, laderial decompaosition), in particular. Some
solution models are hardly or not affeded at all by this,
but others may show large oscill ations (seethe Blooper
onthe previous page).

When analysing the model, the influence of the initial
situation onthe end result must also be investigated.
The required run-in time may sometimes even be
longer than the simulated period. In addition, the dfed
of the boundries onthe end result must be establi shed.
is the distance between the boundries and the model
areato be studied sufficiently grea?

Following dobal analysis of the model, cdibration can
take place Calibration d a model is preferably started
with a sensitivity analysis and adjustment of the model
using the major parameters.

The cdibration variables include:

» processco-efficiénts,

» transport variables (water, silt/ suspended soli ds);

e emissons.

Blooper: “A continuously failing nitrogen
balance'.

“We repeaedly faled to reah a nitrogen
balance Whatever we tried, there would
always be anitrogen surplus or deficit, while
carbonand all the other nutrients worked ou
perfedly. It took a balance analysis of many
days for the truth to come out. The nitrogen
equations included the option o the
adsorption d ammonium and ntrate by
algae The coice had been defined with an
‘if then’ statement with a threshold value for
the @ncentration d ammonium. There was
not a single common numericd system
which was able to hande such a typicd
definition d the eologicd modelling of this
substance flow. By repladng this definition
by a continuows equation, the problem was
soon solved. Two yeas later, ancther
workshop, ancther institute, it happened
again. Being forewarned, we quickly solved
the problem.’

Of the &ove variables, the transport variables and emissons are often (thowgh na always!) very
sensitive (see3.4/3.5and 3.13. However, in pradice most energy is devoted to the proper setting of the
processco-efficients. Thisis only useful, though, if the other variables are properly taken into acourt as
well. Unknown parameters can be estimated by means of expert judgement. Default values are usually
not adequate, becaise they apply to a general/single system. Literature values may be misleading for the
same reason, for that matter. Poorly understoodpoaly defined processes (BOD) or processes with a
‘dustbin’ charader always require more cdi bration (extinction, minerali zation, sedimentation).
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A natorious pitfall concerns the interpolation o
the measuring data used for cdibration. Linea 7

——————— real value

interpolation is the most simple way to deduce a ©7 o o measuring
measuring series from measuring values. st : : g

However, ore shoud be avare of the existenceof 41 i g
pedks in the parameter chosen and whether these 3| t g B
pedks are adually present in the measuring values. 2+ 3 o o
An incorred interpolation method may result ina 14 « . it .o .0l g L
severe overestimation o' underestimation o the oo =t RE L L TET B
transport load, as ill ustrated by the diagrams on ' g

this page.

------- real value
interpolated series

The last patential pitfall which must be diminated  °7
when analysing the model, concens the 57
phenomenon d ‘shoaing water’. In a water 47
quality model with a simple @ntainer set-up, the 37
water volume input and ouput is cdculated for 27 H o
eahh time step, includng the relevant 1p o fe i Nes g [ Lol A
concentration d substances. This is the basis for o sttt ot o 2T i
the cdculation d the new concentration in the ' ar
container. This method works fine, as long as the
flow rate is not too high. At times of high discharges, howvever, the water volume flowing through the
container per time step may be greaer than its contents. Thisis cdled ‘shoding water’ and it yields very
strange cdculated concentrations. It is always nsible to ched whether the discharge per time step is
small er than the cgadty of the containers.

Step 5: Use the model

Prior to the adual use of the cdibrated model, the run-in time must be chedked orce aain. The residence
time and procesdng speead usualy give an indicaion d the length of this period. As said before, the run-
in time may be longer than the ssimulated period and therefore cause major errors.

When constructing a water quality model, the modeller shoud take acount of the fad that a model is
usually designed for a relatively spedfic time scde. This holds good for processes as well as for the
period within a yea. To start with the former: sediment models are sometimes designed for time scaes
varying from tensto hundeds of yeas. Obvioudly, thistype of models sroud na be deployed for on-line
predictions. Regarding the period within the yea: chemicd processes may depend strongly on
meteorologicd circumstances (temperature, predpitatior/flow rate). Consequently, measuring data
describing the situation in de projed area over a period d at least 12 months will enhance the
reliabilit y/acaracy of the cdculated result considerably.

Step 6: Interpret the resulis

Take acoun of the uncertainty bandwidth when interpreting the results. Chedk, for example, whether a
distinction can still be made between the results of various senarios and whether the measuring error in
the field olservations does not exceedl the uncertainty margin of the model.

3.9.3 References
Chapra, S.C., 1997.

Crank, J., 1975.

32



GMP Handbook Part I Pitfalls and sensitivities per domain

Fischer, H.B., E.J. List, R.C.Y. Koh, J. Imberger and N.H. Brooks, 1979.
Luiten, J.P.A. andS. Groat, 1992.
riza/ldhv, 1996.

Thomann,R.V. and JA. Mueler, 1989.

33



GMP Handbook Part I Pitfalls and sensitivities per domain

3.10Waste water purification models

3.10.1 General

The avail able model programs for waste water purification must clealy be distinguished into static and
dynamic models. The static models are used for designing purpases only. The dynamic models are used
for optimisation d existing waste water purificaion pants, development of regulating strategies,
optimisation d sub-aspeds in design studies and training. Dynamic modelling is frequently used for
scenario studies.

Static modelli ng

The most commonly used model program in the Netherlands is DenNi, which is based on the HSA
method (HochSchulAnsatz). Anather program, also based onthe HSA method, is ARA-BER which is
used by a number of engineeaing offices in the Netherlands. With the dfluent quality as a starting point,
a static model may cdculate the required volume, the required oxygen cgpadty and the silt production.
This Handbodk does not expand on static modelling, also becaise gparently there ae hardly any
bottlenedks.

Dynamic modelli ng

In 1995,it was dedded, within the STOWA framework, to switch to the standardised use of a single model
for the adive silt system andasingle simulation program, instead of using dynamic modelli ng for the adive
silt system. The choicefell uponthe SIMBA (SIMulation von BeleburgsAnlagen) simulation program, in
which the IAWQ model'serves as an adive silt model. The IAWQ model is an internationally acceted
model program and is widdly applied. The SIMBA program operates under the simulation environment of
MATLAB and SIMULINK. As ealy asin 1996, ly far the greder part of al water quality managers,
engineaing offices and research ingtitutes had bowght SIMBA and had gained vast experiencewith its use.

Comments

In 1999,a SIMBA protocol will be drafted for users within a STOWA projed. It will describe dl pitfalls,
bottlenedks, sengitivities and inacarades concerning the modelling of adive silt systems. STOWA
aready issued a manual for the determination d the influent charaderistic in 1996.Within the scope of
the modelli ng of waste water purification systems, all this resultsin amore responsible use of models.

3.10.2 Pitfall s and sensiti vities

Step 2: Set up the modelling project

Interpreting the model results into a pradicd application involves taking dedsions which may have
major financial consequences or may put the guaranteeof a cetain effluent quality at stake. Accepting a
spedfic measuring effort is therefore aprecondtion for the redization o effedive usage. For waste
water purification, this means that particular attention must be paid to thorough influent charaderization
and the determination d the hydraulic pattern. If this effort is not made, the model results will be
unreliable and the model will theoreticaly only be suitable for training purposes.

' Within the context of the terminology of this Handbook, the IAWQ model is actually a model
program; however, since TAW&Q model’ is a generally accepted concept, this term is also used
in the continuation of this paragraph.
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Step 3: Set up the model

When setting up the model, chedk to some degree whether the purification is fully mixed o whether it
has a dogged flow charader, as this determines the number of compartments chosen for the model and
may have grea influence on the model results. There dso hes to be some knowledge of the possble
presence of an oxygen profile over the length and/or the depth of the reador, in order to establish the
totally agated and noragated areaof the reador.

When setting up the model, various resedimentation tank models may be seleded, ore having a more
dynamic pattern than the other. The reliability of resedimentation tank models gill |1 eaves much to be
desired. Therefore, careful consideration must be given to the intended pupose when seleding such a
model.

The IAWQ model has been developed for the purification d waste water from households, because this
waste water served as a model substrate in the determination d the default parameters. Most domestic
waste water compositions are @vered by the IAWQ model range. If a large part (>70%, arbitrarily
chosen) of the waste water consists of industrial waste water, this may lead to inacawrades. This also
implies that the IAWQ model is nat diredly suited for industrial waste water (usually higher padlution
load, presence of toxic comporents and absence of certain nurients). Following spedfic reseach, the
IAWQ model may be adapted to become suitable for a spedfic type of industrial waste water, bu it will
in fad only be suitable for this type of industrial waste water.

The IAWQ model is a biologicd model, meaning that physicd and chemicd proceses sich as
adsorption, coagulation, flocculation and stripping are not defined. A number of chemicd readions have
been included though, for the purpase of chemicd phasphate removal (restricted to Fe**). Once more,
this indicates that the IAWQ model is nat diredly suited for model studies with industrial waste water.
Apart from the biologicd asped in the adive silt system, puificaion aso comprises a number of
mechanicd processcomporents and silt processng. The latter two canna be modell ed with the IAWQ
model, bu this is not absolutely necessary anyway. Charaderization d the originating water flows is
usually enowgh to assesstheir influence on bologicd purification.
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The IAWQ model has been set up for a temperature range
of 10to 20°C and a neutral pH. Simulations beyond these
ranges may lead to a cetain degree of inacaracy. The
temperature has a cnstant value per simulation, so that a
sudden drop in temperature in the reador, caused by rain
water, canna be processed.

As mentioned before, the SIMBA resedimentation tank
models are nat so very advanced as yet. This means that
expedations of predictions regarding the suspended solid
content in the dfluent must nat be set overly high. For the
time being, this can better be determined by empiricd
relations from pradice between the influent discharge and
the suspended solid content in the dfluent. Since SIMBA
runs on a MATLAB/-SIMULINK platform, this can be
relatively easily implemented in the design of the model.
For the disolved substances, the doice of a
resedimentation tank model isless ensitive.

Step 4: Analyse the model
Important cdibration variables are:

* hydraulic pattern o the eitire purification;

Blooper: “ Practiceis unmanageable’.

“When setting wp the model, the purification
must be divided into compartments. For a waste
water purification plant with ntrification and
denitrification, this means that the model must
be divided in a number of agated and non-
aegated compartments. The model fully mixes
the compartments and dces not take acount of
oxygen profiles over the depth. In pradice
oxygen profiles over the depth may certainly
occur, however, and if they are not defined in
pradice this will result in an incorred model
construction and inadequate cdi bration.

If, in pradice the upper half of an aeated
nitrification areahas an oxygen content of >0.5
mg O,/l, the lower half will be non-agated,
resulting in denitrification. During cdibration,
pradice will show higher denitrification levels
when compared to the model, becaise the
compartments are fully agated in the model.
When compared with the pradicd situation, the
model thus contains too little denitrificaion
area ad the parameters of the denitrificaion
process must now be dispropationately
adjusted in order to make the model correspond

. . with pradice”
e influent charaderistic; .

e mixing charader (fully mixed or clogged flow);
e dilt production measured;
e organic dry matter content versus total dry matter content;

« temperature.

The cdibration d an adive silt model for nitrogen removal is based on NH, and NO; content in the
effluent, and onsilt production and passbly oxygen consumption. In the cae of an adive silt model with
phosphate removal, cdibration must also be based onthe PO, content in the discharge of the anagobic
reador andin the dfluent.

Static cdibration asumes a @nstant influent flow rate and a cnstant waste water compasition. Taking
daily sasmplesis aufficient for this purpose. Dynamic cdibration assumes a variation in influent flow rate
and waste water compasition. This requires a higher sampling frequency (for the hyfraulic influent
pattern, in any case).

Since the various processs in the adive silt process encroach upon or ancther, the sequence of the
cdibration steps is esential. In order to prevent errors and inacarades in the simulation, the silt
production must first be cdibrated, next the nitrificaion and finally denitrification. By following that
sequence, a‘trial and error’ cdibration rocedure is avoided. During cdibration, the user’s techndogicd
badkground must constantly be addressed in order to keep the parameters within a rational bandwidth.
Therefore, automatic cdibration programs are highly unadvisable & a user with inadequate techndogicd
knowledge would be provided with an instrument which makes him lose trad of redity completely. still,
asin most cdibration pocedures, the majority of cdibration errors are aumulated in processes of which
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the least knowledge is avail able. In adive silt systems, this involves the hydrolysis processwhich is an
important fador in the avail ability of CZV for micro-organisms.
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3.11Ecological models

3111 General

Describing general pitfall s and sensiti viti es for emlogicd modelsis difficult because:
* ‘emlogicd models isa mlledive name for ahighly diversified group d models;
» the eologicd processesto be modell ed are generally very complex and the uncertainties gred;

» ewmlogicd models are often deployed at the end d a‘model chain’ and are therefore highly dependent
onthe asdumptions made in ather models, along with the acompanying inacarrades.

The foll owing types of ealogocd models can be distinguished:

» Ecological substance flow models which focus on modelling of the food flow to the ‘primary
consumers' . Examples of model programs are ERSEM, PCLAKE, GEM and DBS;

* Cyde or foodweb models for the modelli ng of complete food chains. These models are mnsidered to
include etoxicologicd models. Examples of programs are CHEOPS CATS and MC?

» Energy models which focus on energy flows instead of substance flows. These models are hardly
applied in the Netherlands as yet;

» ‘Probablistic models' is a mlledive name for highly diverging expert and empiricd models which
are hard to be grouped together. Examples of such programs are: DEMNAT, NTM, NICHE, MOVE,
LEDESS ICHORS, ITORS, LARCH, METAPHOR and MORRES.

3.112 Pitfall s and sensiti viti es

Step 2: Set up the modelling project

The use of eclogicd models requires a multi-

Blooper: “The algae refused to grow”.
disciplinarian approach. Therefore, ewlogicd

models nead to be used by well-versed experts
or model users who are suppated by a muilti-
disciplinarian team. If thisis not the cae, there
is the risk of solution dredions being
exclusively sought in the field of knowledge of
the model user.

When emlogicd models are deployed as part of
a model chain, it must be thoroughly

“We had made amodel in order to olserve dgae
into more detail. However, the dgae refused to
grow. Upon closer consideration, it appeared that
the residence time of the lake (?) was lessthan ore
day. Consequently, the dgae did na have the
chanceto grow in the model. In asimilar model, the
algae would na grow becaise.... the initial algae
concentration was t to zero. You dornt have to be
a biologist to seethat algaewill not grow/multiply

investigated whether the space ad time scdes
used in the other models are gplicable to the
eologicd models. The user must also be a@le to judge the quality of the results of the other models
which serve asinpu for the eologicd model.

when there ae noagaein thefirst place”

Before making a start in the first place think carefully whether the deployment of a model is useful and,
in particular, whether the modeller has aifficient knowledge to hande the model resporsibly. In fad,
only a very limited percentage of the natural processes is known for pradicdly al emlogicd models.
Consequently, the modeller will soon want to modify the processs. This type of work and corred
interpretation o the results requires much expertise.
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The more complex, the better, isnaot generally applicablein the cae of eclogicd models. Often even the
converse is true. Since only a limited number of processs is known, it is better to o for a ssimple
approach alowing insight, than for a mmplex system with a jumble of known processes, uness the

modell er has vast experiencewith the model.

Step 3: Set up the model

With the exception d baderia and algae models,
spatial and temporal scdes are particularly essential.
The resporse time of various vegetation types and
organisms generally varies grealy. Therefore, it is vital
that a suitable time scde be used when setting up and
applying emlogica models.

Step 4: Analyse the model

Given the grea uncertainties on encountered when
using emlogicd models, verificaion with the personal
(domain) knowledge is an absolute prerequisite. Prior
to making cdculations, ore shoud contemplate the
results you exped.

Numerous abiotic fadors usualy serve & boundary
condtions. They must be corred, becaise otherwise
the starting points for the eologicd cdculations will
beincorred.

In systems with long-term time scdes, the initial state
is generaly dedsive for the results. They must
therefore be acarately defined in emlogicd models.
When they are nat known, a sensitivity analysis is
necessry.

The cdibration d emlogicd models is generally not

Blooper: “The model emsystem operated
excdlently, but the mussls did not have
enough to eat”.

“In elogicd substance flow models, it may
be justifiable to use forcing functions for
biologica variables. These forcing functions
influence the model system, bu the
biologicd variables themselves are not
influenced by the model system. A model to
which the filtration d phytoplankton by
mussls has been applied as a forcing
function, was cdibrated automaticdly.
Excdlent results were produwced for the
cdibrated variables of the model ecosystem.
During the workshop in which the results
were demonstrated, an experienced modell er
noted that the results looked excdlent, but
that in the red esystem the mussls would
die. It turned ou that the model system was
not able to produce sufficient algae & food
for the mus=els, whil e the filtration pressure
remained too hgh duwe to the forcing
function. This was caused by the esence of
feadbadk information onthe growth o the
mussl biomass Six weeks of re-cdibration,
including another workshop, followed.
Afterwards the model was also adjusted for
the mussel foodsupdy.”

isolated from the cdibration d the other modelsin the dchain.

There ae no additional remarks abou the cdibration variables in a general sense. They are highly

dependent onthe emsystem or the types/variables to be modell ed.

Substanceflow models

The water and substance balances must be arred. Users generally tend to pay (too) much attention to

concentrations and too littl e to process pedds, asthese ae difficult to verify.

Expert and empirical models

Ecologicd expert models often contain many assumptions which are nat always fully documented. When
using these models, knowledge @ou the assumptions on which the model is based, is a prerequisite.
Cdlibration is only possble on the basis of the ‘red vegetation’, for example from FLORBASE for
terrestrial nature. However, much informationis nat avail able onanational scde.
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3.12 Economic models and use function models

3121 General

Althowgh emnamic aspeds are extremely important in water management, there ae few widely
suppated models and model programs. There ae, however, very many, often tiny models and
spreadsheds for sub-domains, often per use function. In addition, there ae maaoecmnamic models guch
as ‘Athena’, used by the emnamic planning office of the Dutch government. They often include
inpu/output analyses in the form of crossreferencetables. In a crossreference table, the production d a
spedfic branch of industry is related to the production d the supgdying companies. In addition, there is
the environmental cost model (MKM spreadshed) which considers the aygregated environmental costs
onanational scde withou pasgng them onto ather sedors.

As far as the function models are mwncerned, these include model programs for reaedion (e.g. for the
WGI, TOUR and SEO model), inland revigation (PAWN-Scheepvaat), paable water (Atlantis and
DRISIM) and agriculture (Agricom, DEMGEN).

A fina important instrument is the so-cdled MIOW analysis which is primarily intended to determine
the (changing) competitive position d companies or sedors under the influence of, for instance
environmental measures. They may put a heary financial burden oncompanies, and this instrument can
determine whether the osts exceel the financial resources of a @mpany or sedor.

3.122 Pitfall s and sensiti viti es

Step 3: Set up the model

Particularly the interest and inflation aspeds must be properly defined, though temporal and spatial
scdes are dso very important. An example is the cmmparison d unlike variances such as dredging
(discortinuows in time) and puificaion by industry (continuows process with permanent effeds).
Extensive dtentionis also often paid to the scope of analysis: the scde isimportant. For instance VAT
isnat important on a national scde (inpu equals output), but it may be important for a spedfic branch of
indwstry. An exhaustive survey of the csts involved in the analysis (both dired and indired costs) is
esentia to be ale to asessthe significance of the results. In the maaoeconamic sphere, ‘ substitution
effeds are important: locdly, the construction d a shoppng centre will often have grea econamic
significance, but it will only have adraining effea onthe region.

The mlledion d data suitable for this type of model is a serious problem. It must often be obtained from
the wrporate sedor. Therefore, it is crucial that (representatives of) use functions participate in the
development of the model. There must be agreement on this before the modelling is darted; otherwise
the modelling is of no wse & al. It stands to reason that the objedivity of the study must still be
guaranteed.

Finally, the scenarios of the government econamic planning office, which are puldished every five yeas
on average, are dso an important source of inpu for econamic models. However, these scenarios are
often so general that conversion into water and water-relevant use functions is necessary. Thisis a step
which is generally performed by spedalised offices or institutes and which is quite aostly.

Step 4: Analyse the model

A major problem in the use of econamic models is that there ae few of no cdibration variables
available. A good sensitivity analysis is of utmost importance Of courseg, it is passble to verify on the
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basis of historic data (trends), bu the sensitivity for the (uncertain) econamic scenarios in particular, is
so gred that it is often ony possble to give adevelopment bandwidth. Entering into too many detail s
must therefore be prevented, as the uncertainties are too grea for that.

As to the function models, they alow for reasonable verification d the charaderistic aspeds for the
various use functions. For inland revigation, for instance, this is the number of navigating movements
per ship caegory, for potable water the aibic metres of patable water, for agriculture the aop yield and
for reaedion the number of reaeaion days per type of reaedion. For that matter, one must be avare of
an overly rough approach o this last caegory of models. The various types of reaedion are so diverse,
that a distinction must be made between, for instance, reaeaiona shipping, sunbathing and swimming,
and angling.

Cdlibration and validation onthe basis of expert judgement is often the best method to arrive & a good
model result. Once gain, it is highly recommended that co-operation be sought with spedali sed agencies
and the corpoarate sedor (the branchesin question).
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3.13Emisson models

3.131 General

Emisdon models are models with which emissons to the surfacewater can be cdculated. They are often
used for quantification d diffuse sources, which are usually not measurable. Emisson models are dso
used for analysis of the dfed of emisson reducing measures, for instance the dfed of an extra
purificaion phase. Attempts are made to determine the sources and the various emisson routes for ead
substance, and therefore the starting points for measures.

Most emisson models have two main variables: the emisson explicative variables and the eamisson
fadors. By multi plying these two, an emisgon figure is readied. An emisgon explicdive variable is the
phenomenon which causes the emisson (the source), for instance a ww in the cae of nutrients
emissons or a ship if it concerns the extradion d PAC from ships' coatings. An emisgon explicative
variable produces a cetain amourt of (waste) material. However, that nead na be entirely emitted into
the surfacewater. Thanksto all kinds of chemicd, physicd and kiologicd processs, only avery limited
part of the manure produced by a cw adually ends up in the surfacewater. Only alimited percentage of
the PAC smeaed onaship’s hull will be leaded ead yea. The percentage which eventually ends upin
the water is referred to as the emissonfador.

Both the emisdon descriptive variables and the eamisson fadors form starting points for measures to
limit emisdons. Total emisson can be limited by reducing the number of cows or navigational
movements, bu attempts can also be made to reduce the emisson fador. If the cow manure is used on
land for sweé corn, for example, a trapping crop could be set out between the swed corn in order to
increase the biologicd absorption d nutrients, therefore reducing the percentage which leades to the
surface water. In ships coatings, a @ating can be cosen whose comporent parts are less quickly
leaded, o which containslessPAC.

Althowgh emissons have been a priority agenda point in water management for decades now, there is a
limited number of emisson models. Commonly used model programs are Promise and the WLM (Waste
Load Model). Pesticides are mvered by the PESCO model, which is based ona spreadshed. There has
also been regular emisson modelli ng carried ou within the framework of Emisson Registration, a -
operative projed of the Ministry of Housing, Regiona Development and the Environment and the
Ministry of Transport and Public Works in the Netherlands. The results are used for annual filli ng of the
ER-C (Emisson-Registration Colledive) database which, in principle, contains all emissons of all
sources for al Dutch surface waters, aso the diffuse sources, though the data is ometimes very

aggregated.

A very spedal group d emisson modelsisthat of the groundvater quality models, particularly those for
the unsaturated groundwvater. They define the emisdon routes via the groundwvater, along which
substances finally end upin the surfacewater. These ae important emisson routes for nutrients and
some pesticides in particular. Commonly used nurients models and model programs are
ANIMO/STONE, FUSSM-2, FLUSIM, NITSOL-PHOSOL, NITRIK-C, NPK and WAVE. A model
program commonly used for the flushing and leading of pesticidesis PESTLA.

As far as the nutrients models in particular are cncerned, various reseach and advisory groups use a
reasonably large diversity of simulation models. The models vary grealy in terms of the degreeto which
they describe leading to the groundvater and surfacewater. Reasons for this are:

» the model targets with regard to the type of answers required,;

» theresolution d the expeded answers and the comprehensiveness of the isaue (e.g. only the nitrate
content due to manure, or all the nutrient emisson routes due to soil, crops and water management);
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» experimenta and literature information avail able;

» ambitions and personal preferences of the reseachers.

The coaice ranges from simple cdculation rules or regresson relationships to detailed deterministic
models. A description d the scope of the range has been given below, in order to ill ustrate the gred
degreeof variation,in model programs for nutrientsin particular.

» Inflat surface area; from afew m?2 to the whole of the Netherlands;

* In the depth: from the roat zone and approximately the phreaic surfaceto around 50metres under
groundlevel (in deegp groundvater systems);

* Inthetime: from one growth season (for cdculation d the nutrient absorption d a aop a leading in
a validation study) to approximately 100 yeas (for prediction d the subsequent effeds of manure
reductionin relationto phasphate leating and aganic matter devel opment);

* Inembedding: from scant studies which orly monitor the dfed of a change in the anourt of manure
onaplot of land, to integral studiesin which nurients emissonis cdculated asalink in along model
chain (EU pdliti cs => change in farm structure => change in nutrients flows at a farm => fertili sation
onafield => nutrient leading to field and dot ditches => water quality on aregional scade => water
quality at the national scde =>loads to the North Sed);

» Complexity: from a limited model output (of nitrate mncentration in groundwater, for instance) to a
full li st of all the nutrients flows in various environmental compartments, including the relationship
between the balanceitems.

3.132 Pitfall s and sensiti vities

Step 2: Set up the modelling project

With a view to the complexity of emisson models, model studies require a tea picture to be formed
with regard to the reseach isale. In pradice, the original reseach issue has been known to developinto a
much more cmprehensive matter (spatial resolution, temporal resolution, integral charader, emisson
routes, processs).

Before starting modelli ng, four aspeds must be paid careful attention:
» what are the sources;

» what arethe emissonroutes;

» what are the emisson explicative variables;

» what are the emisson fadors (an emisgon fador usually comprises a number of sub-fadors in an
emisson route).

Knowledge developed elsewhere can be gplied here, though it often proves very difficult to gain a
complete picture of the éove aspeds, more so when dff use sources are involved. And that isin fad the
first pitfall: pay careful thought to whether modelling has any use if there is doult as to the
comprehensivenessof the éove data.
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Step 3: Set up the model

Once the dedsion hes been taken to start modelling, the
necessry data must be olleded. Many emisson models
require enormous amourts of inpu data before asimulation
can be caried ou at the field scde or regional scde. Models
can also dften be used to derive such data, in the form of
simulation models (hydrology as pre-processng) or in the
form of regresson relationships (pedo-transfer functions).
Much o this information therefore relies on estimates and
processng of other sources of information. These methods
can adually also be included under the models, seaéng as the
models make use of these estimates and processng. A model
therefore not only comprises a description d a awncept in the
form of mathematicd equations but also those methods upon
which theinpu datais based.

Blooper: “Phosphate and phosphor
are two totally different things’.

“NO END of errors are made with urits
in the amisdon iswe. In (artificial)
fertili ser, a common mistake is to forget
to convert P,O5 to P, the same gplying
to NO; to N. This can lead to gross
underestimation a overestimation o
the results.”

Once ajain, it is the diff use sources which are particularly problematic, bah in terms of recognition o
the source, of gaining insight into the arred emisgon routes and also the determination d the emisson

fadors. The latter is generally the most trould esome.

It is important to make a good estimate of the ntributions to be made from the various urces,
beforehand. There is no pant in investing lots of time in colleding data for a source with a relatively
small emisson if data on large sources is lacking. And even if that data is available, it is not always
necessry to spend lots of time on colledion d data for sources which make little antribution to the

total emisgon.

A fina pitfal in setting up a model is the negligence to examine whether there is aufficient material
avail able for verification d the quality of the model to be constructed. Very often, there is little or no
data avail able, necesstating deviationto ather methods, such as expert judgement, for instance.
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Step 4: Analyse the model

The main problem in analysis of an emisson model is often the shortage or total ladk of measuring data.
While point sources can be measured, dffuse source generally canna. They can orly be indiredly
measured through, for example, measuring the water quality and relating it badk to the emissons.
However, that determines the composite sum of al sources, while you are often interested in the
individual sources. If there is no awarenessof this beforehand, the entire model projed may prove to be
very disappanting. The ceantral question o which sources require adionthen canna be answered.

Defining emissonfadorsisapoint which requires grea scientific research. It is relatively simple to take
measurements before and after purificaion, in order to determine the emisson fador. However, fadors
such as flushing or leading are much more complex and dten also determined locdly. A number of
model outputs can be validated for spedfic field studies. However, the individual processdescriptionsin
deterministic/dynamic models are dmost impossble to validate. In regional studies, a statisticd
validation will sometimes be possble, whereby the distribution d measured values is compared with a
distribution d cdculated values.

Due to the wide diversity of substances, emisson routes, emisson fadors and emisson explicaive
variables, we caina possbly sum up al the important cdibration fadors. We shall therefore limit
ourselves to the nutrient models below. Spedfic cdibration parameters are then:

» Thenitrate mncentrate in the groundvater;

» The phosphate state of the soil;

e Thenutrientsdrainagein the field;

» The nutrients discharge of farms (agricultural statistics);

» Toalessr degree the nitrogen and phephate wncentration in the surfacewater.

In order to cdculate good results for nutrients models, reliable data must be avail able on the foll owing
criticd fadors:

» All fadors which leal to a cetain manure surplus at the field level (fertilisation minus crop
absorption);

» Biologicd/chemicd fadors in the soil (mineralization, denitrification, bnding and fixing of
phasphete);

» Hydrologicd fadors (groundvater level variation, dstribution o water discharge anong various
means of drainage, depth of the system under consideration);

» Initial condtions. Estimation d the initial condtions is often part of the modd itself in regional
model studies. A strategy must be developed for this purpose which depends on the model and the
basic data avail able.
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Step 6: Interpret the resulis

Due to emisson models being generaly difficult to cdibrate, interpretation must be caried ou with the
utmost care. The main error which can be made is to miss out this dep. In pradice however, it is
regularly skipped dweto aladk of time, asin the other models.

Step 7: Report

Just like the previous gep, very careful reporting is necessary, due to the often grea uncertainties. They
must also be dealy communicated to the dient.
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