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Abstract

In many areas nutrient loadings to aquatic ecosystems have increased considerably as a result
of population growth, industrial development and urbanization. This has resulted in enhanced
growth of phytoplankton, shifts in composition of the plankton community, and changes in
the structure of ecosystems, which are often considered to be objectionable. To help
understanding these processes and to predict future conditions, a mathematical model,
BLOOM, has been developed and applied since 1977. It simulates the biomass and
composition of phytoplankton and macro algae in relation to the amount of nutrients, the
under water light climate and grazing. It can be applied as a relatively simple screening tool,
but also as part of advanced integrated modelling systems including additional hydrodynamic,
suspended matter and habitat components. The model has been extensively validated, which
means that its credibility was demonstrated systematically for certain types of applications. It
has been applied as a supporting management tool to a very large number of aquatic systems
worldwide: lakes, channel systems, estuaries, lagoons and coastal seas, using generic
coefficients (one set for fresh water, one set for marine simulations) as much as possible. The
principles of the model, its validation and a number of representative applications are
described in this thesis.
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General Introduction

General introduction

The need for ecological models

Man’s activities have affected the environmental conditions on earth for a long time, but
never on such a global scale as witnessed during the last one or two centuries. This is partly
because the human population has grown more or less exponentially, but also because
industrial and agricultural production per capita grew to unprecedented levels. Direct effects
include deforestation, canalization of rivers, farming, construction of artificial lakes and
reservoirs etc. Often the ecological consequences are significant i.e. loss of biodiversity,
accelerated extinction of certain species and in contrast a massive explosion of others,
development of new habitats etc. Somewhat more indirect effects occur due to the release of
various substances into the environment. These include toxic substances, green house gases,
which affect the global climate, but also nutrients, which are not toxic but in contrast, promote
growth of plants and algae.

Managers, politician and the general public are aware that many activities by humans affect
the environment. Hence there is a request to the scientific community to forecast what is
going to happen in the future based on what was learned from understanding the past. Due to
the complexity of ecosystems, mathematical models might be valuable tools to organize and
quantify ecological knowledge. This idea is not new. The famous logistic growth equation
was already proposed in the 19" century. The first ecological predator - prey models were
constructed almost a century ago (Lotka, 1925; Volterra, 1926). Even up till now these
equations, are still being used widely. Many more predator - prey or parasite - prey models
were also developed quite a long time ago i.e. by Nicholson and Bailey (1935); Ivlev (1955);
Holling (1966). Population dynamic models such as those employed for fisheries (Beverton
and Holt, 1957) were derived from demographic models by insurance companies and so are
the well known Leslie matrices (Leslie, 1945; 1948). The development of modern computers
paved the way to the numerical solution of more complex ecosystems models during the
1970s i.e. Cleaner by Park et al. (1979). During that same period the first primary production
or more specifically eutrophication models were developed (DiToro, 1971; Vollenweider et
al., 1975). Many more models were developed since then.

In conclusion: there is a long history of ecological model as tools to assist solving
management questions. At the same time it should be noted that ecological models have a
reputation of being complex and inaccurate perhaps even misleading. In contrast physical
models are acclaimed to be much more reliable, not in the least as there is much less dispute
about the mathematical equations. For instance in hydrodynamic modelling almost every
existing model uses the same Navier - Stokes equations; models only differ with respect to the
way these equations are numerically solved. There are many types of ecological models and
they often use different mathematical equations and different techniques (see for instance
Jorgensen, 2008 for a recent overview). With some exaggeration one might say there are as
many ecological models as ecological modellers. Consequently ecological modellers
frequently have to demonstrate that their models make sense from a scientific point of view.
What makes model B better than model A?

There is a second issue. Even if a particular model is approved by the scientific community, it
still is uncertain if its results will receive recognition and get approved by the managers and
by the public. Regarding these two aspects of ecological models v.d. Molen (1999) makes a
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distinction between ‘credibility’ and ‘acceptability’ of ecological models. Credibility
addresses the scientific quality of an ecological model. But a ‘good’ quality, regardless of
how this is defined, is not sufficient to promote acceptance of the results. Even the opposite
may be true: results from models with a disputable scientific background, may get accepted
for instance because they are easy to understand, the model has an appealing look, the results
agree with the reigning policy etc.

With respect to the credibility Los et al. (1994; 1995; 2008) in accordance with Mankin et al.
(1975) point out that ecological models cannot be validated in the most restrictive sense: by
providing evidence that they are correct. In stead it is proposed in these papers that ecological
modellers should demonstrate that their models are good enough for a specific, well defined
task. In short models should be ‘fit for purpose’.

Basic modelling philosophy: the system approach

At the end of the 1970s eutrophication (high production of phytoplankton due to high
discharges of nutrients) was recognized as one of the central water management issues in the
Netherlands as well as elsewhere. The origin of the modelling system described here dates
back to this period. Available methods such as the well known statistical Vollenweider
equation (Vollenweider et al., 1975) proved to be rather inaccurate and not applicable to
Dutch conditions. So in cooperation with the Ministry of transport and public works, Delft
Hydraulics was commissioned to develop a set of models dealing with the eutrophication
problem in 1977.

The question that had to be addressed by these early model versions was relatively simple:
what will happen to the phytoplankton biomass and composition if the concentration of a
particular nutrient is lowered? To that purpose the BLOOM phytoplankton module was
developed. Unlike in most other existing models, different species of phytoplankton were
explicitly included from the very start in BLOOM.

To deal with chemical processes, transport, feedback from the sediment etc., BLOOM was
linked to other modules during the 1980s. These modelling systems could deal with more
elaborate questions because the nutrient concentration in the water could be traced back to
individual sources such as a sewage treatment plant or a tributary to a lake. Since the mid
1990s there was a particularly strong focus on enhancements in the physical schematizations
dealt with by the models. This resulted in applications to complex networks of canals and
lakes, to large lakes, to deep stratified lakes, to transitional waters and to (coastal) seas.

New (management) questions have lead to the development of new model generations and
vice versa. This means that the magnitude of questions posed to the present eco-
hydrodynamic models has been widened considerably. Typical modern questions include:

e What are the consequences of climate change on the ecology of the Wadden Sea?

e How much suspended matter needs to be removed from Lake Loosdrecht to enable the
development of rooted macrophytes and how can this be achieved?

e s it possible to solve the cyanobacteria problem of Lake Volkerak Zoom by flushing
during the summer or can this problem be solved only by a (partial) resalination of the
lake?

e How much filter feeders can be produced by aquaculture at a specific location?

e How much Phaeocystis will be present in the North Sea next week and how is its spatial
distribution?

10
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e How much nutrient reduction is necessary to meet the phytoplankton related targets of the
Water Framework Directive or the Marine Strategy?

Using the modelling framework presented in this thesis, some of the management questions
can be answered directly, but usually questions must first be translated into specific model
inputs i.e. a change in some of its forcings, and the output results must be interpreted and
combined with other knowledge to obtain an integrated answer to the research questions. The
result of these activities is System Knowledge. A sufficient level of system knowledge should
be one of the main results of any modelling exercise and always be the basis for any
management advice.

When ecological modelling started at Delft Hydraulics more than 30 years ago, it was
common practice to modify our models for each new application in order to obtain an
adequate representation of reality. Sometimes equations had to be changed, often coefficients
were modified. Without a strict methodology this results in time and or site specific models
with questionable predictive value.

Since the mid 1980s we have therefore started developing and operating our models in a much
more formalized way. The most adequate process descriptions have been gathered, coded and
thoroughly tested. Next we have stored them in a well documented library of processes, which
is available to the modeller (WL|Delft Hydraulics 2002; 2003). This library now includes
appropriate equations for a large number of water quality and primary production related
problems in various types of waters (rivers, canals, lakes, estuaries, seas etc).

The primary production model, which is now called DELFT3D-ECO and which includes
BLOOM, has been subjected to several formal validation studies. A set of coefficients, which
was established for 30 lakes and therefore supposed to be representative for many temporate
fresh water systems, was applied to a complicated network system of ditches, canals, shallow
and deep lakes with regulated water quantity management. Basically the same model
equations but this time with a set of coefficients considered to be adequate for marine waters
was used for a 25 year hind cast simulation of the southern North Sea.

During these validation projects we started by writing down the methodology based upon
previous experience: where to look? At which variables? In what order? How much deviation
is allowed? How to react when deviations exceed the limits? Should a mismatch be attributed
to the forcing of the model such as the boundaries and loadings, to the physical representation
i.e. the grid, or is a particular process missing or a model coefficient inappropriate (i.e. a
temperature function when the model is applied to a tropical water system)?

We also divided the model coefficients into three categories:

1. System independent, fixed coefficients, which should not be changed. Most model
coefficients fall into this category.

2. System dependent, fixed coefficients, which are known to be different in different
types of waters but should not be varied i.e. their values are taken from a table
indicating the appropriate value for a particular type of water.

3. System dependent, variable coefficients.

So rather than allowing ‘fine tuning’, each model application is set-up to be as generic as
possible because this enhances the validity or credibility of the model. Hence in the work
presented here, there is a strong focus on generality as opposed to local tuning (Chapter 4: Los
and Gerritsen, 1995; Chapter 7: Los et al., 2008; Chapter 6: Blauw et al., 2009).

11
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The human factor: the role of the modeller

There seems to be relatively little attention for the human factor of model application: who is
doing the job? Given the complexity of modern ecological models, this is an important issue.
To clarify this point, we could compare modern models to a music instrument such as an
electric guitar. Two companies, Fender and Gibson, both produce guitars that are highly
appreciated for their overall quality and not in the least their sound. But the inherit quality of
these instruments only becomes manifest if they are played by a musician, who is both
talented and skilled. Someone who does not know how to play will not produce an enjoyable
sound just because the guitar is well made. We may take the analogy even a little further. One
of the greatest guitar players ever, Jimi Hendrix, was a left hander, who played right handed
guitars upside down. So his guitars were of excellent quality, but no other, normally trained
guitarist would be able to play them, unless he would practice for a long time to master the
peculiarities of these extraordinary guitars.

Working with complex ecological models resembles playing one of these guitars. If they are
well build and have a user friendly interface, an intelligent person should be able to generate
some results. But to apply them for answering serious (management) questions in a sound
way also requires talent, training and experience of the modeller.

Nomenclature of models

For several reasons: their long history, different clients, applications to fresh and marine
waters, licessing of the software etc. many different names and abbreviations of (sub-)models
have been and sometimes are still being used. Different names appear in different documents
and papers, some of which are included in this thesis and might therefore cause some
confusion among the readers. To sort this out the following should be noted.

BLOOM: At the heart of all models included here is the phytoplankton model BLOOM. With
respect to the computer code, the situation is quite simple as only one version exists. The
model can be run in two different modes: (1) as a stand alone application and (2) as a sub
model of an integrated modelling system. In its first mode, the inputs such as the amount of
nutrients are directly taken from measurements. In its second mode, there is direct, internal
communication between BLOOM and the other modules.

DELFT3D-ECO: The computer code of the integrated model is called DELFT3D-ECO. Again it
should be stressed that only one version exists. So a primary production model application for
a lake, a channel system, an estuary or a marine water system all use the same computer code.
Differences exist with respect to the input only: the choice of the equations and the
parameterization. The main distinction between fresh water and marine applications is a
different set-up of the phytoplankton community within BLOOM. The name DELFT3D-ECO is
commonly used for consultancy applications.

DBS: DBS can be regarded as a predecessor of DELFT3D-ECO. It is an integrated modelling
framework consisting of DELWAQ (transport plus the aforementioned process library),
SWITCH (a sediment model) and BLOOM. The name DBS was introduced for a fresh water
model, but the same model code (but with a different input) was used for some marine

12
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applications as well, one of which is included in this thesis. The name DBS is no longer widely
used.

GEM: At the end of the 1990s the Dutch Rijkswaterstaat commissioned Delft Hydraulics to
take the lead in developing a ‘Generic Ecological Model for estuaries and coastal waters’
abbreviated as GEM. All major Dutch marine institutes participated in this project. Rather than
developing a new code from scratch, the GEM processes were coded as an extension of the
process library of DELFT3D-ECO. This means that technically GEM is a subset of DELFT3D-
ECO. For historic reasons, in Dutch marine studies the name GEM is widely used, while
internationally the name DELFT3D-ECO is preferred. Again: the same code is used and hence
the selection of processes and the parameterization might be equal regardless of the name that
is assigned to the model.

Aim of this thesis

A typical example of the relationship between management questions, the natural system and
the mathematical modelling framework is shown in Fig. 1. This so called ‘effect chain’
scheme was developed in cooperation with many partners for the Flyland project, which
investigated possibilities and consequences of a future airport in the North Sea. Effect chains
for other cases will be (slightly) different, but the principle is the same. In the middle is the
natural system with its relevant physical and ecological components. Management questions
are generated at the level of the ‘user functions’ and have to be (re)formulated in such a way
that the model can deal with them. The models, which are at the third level, should be
validated, describing the most relevant parts of the natural system in a credible way in order to
be applicable for making projections.

The work described in this thesis deals with only a part of the components of the system. Its
focus is on algal biomass and algal species in relation to the abiotic components:
hydrodynamics, suspended sediments and light, nutrients and bottom sediments. With respect
to modelling the focus of this thesis is therefore on DELFT3D-ECO, but the hydrodynamical and
sediment models are frequently discussed as well. Biological interactions, such as competition
with macrophytes and grazing are an integral part of many studies and have been addressed
with DELFT3D-ECO. For instance the competition between phytoplankton and Chara in
Botshol has been described by Rip et al.(2007). A more extensive description of these kinds
of model applications can be found elsewhere (see for instance Los, 1999; WL|Delft
Hydraulics, 2007), but none of these applications are included in this thesis.

The aim of this thesis is the development and application of mathematical models for primary
production by phytoplankton and macro algae that are ‘credible’ and ‘fit for purpose’.

More specifically credibility is enhanced by using generic equations and fixed parameters as
much as possible, by adopting well defined methodologies for validation, and by
demonstrating that the results of the model fit in with other knowledge and contributes to
obtaining a consistent, comprehensive view of the natural systems for which the models are
applied.

Of course ‘acceptability’ is also an issue for the models presented here, but this is dealt with
in a less explicit way in this thesis. In most cases results of studies were accepted. If this had
not been the case, the line of modelling presented here would have been discontinued rather

13
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Figure 1. Effect chain for the analysis of a future airport in the North Sea.

than maintained for over 30 years. Worth mentioning within the framework of this thesis are
the regular meetings and common reports by the Ospar (Oslo - Paris convention) modelling
group of different member states, which are a mutual atempt by the leading eco-
hydrodynamic modellers to enhance the acceptability of the results generated by each of the
participants at the European level.

Outline of this thesis

In the next chapters the development and application of the eco-hydrodynamical model
DELFT3D-ECO (a.k. BLOOM, DBS, GEM) is described. Although the focus is on more recent
work, the historic evolution is also presented in as far as it is relevant to the aims of this thesis
and to the status of the present model. As neither the model structure, nor its parameterization
nor its implementation has been constant, some discrepancies may exist between the different
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chapters. As a general rule, the most recent papers have precedence over older papers when it
comes to describing the model as it is now. At the heart of the eco-hydrodynamic model is the
BLOOM module. An extended overview of this module, including the main principles and
equations, is given in Chapter 1 of this thesis. A summary including some examples of early
fresh water applications of the model is presented in Chapter 2. Notice that this is a discussion
paper, which was written twenty years before Chapter 1. There are some inconsistencies
between these two chapters in particular in relation to the objective of the BLOOM model; in
line with the general remark made at the beginning of this section, Chapter 1 supersedes
Chapter 2. In Chapter 3 the possibilities are described for using BLOOM as a tool to assist
managers in implementing the Water Framework Directive to coastal and transitional waters.

Starting with Chapter 4, BLOOM is always used in combination with modules for transport and
chemical processes in the remainder of this thesis. This chapter deals with the methodology
for validating DBS (DELWAQ - BLOOM - Switch). The general validation methodology is
applied to the complex Rijnland water network in the Netherlands. Chapter 5 describes a
long term hind cast simulation for a marine application. It covers a period of 20 years using a
relatively refined grid of the Dutch coastal zone. In Chapter 6 the Generic Ecological Model
for estuaries and seas (GEM) is introduced. It deals with the equations, the generic
parameterization and validation for a broad range of water systems. Validation of complex
ecological models is the main subject of Chapter 7. As an illustration the validation result of
BLOOM/GEM in full 3D mode to the North Sea is presented in great detail. Chapter 8 shows
the results of an inter comparison between three generations of models as applied to the North
Sea. How much progress has there been over the years in terms of goodness of fit, which
changes to the models were successful and which were not and on which aspects should
future model developments be concentrated in order to improve their applicability for
emerging management issues. The thesis is concluded with a summary (Dutch and English
versions), a short CV and a list of selected publications.
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Description of the BLOOM model

Description of the BLOOM model

1. Introduction

Man's activities have affected the environmental conditions on earth for a long time, but never
on such a global scale as witnessed during the last one or two centuries. Since then the
amounts of various substances, which are released into the environment, have increased
dramatically. This is partly because the human population has grown more or less
exponentially, but also because industrial and agricultural production per capita grew to
unprecedented levels.

Many of these substances are more or less toxic. But other chemicals, which are on the
contrary beneficial to certain organisms, are also released in enormous quantities. Among
these are several compounds of the elements nitrogen and phosphor which are required by
species of phytoplankton, among others. As a result the concentrations of these plants have
increased up to a level where they are considered a nuisance. This process, which is called
eutrophication, is accompanied by several objectionable symptoms: it gives the water a green,
turbid appearance; it can cause bad odours; it may harm other organisms because the
minimum daily oxygen level can become extremely low during the night due to
phytoplankton respiration; it can even cause the water to become completely deprived of
oxygen (anaerobic) when a bloom declines rapidly, since the biological degradation processes
consume large amounts of oxygen; it may cause clogging of filters in water transportation
systems.

In the Netherlands the situation is worse than in many other countries because (1) it is densely
populated, (2) still there is intensive farming, (3) it receives a major part of its water from the
nutrient loaded rivers Rhine, Meuse and Scheldt and (4) most of its lakes, estuaries and
coastal waters are shallow.

The total algal biomass usually consists of many species of phytoplankton belonging to
different taxonomic or functional groups such as diatoms, flagellates, green algae and
cyanobacteria, commonly referred to as blue-green algae. This is true for fresh-water as well
as for marine systems. The species have different requirements for resources (e.g. nutrients,
light) and they have different ecological properties. Some species are considered to be
objectionable due to their effect on the turbidity of the water, the formation of scums or the
production of toxins. For example, Planktotrix can achieve very high biomass levels in
shallow lakes causing a very low transparency (Berger et al., 1983; Berger 1984; Zevenboom
et al., 1982), and Microcystis is notorious for the formation of scums and has been reported to
produce toxins that are harmful to animals (e.g. cattle) and men (Atkins et al., 2001; Chorus et
al., 2000). In the marine environment, Phaeocystis is responsible for foam on beaches
(Lancelot et al., 1987) and mass mortality of shellfish due to the settlement of a bloom in
sheltered areas and subsequent depletion of oxygen (Rogers and Lockwood, 1990).

Already in the 1970s managers became aware that mathematical models could help to
understand the complexity of eutrophication problems and to simulate the potential impacts of
measures to improve conditions. However, attempts in the Netherlands to apply existing
methods such as the well known Vollenweider statistical model (Vollenweider, 1975) or
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deterministic models such as Di Toro et al. (1971; 1977) were rather unsuccessful. In part,
this was because the Dutch conditions were (and often still are) far out of the validation
application range for which these models had been constructed. Therefore it seemed necessary
to develop a new model. Important general requirements for such a management model were:
to include (1) three macro nutrients and light, and (2) total biomass, chlorophyll, dissolved
oxygen, (3) to distinguish major groups of phytoplankton, (4) to focus on predicting
objectionable conditions, (5) to develop a generic set of model coefficients and discourage
local fine tuning.

By the time the model development was about to start, the US Rand corporation had just
finished the construction of several models to support the policy analysis of the Eastern
Scheldt storm surge barrier. One of these models was called the algae bloom model, which
has only been described in a report to the Dutch Ministry of Public Work (Bigelow et al.,
1977). According to its purpose this model was essentially a worst case model. It computed
the highest feasible bloom during a period of 10 days taking the most relevant environmental
factors (light, temperature, nutrients) into account. For each period a new set of conditions
was provided and simulations were performed without any recollection of the past (series of
steady state conditions). To find this maximum bloom in an efficient way the mathematical
set of equations was reformulated as an optimization problem which was solved using linear
programming (Danzig, 1963). Being a worst case model, the total biomass was maximized in
this model version. One can think of this model as a 'free allocation model": all available
resources were redistributed among all phytoplankton species considered by the model at
every time step of 10 days without any further restriction taken from previous circumstances.

After replacing the marine phytoplankton species by fresh water species, basically the same
model was applied to a large number of lakes at the beginning of the 1980s (Los, 1980; Los,
1982a; Los, 1982b; Los et al. 1982; Los et al., 1984). This model version was successful in
many aspects, but failed to reproduce two important observations. First, diatoms and green
algae are often dominant in low nutrient, P limited lakes (Schreurs, 1992 and many references
in his thesis). This feature could not be reproduced by early BLOOM versions since the
requirement for P of cyanobacteria is among the lowest of all species of phytoplankton. Hence
they would be favoured rather than hampered by nutrient reduction. Second, experimental
results showed significant differences in internal concentrations of nutrients and of growth
rates as a function of the availability or resources (Shuter, 1978; Zevenboom et al., 1983;
Zevenboom et al., 1984). Similar variations were observed in field data for lakes with a clear
dominance of a single species during a prolonged period of time (several months)
(Zevenboom et al 1982; unpublished results from our own studies on many lakes). Internal
stoichiometry clearly varied being highest when nutrients were high and light was the main
limitation and lowest under conditions of nutrient limitation. Consequently during early
model applications it was often necessary to use lake specific, species dependent
characteristics such as the carbon to chlorophyll ratio in order to reproduce observed
chlorophyll concentrations. Preferably these variations should be dealt with by the model
itself.

So, although the Rand algae bloom model can be regarded as the origin of the present BLOOM
model, BLOOM went through a long evolution and the resemblance between the present and
original model is very limited. Two major lines of development can be distinguished: (1) the
concept of the model itself was changed and (2) it was integrated with modules for transport,
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chemistry, sediment etc. In this chapter I focus largely on the model concept. In section 2 the
underlying assumptions of the model are presented. The model equations are given in section
3. Section 4 deals with the applications of the model in a general way. In section 5 the BLOOM
approach is discussed and compared with the approach of more traditional differential
equation models. This chapter is concluded with a short summary and an appendix with
details on the numerical procedure to integrate the light response curve over depth and in
time. Details on BLOOM’s interfacing with other modules are given in Chapter 6 (Blauw et al.,
2009), Chapter 7 (Los et al., 2008), and in WL|Delft Hydraulics (1992; 2002; 2003). For
simplicity this chapter is restricted to its application to fresh water systems. However, the
marine version is identical with respect to the principles and equations, and differs merely in
the model parameters defining the phytoplankton species. An extensive description of the
marine model applications is given in Chapters 3, 7 and 8 (Los et al., 2007; Los et al., 2008;
and Los et al., submitted).

2. The BLOOM model: general description
Competition principle

Competition between phytoplankton species is one of main processes in the model. In the
original Rand version of the model, the species with the lowest requirement for a limiting
resource would always win the competition, unless its presence was prohibited by some other
factor (i.e. temperature; under water light intensity). Many phytoplankton models operate
according to similar principles although the selection mechanism is different. In stead of the
requirement for the limiting resource, the outcome of the competition in these models is often
determined by the growth rate under conditions of a low availability of the limiting resource.
In both cases competition is effectively controlled by a single, but not by the same parameter.
The requirement is defined here as the amount of a resource (i.e. a nutrient) per unit of
biomass of the phytoplankter necessary to remain viable.

According to the general theory on K- and r-strategies (e.g. Harris, 1986; Reynolds et al.,
1983) the requirements as well as the growth or uptake rate of organisms are essential in
determining the outcome of interspecific competition of phytoplankton. From observations of
lakes under turbid conditions, it appears that shade adapted species i.e. cyanobacteria are
often dominant whereas higher average light intensities tend to favour diatoms and green
algae. Underwater light regimes are obviously complex viewed from the point of competing
algae in a partially mixed environment with steep light gradients. However, from empirical
case studies under a wide range of nutrient availability levels, both Schreurs (1992) and
Scheffer (1998) conclude that the ratio between the euphotic and the mixing depth is an
important, factor to explain which group of species will be dominant. This ratio is usually
referred to as the Zeu/Zmix ratio. The euphotic depth is defined as the depth at which
photosynthesis is just sufficient to compensate the losses. In practice this is often taken as the
depth at which the light intensity equals 1% of the surface intensity, but in reality the surface
intensity varies seasonally and the light dependence of different photo-autotrophic organism
varies considerably as well. So it is important to consider the potential growth rate of
individual species on a seasonal basis in stead of using a single value for Zeu; this is what is
done by BLOOM. The differences in growth rates between a number of representative species
can be illustrated (Fig. 1), by looking at the net growth rates estimated on the basis of lab
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Figure 1 Net growth rate as a function of the total extinction (m™) for typical summer conditions in a 1m deep
Dutch lake. Results for Microcystis and Aphanizomenon resemble those for Planktotrix
(Oscillatoria) and are not shown here.

experiments (Zevenboom and Mur, 1981; Zevenboom et al., 1983; Zevenboom and Mur,
1984; Post et al., 1985) assuming a sufficient supply of nutrients as a function of the under
water light intensity in a hypothetical 1m deep lake with a light intensity typical for Dutch
summer conditions at a temperature of 20° C. The shape of these curves depends on (1) the
growth versus light (P-E) curves of the species, (2) their maximum growth rate constant and
(3) their respiration Notice that interspecific differences in response of phytoplankton species
to the dosing of light are not accounted for in this idealised analysis.

Since according to the Lambert Beer equation the overall light intensity declines
exponentially with extinction, the net growth rate constant Pn or more specifically the rate of
photosynthesis, of any single species is always a declining function of the extinction
coefficient. The respiration rate is often assumed to be a fraction of the maximum growth rate
irrespective of the light intensity. Hence at increasing levels of the extinction, the growth rate
declines and the relative importance of the respiration rate increases. Since both the rate of
primary production and the respiration differs per species, their response to variations in light
intensity are different as well. A comparison between individual species reveals that the
curve for eukaryotic species is much steeper than for cyanobacteria. Consequently the net
growth rate curves of these groups of species intersect, in this example at an extinction
coefficient of about 4 m™. When the average light intensity is high (low extinction coefficient)
the eukaryotic species have the highest growth rates due to their high maximum growth rate.
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The reverse is true at low light intensities: cyanobacteria can maintain relatively high net
growth rates at decreasing light intensities. This is due to both the relatively steep initial slope
of the P-E curve and to and their low respiration rate, which becomes relatively more
important as the light limitation gets more severe. So according to the eco-physiological
characteristics of the species, turbid conditions with a low Zeu/Zmix ratio favour
cyanobacteria while clearer conditions with a high Zeu/Zmix ratio favour eukaryotic species
as confirmed by other studies (Schreurs 1992; Scheffer 1998).

To deal better with the important role of light in selecting the dominant group of species, the
original one parameter competition principle of BLOOM was replaced by a two parameter
principle taking both the requirement and the potential growth rate into account as its
selection criterion (Section 5 of this chapter; Los et al., 1988; Los et al., 2007; Loucks & Van
Beek, 2005). Because a priori it is unclear what the relative importance of these factors should
be, it is assumed that both of them are equally important. Defining Pny as the potential net
growth rate constant of type & under the prevailing light conditions and njx as its requirement
for resource 7 (i being either a nutrient or the amount of light energy at which light becomes
limiting) the model considers Pny / ny to determine which species will become dominant.
According to this principle a species A whose required amount for a limiting resource is x%
higher than the requirement by species B can exactly compensate for this if A's net potential
growth rate at the prevailing light climate is also x% higher. In practice this means that in
model simulations opportunistic, r-selected species with high maximum growth rates
dominate when the average light intensity is high for instance during the spring bloom,
whereas efficient K-selected species with lower maximum growth rates and lower resource
requirements dominate when the average light intensity is low and external forcings are
relatively stable for instance during the summer period in eutrophic lakes.

Conditional steady states: transformation to dynamic model

In the Rand algae bloom model, a steady state was assumed for each phytoplankton species
for every time step of the model, which was 10 days. In general this was a reasonable
assumption since the model was applied to the Eastern Scheldt with a low turbidity and hence
relatively high potential growth rates by the phytoplankton in relation to the rate of change in
external forcing conditions. One of the main advantages of the steady state assumption was
the possibility to apply the highly efficient Linear Programming method to quickly select the
optimum combination of species and limiting factors among all possible combinations.

However, under more turbid conditions actual growth rates are small relative to maximum
growth rates and they may not be sufficient to allow a complete shift in species dominance
within a period of 10 days (see Fig. 1). Moreover, the time step of later versions of BLOOM
was reduced because it was linked to chemical and transport modules, which consider
processes at a time scale of a day or even less. Hence it is unrealistic to assume that any
theoretically possible steady state combination of species and limiting factors can always be
achieved during a short time interval in eutrophic waters where growth rates are low due to a
high turbidity. Hence the unconditional steady state assumption of the original model had to
be abandoned. Two alternatives were considered. One option was to rewrite the model into a
(classical) differential equation model and solve it numerically. The second option considered
was to extend the concept of the original model with a set of conditions to delimit the number
of acceptable solutions to those that might be obtained given the growth and mortality rates of
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the species under the prevailing conditions. In other words: combinations of species, which
could not reasonably be achieved within a time step of the model, would not be selected. This
last alternative was adopted. If at the beginning of a time step the biomass of a species is
small relative to its equilibrium, BLOOM will delimit its biomass during the next time step by
its potential net growth rate. If in contrast the biomass of a species is sufficiently close to its
steady state, its biomass will be determined by the availability of the resources. So rather than
a 'free reallocation' model concept, BLOOM in its present form adopts a 'conditional
reallocation' scheme excluding all potential combinations of species which cannot be
achieved within the time step size set for solving the model.

Adaptation to varying conditions

It has been observed both under experimental as well as under field conditions that most
biological species of phytoplankton adapt rapidly to variations in their external environment
(i.e. Chapter 5 of Harris, 1986). The measurable characteristics of individuals of a species can
therefore display a wide range of variation. Again different options are available to include
interspecific variability in a model. One option would be to describe adaptation as a process
by which one or several characteristics of the model species are changed. For instance the
internal nutrient concentration (stoichiometry) could be modelled as a function of external and
or internal conditions. In practice this approach is not trivial as many factors have to be
considered and moreover interactions between different factors should also be taken into
account. Relevant characteristics not only include the nutrient stoichiometry, but also the
growth rate, the mortality and sedimentation rate, perhaps the susceptibility to grazing, the
biomass to chlorophyll ratio etc. Hence the equations to describe adaptation may become very
complicated depending on the amount of interactions that are taken into account. PCLAKE is
an example of a model which adopts this kind of approach (Janse, 2005).

In BLOOM another approach was adopted taking into account that the model equations are
solved by an optimization technique. Two basic units are distinguished in BLOOM. The first
unit is that of functional groups which we refer to as 'species groups' or simply 'species’. A
model species may be equivalent to a taxonomic species, or it can be representative for larger
taxonomic units consisting of several species or genera whose ecological characteristics are
sufficiently similar to be treated as a single functional group. For instance in the default
configuration of the model only one 'species' of diatoms is included. The second unit is that of
'types'. Model species usually consist of several types. A type represents the physiological
state of the model species under different conditions of limitation. Model species are usually
divided into three different types: an N-type representing the eco-physiological condition of a
species under nitrogen limitation, a P-type for phosphorus limitation and an E-type,
representing the state of a species under low light conditions. This principle of modelling
species and types resembles that of 'super individuals' as described by for instance Scheffer et
al. (1995).

Additional types such as colonies, mixotrophic cells or nitrogen fixing cells can be explicitly
included in the model. In mathematical terms types are the state variables of BLOOM. They
have fixed characteristics specified in the input of the model, which however may be different
from those of the other types with respect to their nutrient contents, specific extinction,
growth, mortality and sedimentation rates. Since the types of a species may be selected at any
ratio depending on the environmental conditions, the average characteristics of the species
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vary continuously in time and in space within the limits defined for the individual types. So in
BLOOM dependence between controlling factors is not explicitly described by a set of
equations, but in stead it is included via an appropriate selection of parameter values of the
types comprising each species.

Using types provides an additional advantage with respect to the computational aspects of the
model. All external processes, which act upon the phytoplankton such as transport,
sedimentation and grazing, are calculated with respect to types rather than species. This
means their impact on the internal stoichiometry is automatically dealt with; species wise
adding up the types is sufficient to know its composition at any moment in time and at any
place. It is not necessary to recalculate the internal stoichiometry and correct individual fluxes
for possible changes in stoichiometry.

The formulation of the model takes into account that adaptation occurs much more rapidly
than succession between species. Succession involves replacing one species by another which
is controlled by the net rate of change of the species (characteristic time scale in the order of
days to weeks). Adaptation is a much faster process, which according to Harris (1986) has a
similar characteristic time scale as a cell division (order of hours to days). So in BLOOM
(complete) adaptation that is a shift from one type of a species to another can in theory occur
at any time step of the model while shifts in composition usually require a considerably longer
period. Notice that usually the external factors controlling phytoplankton change rather
smoothly so in most model applications transitions between types occur smoothly as well but
this is due to the forcing, not the formulation of the model.

Model objective
Based on the previous description, the purpose of BLOOM may be described as:

Selecting the best adapted combination of phytoplankton types at a certain moment and at a
certain location consistent with the available resources, the existing biomass levels at the
beginning of a time interval and the potential rates of change of each type.

Hence although the present version of BLOOM differs significantly from its predecessor in
terms of its underlying assumptions and equations, mathematically it is still formulated as an
optimisation problem which can be solved by Linear Programming. The main model
equations will be presented in the next sections.

3. Environmental constraints
Nutrient balance

The BLOOM model identifies the concentration of biomass, B, of each algae type k that can be
supported in the aquatic environment characterized by light conditions and nutrient
concentrations. For each algae type k, the requirements for nitrogen, phosphorus and silica
(only used by diatoms) are specified by coefficients ny, the fraction of nutrient i per unit
biomass concentration of algae type k.
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The total readily available concentration, C; (g.m™) of each nutrient in the water column

equals the amount in the total living biomass of algae, 2y (niBy), plus the amount incorporated
in dead algae, d, plus that dissolved in the water, wi. These mass balance constraints apply
for each nutrient i.

2k (mxBx) +di +wi = G (D

The unknown concentration variables By di, and w; are non-negative. All nutrient
concentrations C; are the measured or modelled total concentrations and are assumed to
remain constant throughout the time period defined for the model. The system is assumed to
be in equilibrium over that period. The time step is an input to the model and may be chosen
to vary during the simulation to account for seasonal variations in characteristic time scales.

Nutrient recycling

A certain amount of each algae type k dies in each time step. This takes nutrients out of the
live phytoplankton pool. A fraction remains in the detritus pool, and the remainder is directly
available to grow new algae because the dead cells break apart (autolysis) and are dissolved in
the water column. Detritus may be removed to the bottom or to the dissolved nutrient pools
at rates in proportion to its concentration. Needed to model this is the mortality rate, M
(day™), of algae type k, the fraction, Jp, of dead phytoplankton cells that is not immediately
released when a cell dies, the remineralization rate constant, z; (day™), of dead phytoplankton
cells, the fraction, mik, of nutrient i per unit biomass concentration of algae type k, and the
settling rate constant, s (day™), of dead phytoplankton cells.

The rate of change in the nutrient concentration of the dead phytoplankton cells, ddi/dt, in the
water column equals the increase due to mortality less that which remineralises and that
which settles to the bottom.

ddy/dt = Zk(prk }’likBk) —mid; — s d, (2)

Both mortality and mineralization rate constants are temperature dependent. If the model is
applied as a stand-alone (screening) tool, Equation 2 is solved under the assumption of a
steady state which means its right hand side equals 0. This gives an expression relating the
amount of detritus to the algal biomasses. The result of which can be substituted into Equation
1. If BLOOM is applied as a dynamic simulation model, this equation is integrated
numerically.

Energy limitation

Algae absorb light for photosynthesis and growth. The response of phytoplankton to
variations in light intensity is, however, complicated. In general the growth rate increases
when the light intensity increases up to a certain level called lopt: the light intensity where
growth achieves its maximum value. Experimentally it is often observed that growth declines
when light intensities exceed lopt, a process called photo inhibition. Whether or not this
process is important under natural conditions is a matter of debate. It may be argued that
photo inhibition only occurs after a prolonged exposure to high light intensities and that this
situation occurs infrequently in water bodies with turbidities as high as in many productive
waters. In contrast Microcystis appears to get photo inhibited immediately at light intensities
in access of its lopt (Passarge, pers. comm.).
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Various equations have been proposed to describe the relationship between growth and the
light intensity (i.e. Steele, 1958). His equation is still frequently used in models. Some
modellers use a Monod equation simply because its shape seems adequate to describe the
observed growth rates as a function of the light intensities. Harris (1978) points out that
different processes are responsible for different parts of the photosynthesis versus light (P-E)
curves of phytoplankton. Hence preferably a mathematical equation should be adopted whose
initial slope does not depend on its level of saturation or photo inhibition. Moreover, the
initial part of the curve is of much more importance than the fit at high intensities since on
average phytoplankton cells spend most of the time at relatively low light intensities.
Therefore in BLOOM a different approach is adopted. Rather than by some functional
relationship which may or may not give a good approximation of the experimental data, a
table is used containing a large number of data points in order to obtain a sufficient level of
accuracy. This way any set of actual measurements can be represented. Using a table also
makes it possible to easily switch between light response relationships with and without
photo-inhibition and to accommodate inter specific differences in response curves. In order to
do this it is sufficient to use another table with input data.

0 0.648D+05 0.130D+06 0.194D+06 0.259D+06
Light Intensity
—4— Diatoms --o-- Flagellates --#- Greens

—— Aphanizomenon —&— Microcystis —&— Oscillatoria

Figure 2. Growth vs. light intensity (J.m™2.h™") curves of fresh water species in BLOOM (uninhibited).

BLOOM also takes experimental results into account indicating that the growth rate per hour is
not always simply proportional to the number of hours of day light (photo period). In
particular some cyanobacteria such as Microcystis achieve relatively high growth rates per
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hour when the photo period is short. This information is specified in the input of the model in
the form of species specific table on an hourly basis.

In comparison to other resources (nutrients) the amount of light, to which phytoplankton is
exposed under natural conditions, shows much stronger variations. First the level of irradiance
varies considerably during the day. Second individual phytoplankton cells do not usually
maintain a fixed vertical position in the water column, but are mixed by turbulence and other
hydrodynamic processes. Third species react differently to variations in intensity per unit of
time; some are well adapted to short day lengths, others seem to adjust mainly to the total
daily irradiance. To account for all these variations, the growth rate is averaged over the depth
and in time by a pre-processor of the model yielding an average efficiency factor Ex under all
possible conditions. The averaging procedure takes the daily amplitude of the solar radiation
and the length of the photo period into account. The result is put into a look up table (different
per species) which is used during the actual simulation to quickly find the correct efficiency
factor of each phytoplankton species for any possible light condition.

Hours light

—4— Diatoms --#- Flagellates —&— Greens
—*— Aphanizomenon —&— Microcystis —o— Oscilatoria

Figure 3. Day length response curves of freshwater species in BLOOM.

As Harris (1978; 1986) points out, the response of phytoplankton to variations in light
intensity is a photo chemical reaction. This means that in general the same response is to be
expected regardless of the value of the maximum gross growth rate Pg™
(day™), which is a function of temperature. In BLOOM Pg™ can be specified as a linear or as
an exponential function. The linear function is usually adopted if the seasonal variation in
observed temperatures is rather small as in tropical or in many marine systems. This type of

30




Description of the BLOOM model

function is also preferred for species that do not grow well at low temperatures such as
Microcystis. Hence the following equations are implemented in the model:

T
Pg"™ =P * Py 3

or
ngma)(:P”("< (T-PZk) (4)
where P, and Py are type-specific model coefficients and T is the temperature. Notice that

these constants have a different interpretation in the two equations.

To obtain the actual growth rate one could multiply Pgi™ and Ei, but consequently Iopt
would vary with temperature in the same way Pg™™ varies with temperature. To correct for
this problem, the light intensities in the BLOOM model are rescaled in proportion to the value
of Pg™™ at the actual temperature and the value of Pg™" at the temperature at which the
light response curve was determined. Next the average efficiency is calculated using the
rescaled light intensity (Los, 1991). This issue is rarely discussed by modellers so it is not
clear whether other models adopt a similar procedure. In general this should be the case if the
light response curve is first integrated over light and then multiplied with the maximum
growth rate.

Other intrinsic processes affecting the energy balance of phytoplankton are respiration and
natural mortality. Both are temperature dependent and an exponential relationship is assumed
for both of them. Hence the respiration Ry (day™!) is computed as

T
R =Ry * Ra ®)

where R; and R, are type-specific model coefficients. Similarly the natural mortality M
(day™) is computed as

T

Mk:Mlk*MZk (6)

where M, and M, are type-specific model coefficients. The overall energy budget of a
phytoplankton type k can be written as:

dBy
— = Pg"™™ * Ex - Mi- Ry) * B 7
dt

where Ey is the depth and time averaged production efficiency factor (see ‘Appendix:
Averaging the production’ for the way it is computed).
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In additional to non-algal material, phytoplankton contributes to the extinction of light under
water and therefore affects the efficiency Ex. As the concentration of phytoplankton increases,
this absorption term increases. This means there is a negative feed back between algal
biomass and the light limited growth rate: the more the biomass increases, the smaller the
growth rate gets. This process is commonly denoted as ‘self-shading’, but one should not
overlook that other species of phytoplankton contribute to the extinction as well so self
shading effectively refers to the whole community, not just to the individual species. Since the
loss rates are usually considered to be independent of the light intensity, it follows that for
each species and for each set of conditions there is a value of the time and depth averaged
growth rate at which it is just balanced by mortality plus respiration plus other loss terms
which may be considered in the model. This balance is obtained by putting the right hand side
of Equation (7) to 0, hence

ngmax * = M+ Ry (8)

This means that for each phytoplankton type & there exists a certain value of the average light
intensity and hence of the average extinction value K™ (m™) at which this is the case. When
the total extinction is equal to K™, the net growth rate of type k is exactly zero. If we take
photo inhibition into account, then the light intensity can also be too high, which means the
total extinction is too low for growth. This specific extinction value is Ki™". The ranges
between K™ and K™ differ for different algal types k because each one of them is
characterized by a different set of model coefficients. Letting K (m*/m/gdry) represent the
specific light absorbing extinction constant for living material of algae type k, the total
extinction due to all living algae is

KL =X ( Ky By) )

Added to this must be the extinction caused by detritus (dead cells), KD and the contribution
of all other fractions such as inorganic suspended matter and humic substances to the
extinction of the water, K (m™). Hence

K™ < KL +KD + KW < K™ (10

The extinction per biomass unit from dead cells is usually less than that from the same

amount of live cells. The amount of dead cells not yet mineralized is, from Equation 2, Zi(fp
M By). Assuming some fraction ey (usually between 0.2 and 0.4) of the extinction rate of
live cells,

KD:ed EkKkﬁ)MkBk (11)
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Notice that while there is a specific extinction coefficient for each individual type in the
model, only a single value is adopted for dead organic algal material. If the total extinction is
not within the range for a phytoplankton type £, its concentration By will be zero. To ensure
that By is 0 if the total extinction is outside of its extinction range, a 0,1 binary (integer)
unknown variable Zy is needed for each phytoplankton type k. If Z is 1, By can be any non-
negative value; if it is 0, By will be 0. This is modeled by adding three linear constraints for
each phytoplankton type .

KL + KD + KW< K™+ KM (1 - Z) (12)
KL + KD + KW= K™ (Z) (13)
B« < BMZ (14)

Where KM and BM are any large numbers no less than the largest possible value of the total
extinction or biomass concentration, respectively. Since the objective of maximizing the sum
of all Pny By together with Equation 8 wants to set each binary Z; value equal to 1, only when
the total extinction is outside of the extinction range K™ to K™ will the Z value be forced
to 0. Equation 8 then forces the corresponding By to 0. This means that beyond its feasible
range of the extinction coefficient, a species cannot maintain a positive biomass.

Growth limits

When due to transport or another physical forcing in an area with steep gradients the
environmental conditions (i.e. nutrient concentrations, irradiance etc.) improve at a rate which
is large relative to the potential growth rate constant of a particular phytoplankton species, it
may be impossible for that species to achieve the level at which either light or some nutrient
gets limiting within a single time-step of the model. To account for this situation, a constraint
to delimit the maximum biomass increase within the time-interval is considered during the
optimization procedure. Assuming that losses will be low during the exponential growth
phase of a phytoplankton species, we make the assumption that mortality can be ignored in
the computation of this growth constraint.

For all algae types k the maximum possible biomass concentration, B™™ (gdry.m'3 ), at the

end of the time interval Az (days) depends on the initial biomass concentration, By’, (g dry.
m™), the maximum gross production rate Pg™™ (day"), the respiration rate constant, Ry,
(day™), and the time and depth averaged production efficiency factor, E. Using the net
production rate constant, Py (= Pg™™ Ey — Ry) (day™), for each algae type k:

Bkmax = Bko exp[ Py Al‘] (15)

The initial biomass is the concentration at time 0. It is taken as the net result of the BLOOM
simulation during the previous time step and all other processes affecting the concentration of
the phytoplankton type such as transport, sedimentation and grazing. Notice that it depends on
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the type of model application and its parameterization which of these factors are actually
taken into account in a particular simulation. If the initial biomass is smaller than a certain
base level, this base level is used in stead. Empirically it was found that using a base level of 1
percent of the potential maximum generally results in realistic species shifts in the model.
This base level is the amount that is supposed to be always present due to germination of
spores, resuspension, import from sources not considered in the model etc. If Bi° is chosen
too small, succession is too slow in the model, if the selected value of B’ is too large, the
model shifts its composition too easily between species. Usually the model is, however,
insensitive to value of this base level.

Notice that under relatively stable conditions, types are usually growth limited for a short
period of time because they will become limited by a nutrient or light energy after a few days
or weeks. Under fluctuating conditions, types may remain growth limited for a much longer
period of time for instance because flushing prevents them from reaching a nutrient limitation.

Mortality limits

As in the case of growth, the decline of each algae species is also constrained to prevent a
complete removal within a single time-step when a species is suddenly confronted with
unfavourable environmental conditions. The minimum biomass value of a species is obtained
assuming there is no production, but only mortality. Hence this minimum biomass, B,™"
(gdry.m'3 ), of type k at the end of time interval Az depends on the initial biomass, B’ (gdry.
m™), of type k and the specific mortality rate constant, M (day) of type k.

B™" = B exp[— MiAt ] (16)

The initial biomass is computed in exactly the same way as for the growth constraint,
including the result of the previous time step plus all other external processes affecting the
species biomass.

These minimum values are computed for each individual algae type. However the model
sums each of these minimum values over all subtypes within each species and applies it to the
total biomass of the species. This way the maximum possible mortality cannot be exceeded,
but transitions from one type to another remain possible.

As mortality is computed according to a negative exponential function, mathematically the
minimum biomass level always remains positive, in other words a species would never
disappear completely. Computationally this increases the necessary time to solve the problem
because this depends on the actual number of types selected by the optimization procedure
and species with a positive mortality constraint value, are automatically selected. Including a
species with an insignificantly small biomass value still requires a complete matrix operation.
Therefore the minimum value is replaced by zero once the value computed according to
Equation (16) drops below some threshold value. So if the initial biomass is small, no
minimum value is imposed on the optimization procedure. Empirically it was found that using
a base level which is 10 times smaller than the base level for the growth, generally results in
realistic species shifts in the model. The model is rather insensitive to this threshold value, but
values close to those of the threshold level of the growth constraints should be avoided as they
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may lead to cyclic behaviour under certain conditions with species becoming growth and
mortality limited intermittedly.

Occasionally a conflict may arise between the mortality and energy constraint for instance
when the light availability suddenly declines thereby demanding the new biomass to be small,
while a large concentration of a type needs to be maintained according to the result of
equation 16. Both conditions cannot be fulfilled at the same time. If this occurs, the mortality
constraint of a species (16) has precedence over its extinction constraint (10), which is
subsequently dropped from the optimization procedure. Effectively this means that types
disappear at the rate of M (day) under unfavourable conditions regardless of the actual light
availability and will not be completely removed in a single time step even though too little
light is currently available to maintain a positive growth rate.

As in the case of the growth constraints, mortality limitations occur only for short periods of
time under stable condition, but may persist for a much longer period of time when conditions
are variable. For instance in simulations of the Dutch coastal zone it is not uncommon to find
locations at which mortality limited types are present almost permanently.

Grazing

Several possibilities exist to include the impacts of grazing in the model. The easiest, implicit
method is to increase the natural mortality rate constant, which is a function of the
temperature, or the sedimentation rate, which is usually constant in time. Alternatively two
types of explicit formulations are available: a forcing function approach or the use of a
dynamic grazer module. With the forcing function approach the biomass levels are prescribed
as a function of time and space for one or several grazers. In addition their rates of filtration,
digestion, food preference and their nutrient stoichiometry, are all specified in advance.
Grazers may be suspended in the water (zooplankton) or attached to the sediment (filter
feeders). They act upon the computed phytoplankton community taking away as much
biomass as required to sustain the prescribed grazer biomass. If an insufficient amount of food
is available, the grazer amount is reduced below its input value. This forcing function
approach is adopted for instance to determine the carrying capacity of an ecosystem or the
maximal sustainable production of shell fish in a given environment. This approach is
described in more detail in Blauw et al. (2009).

Various alternative options are available in the model to simulate grazer biomasses
dynamically. They resemble the forcing function approach with respect to the grazer
properties, but now their biomasses are simulated as a function of time and location using a
differential equation for the growth. Some grazer models were developed at Delft Hydraulics
(Wijsman, 2004; Van de Wolfshaar, 2006; WL|Delft Hydraulics, 2002 & 2003), others were
adopted from published models i.e. from ERSEM (Broekhuizen, et al., 1995).

Nitrogen fixation, mixotrophy and macro algae

The concept and code of BLOOM make it easy to add phytoplankton types or nutrients. To
take nitrogen fixation into account, a special type can be added to the normal set for one of the
cyanobacteria (i.e. Aphanizomenon or Anabeana). In biological terms this type may be
regarded to represent heterocysts. This type requires no dissolved nitrogen, but in contrast
can take up nitrogen from an additional source: atmospheric nitrogen. This source is included
as a separate nutrient in the model and is assumed to be infinite. Uptake of this source is
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therefore never limited by its amount, but it is by the growth rate of the nitrogen fixing type,
which is relatively low to account for the high energy requirement of nitrogen fixation. No
other type but the N-fixer can use this nutrient. In contrast this type does not require dissolved
nitrogen. As was explained previously, adaptation between the types of a species is possible.
Hence the N-contents of the nitrogen fixing type can be easily passed on to the other types of
the same species. So nitrogen fixation contributes to the total available amount of the nitrogen
for this species. Upon its death its complete nitrogen contents, regardless of its origin,
becomes detritus or is released directly by autolysis. Hence the nitrogen fixed by the N-fixing
species also becomes available to other species.

Mixotrophic growth, the direct uptake of organic material by phytoplankton, is included in a
similar way, but now two nutrient constraints are added: one for phosphorus and one for
nitrogen. In this case the available amounts are not infinite, but taken directly from the
detritus pool of the corresponding nutrient. As for nitrogen fixation, it is assumed that the net
growth rate of mixotrophic types is relatively low. Unlike nitrogen fixation, mixotrophic
growth does not increase the total amount of nutrients in the water system, but it increases the
amounts available for those species that are capable of this type of nutrient uptake. So
technically nitrogen fixation is similar to an enhanced nitrogen loading, mixotrophic growth
to an enhanced mineralization of dead organic material.

Macro algae comprise another special kind of primary producers that may optionally be
included in the model. Two special adjustments are made for macro algae relative to
phytoplankton: (1) they are fixed at a certain location so normally they cannot be transported
and (2) the available amount of light is reduced as a function of the depth and the extinction
coefficient of the part of the water column above the macro alga. Up till now applications
have been made for two different species of macro algae in the model: Chara and Ulva. The
first may grow in fresh water lakes, the second in coastal lagoons, sheltered bays and saline
lakes. For Ulva a special feature has been added because if the shear stress as a proxy for the
wave action, exceeds a certain limit, this species is washed away and temporarily goes into
suspension. While in this phase it is subjected to the same processes as phytoplankton,
although its characteristics and hence its rate constants are rather different. Subsequently these
floating leaves may settle again at another location if the shear stress get sufficiently low and
resume being attached macro algae.

Overview

The individual balance equations (‘constraints’ in LP terminology) for nutrients (1) in
combination with (2), for light energy (12), (13) and (14) and for growth and mortality (15)
and (16) are all constructed for each time step and location. They constitute all feasible
solutions to which the model applies its competition principle to select one of these. Based
upon the requirements and net growth rates, BLOOM now selects one or more individual types.
Using the net growth of all individual types as part of the selection criterion implies that the
solution, which is selected, is the one for which the total net growth of the phytoplankton
community is maximal. In other words: in mathematical terms the objective of the LP solution
of BLOOM is maximizing the total net growth rate. Hence defining the net growth constant Pry
(= Pg™ Ex — Ry) (day™), the objective of the model is to

Maximize Zk Pnk Bk (1 7)
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In biological terms this is just the result of the competition principle which is formulated at
the level of individual types, not at the community level. As a consequence of using the LP
technique there is always a one to one correspondence between the number of types and
limitations. Hence if n types are present, exactly n factors will be limiting and each type will
be limited by a single factor. Under rather stable conditions such as in shallow lakes, n is
usually small (typically between 1 and 3) during most of the season. In contrast n is often
considerably larger for applications where gradients are steep such as in the Dutch coastal
zone. It is not uncommon for the model to simulate the co-existence of 3 to 8 types at any
given location during most of the production season.

The principle of the model was briefly described in Los et al. (1988). An extensive description
covering both the equations and underlying ecological assumptions is in Los (1991). A
condensed version can be found in Loucks and van Beek (2005) and in Chapter 3 (Los et al.,
2007). The meaning of adopting Pny as coefficients of the objective function will be discussed
at length in section 5 of this chapter. An overview of the model is shown in Figure 1. Applied
as a screening tool only phytoplankton, dissolved nutrients and the labile form of dead algae
are explicitly taken into account. Applied as part of an integrated modelling system, a number
of additional compartments and fluxes are included in the model (Chapters 4-8); these are
shown in grey in this figure.
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Figure 4 Overview of the BLOOM phytoplankton model. Applied as a screening tool only dissolved nutrients,
nutrients in phytoplankton and in suspended detritus are explicitly considered. Compartments and
fluxes in grey are additionally modelled only if the model is used as part of an integrated modelling
framework.
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4. Applications of the model
General validation methodology

The construction of mathematical models involves several steps as indicated in Fig. 5.

Natural

System model assumptions

Conceptual
Model

discretisation

validation

Software
Implementation

solution procedures

Algorithmic ,
Implementation

Figure 5 Overview of validation procedure mathematical simulation models.

When describing a natural system in relationships, by default we will not describe the
complete system, but only that part thereof, in which we are interested. We describe this
relationship in a model (either statistically or empirical) following a cycle of steps, in which
each step contains simplifications and errors due to assumptions and approximations. Types
of simplifications and/or errors in the modelling cycle:

1. From the Natural System to the Conceptual Model, assumptions and approximations
are made.

2. Discretisation of these equations, during which truncation errors are made, leads to an
Algorithmic Implementation.

3. The software implementation is made with a certain method and a certain machine
precision.

4. The final step in the modelling cycle is the application to a similar domain and
validation of the solution by comparison with measured data.

If during the last step we find differences between the simulation result and the data, we have
to make a decision how to proceed. Is the interpretation of the data and the model correct? Do
we trust the data and are they representative? Is the model concept adequate with respect to
the phenomena we want to describe? Were the appropriate equations derived? Were they
translated correctly into a computational algorithm? Was this algorithm correctly
implemented or do we have to conclude the code is buggy? Is the numerical procedure to
solve the equations correct, is it accurate or do instabilities occur? Do we use an appropriate
set of model parameters? Do we feed the model with the correct forcings for external drivers?

Of course if we find the results to be acceptable meaning that by some criterion we decide that
the similarity between model and measurements is good enough, we still cannot proof that the
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model is correct. The agreement could be the result of compensating errors at any of the
modelling steps shown here.

In this chapter of the thesis the concept of the model is the central issue. Later chapters focus
on calibration and validation issues but it should be kept in mind that a// issues mentioned in
this section affect the model’s results, performance and judgment. For instance in comparing
the results of two models numerical aspects or the physical schemetization might actually
prove to be much more import than some of the model’s basic assumptions. The last Chapter
of this thesis (Los and Blaas, submitted) adresses this issue in great detail.

Calibration procedure BLOOM

The number and the characteristics of the phytoplankton species are inputs to the model. The
first fresh water version of BLOOM was applied in 1977 to a drinking water storage reservoir
including three large enclosures in the Netherlands called Grote Rug. About ten years later the
first model application for the marine environment (North Sea) was developed. With respect
to the equations and assumptions, there has always been only one model version i.e. all
applications use the same computer code. Applications differ with respect to the choice of
coefficients in general and to the characteristics of the phytoplankton species in particular.

The initial data set for the fresh water applications was based on data from laboratory cultures
particularly from the microbiological department of the Amsterdam University, where
experiments were conducted for six representative species under standardised conditions
(Zevenboom and Mur, 1981; Zevenboom et al., 1983; Zevenboom and Mur, 1984; Post et al.,
1985). In addition to the information in these papers, many raw data from the experiments
were available. Additional lab data on nutrient and growth characteristics were obtained from
Rhee (1978), Rhee et al. (1980) and Rhee et al. (1981). Kirk (1975a; 1975b; 1976) provided
valuable information on the specific extinction coefficients on the species. Additional
information for Planktotrix was obtained from Zevenboom et al. (1982) and for Microcystis
and Aphanizomenon from our own analysis of Grote Rug measurements (unpublished results).

Next a semi-automatic calibration procedure was developed to apply the model in a number
of well known cases in which the environmental conditions showed a wide range of variation.
According to this methodology (1) a range was established for each model coefficient, (2) a
series of related coefficients was randomly sampled 100 times, (3) the model was run and its
output was compared to the observations. The sampling procedure was not purely random, but
took certain knowledge rules into account. For example the maximum growth rate of green
algae should be larger than the maximum growth rate of cyanobacteria at a temperature of 20°
etc. The 10 best and the 10 worst results were analysed in detail.

A recent update of this type of sensitivity work is reported by Hulsbergen (2007), who has
looked particularly at the phytoplankton coefficients of the freshwater screening version of
BLOOM. Results in species composition were most sensitive to the growth rate related
coefficients. The sensitivity of the simulated chlorophyll-a and biomass levels was much
smaller.

The resulting coefficient set was further tested by running the model for a number of
representative cases, many of which had not been considered previously. As a result in
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particular the simulated species composition was improved relative to the result of the semi-
auto calibration procedure. Notice that although the data sets were usually independent from
those used during the calibration procedure, there is often a strong resemblance between many
of these lakes. Hence ‘good’ or ‘adequate’ model results do not confirm its correctness, but
only its suitability to be applied to a larger number of cases. The model validation is described
in much more detail in several other chapters of this thesis.

For the marine applications basic data were gathered from Riegman (1996); Riegman et al.
(1992; 1996); Riegman (unpublished results); Jahnke (1989) among others. Based on
numerous model runs for the North Sea the default parameter set was established. Notice that
conditions within this water system vary over a much wider range than those observed in an
individual Dutch lake. Hence applying the model to only one marine system proved to be
adequate to develop a generic coefficient set, which has later been used for other marine
model applications. In Chapter 7: Los et al. (2007; 2008) and in Chapter 6: Blauw et al.
(2009) many more detailt are given on the validation of the marine model.

Sensitivity analysis is a fundamental tool in the construction, use and understanding of
models. It identifies the most important factors within a model and checks if the model
resembles the system under study. Recently the North Sea GEM implementation of the model
was analyzed to assess the sensitivity of a subset of the model outputs, to a subset of the input
parameters (Salacinskaa et al., Submitted).

This sensitivity analysis considered 71 parameters concerning light and phytoplankton
characteristics with respect to two outputs namely the maximal and the annual average
chlorophyll-a concentration. Additionally, the change in the model response was analyzed at
49 monitoring stations representing the diversity of characteristics of the Dutch part of the
North Sea.

The obtained results at different locations correspond well with local water conditions, even
with a false assumption of parameter independence, which is commonly made for the sake of
sensitivity analysis, and with overestimated parameter ranges. Usually chlorophyll-a to
carbon ratios were found significant for both outputs. Moreover, in the Dutch coastal zone the
model was sensitive to the phosphorus to carbon ratios of flagellates type E and P, maximum
growth rates of diatoms, flagellates and Phaeocystis type E and of diatoms type P.
Furthermore the extinction of inorganic suspended is a major source of uncertainty. However,
it can be concluded that the model does not show any odd behaviour in case of variations in
the input, in particular it is not highly sensitive to only one or few factors. Changes in the
parameters’ values do not lead to unacceptable changes in the model prediction. Hence,
sensitivity analysis showed no need to revise the model structure.

The default coefficients for the stoichiometry, maximum growth, mortality and respiration
rates of the fresh water and marine phytoplankton types are summarized in the next four
tables. Notice that all stoichiometric coefficients are expressed here relative to the carbon
contents. If the model is applied as a screening tool, coefficients in the input are expressed per
unit of dry weight in stead, which is also the unit used in the previous description of the
model. The conversion is done by a simple multiplication with the appropriate dry weight to
carbon ratio, which is specified for each type in tables 1 and 3.
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Table 1:  Specific extinction coefficients and stoichiometric ratios of fresh water types defined in

BLOOM.
Algal type Specific N/C pP/C Si/C Chla/C Dry/C
Exti?ction [mg/mg]  [mg/mg]  [mg/mg]  [mg/mg]  [mg/mg]
(m“/gC)
Diatoms-E 0.27 0.210 0.0240 0.66 0.04 3.0
Diatoms-P 0.19 0.188 0.0125 0.55 0.025 2.5
Flagelat-E 0.23 0.275 0.0200 0.00 0.029 2.5
Greens-E 0.23 0.275 0.0238 0.00 0.033 2.5
Greens-N 0.19 0.175 0.0150 0.00 0.025 2.5
Greens-P 0.19 0.200 0.0125 0.00 0.025 2.5
Aphanizo-E 0.45 0.220 0.0125 0.00 0.033 2.5
Aphanizo-P 0.40 0.170 0.0088 0.00 0.025 2.5
Microcys-E 0.40 0.225 0.0300 0.00 0.025 2.5
Microcys-N 0.29 0.113 0.0275 0.00 0.017 2.5
Microcys-P 0.29 0.175 0.0225 0.00 0.017 2.5
Oscilat-E 0.40 0.225 0.0188 0.00 0.033 2.5
Oscilat-N 0.29 0.125 0.0138 0.00 0.020 2.5
Oscilat-P 0.29 0.150 0.0100 0.00 0.020 2.5
Table 2: Growth, mortality and respiration coefficients of fresh water types defined in BLOOM.
Algal type P, P, Func. M, M, Ry R,
relation
Diatoms-E 0.350 1.060 Exponent 0.035 1.080 0.031 1.096
Diatoms-P 0.300 1.050 Exponent 0.045 1.085 0.031 1.096
Flagelat-E 0.350 1.050 Exponent 0.035 1.080 0.031 1.096
Greens-E 0.068 0.000 Linear 0.035 1.080 0.031 1.096
Greens-N 0.070 5.000 Linear 0.045 1.085 0.031 1.096
Greens-P 0.070 5.000 Linear 0.045 1.085 0.031 1.096
Aphanizo-E ~ 0.190 1.083 Exponent 0.035 1.080 0.012 1.072
Aphanizo-P  0.120 1.095 Exponent 0.045 1.085 0.012 1.072
Microcys-E  0.047 3.000 Linear 0.035 1.080 0.012 1.072
Microcys-N  0.045 5.000 Linear 0.045 1.085 0.012 1.072
Microcys-P  0.045 5.000 Linear 0.045 1.085 0.012 1.072
Oscilat-E 0.045 0.000 Linear 0.035 1.080 0.012 1.072
Oscilat-N 0.034 0.000 Linear 0.045 1.085 0.012 1.072
Oscilat-P 0.034 0.000 Linear 0.045 1.085 0.012 1.072
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Table 3: Specific extinction coefficients and stoichiometric ratios of marine types defined in BLOOM.
Algal type Specific N/C pP/C Si/C Chla/C Dry/C
Extizzction [mg/mg]  [mg/mg]  [mg/mg]  [mg/mg]  [mg/mg]
(m“/gC)
Diatoms-E 0.24 0.255 0.0315 0.447 0.0533 3.0
Diatoms-N 0.21 0.070 0.0120 0.283 0.0100 3.0
Diatoms-P 0.21 0.105 0.0096 0.152 0.0100 3.0
Flagellate-E 0.25 0.200 0.0200 0.0 0.0228 2.5
Flagellate-N 0.225 0.078 0.0096 0.0 0.0067 2.5
Flagellate-P 0.225 0.113 0.0072 0.0 0.0067 2.5
Dinoflag-E 0.20 0.163 0.0168 0.0 0.0228 2.5
Dinoflag-N 0.175 0.064 0.0112 0.0 0.0067 2.5
Dinoflag-P 0.175 0.071 0.0096 0.0 0.0067 2.5
Phaeocyst-E 0.45 0.188 0.0225 0.0 0.0228 2.5
Phaeocyst-N 0.41 0.075 0.0136 0.0 0.0067 2.5
Phaeocyst-P 0.41 0.104 0.0106 0.0 0.0067 2.5
Table 4: Growth, mortality and respiration coefficients of marine types defined in BLOOM.
Algal type P, P, Func. M; M, Ry R,
relation
Diatoms-E 0.083 -1.75 Linear 0.070 1.072 0.06 1.066
Diatoms-N 0.066 -2.0 Linear 0.080 1.085 0.06 1.066
Diatoms-P 0.066 -2.0 Linear 0.080 1.085 0.06 1.066
Flagellate-E 0.090 -1.0 Linear 0.070 1.072 0.06 1.066
Flagellate-N 0.075 -1.0 Linear 0.080 1.085 0.06 1.066
Flagellate-P 0.075 -1.0 Linear 0.080 1.085 0.06 1.066
Dinoflag-E 0.132 5.50 Linear 0.075 1.072 0.06 1.066
Dinoflag-N 0.113 4.75 Linear 0.080 1.085 0.06 1.066
Dinoflag-P 0.112 4.75 Linear 0.080 1.085 0.06 1.066
Phaeocyst-E 0.084 -3.25 Linear 0.070 1.072 0.06 1.066
Phaeocyst-N 0.078 -3.0 Linear 0.080 1.085 0.06 1.066
Phaeocyst-P 0.078 -3.0 Linear 0.080 1.085 0.06 1.066

Some results

During the 30 years of its existence BLOOM has been extensively applied to investigate
conditions in aquatic systems and predict what might happen in the future. Among the fresh
water systems to which the model was applied, are about 50 Dutch lakes, sometimes for as
many as 10 different years. Among these are Lake IJssel, the largest lake in the country, Lake
Marken, Lake Veluwe, Lake Wolderwijd, Lake Dronten, Lake Volkerak - Zoom, Lake
Westeinder, Lake Braassem, Lake Kaag, Lake Reeuwijk, Lake Langeraar, Lake Loosdrecht,
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Lake Breukeleveen, Lake Vinkeveen, Lake Nannewijd, Lake Sloten and Lake Zuidlaren. The
model was also applied for the integrated simulation of several complex water systems
consisting of channels and lakes, which are typical for the low part of the country. Among
these are the so called bosom systems of Rijnland, Friesland, Groningen, Drente and the
Schermer. Most of these waters are relatively shallow (1 to 5 m). The model was applied in
3D mode to the more than 20m deep Zegerplas, Nieuwe Meer and Oudekerkerplas in the
Western part of the country. In the application to the Botshol wetland area Chara was
included as an additional species (Rip et al., 2007). Applications abroad include Lake Victoria
(Africa), Laguna de Bay (Philippines), Lake Pyhdjarvi (Finland), upper and lower Peirce
reservoir (Singapore) and several lakes and reservoirs in China and Taiwan. Because the
model is so widely applied for consultancy purposes, many results are only available in the
form of reports. Among the applications reported in the literature are those described by Los
(1980; Los (1982a); Los et al. (1984); Chapter 2: Los et al. (1988); Brinkman et al. (1988);
Los et al. (1991); Van der Molen et al. (1994); Van Duin et al. (2001); Ibelings et al. (2003).

The list of marine applications is also long, particularly for the North Sea (an overview
mentioning more than 30 studies is presented by Los et al., 2008). Important studies include
those in support of Ospar (Ospar et al, 1996; Blaas et al., 2007), assessment of nutrient
reduction programs (Chapter 5; Los et al., 1997), construction of an airport off the coast of
Holland (Mare, 2001; Los et al. (2004), and extension of the Rotterdam Harbour (Nolte et al.,
2005). Other Dutch applications deal with the Western Scheldt, the Eastern Scheldt, several
marine lakes i.e. Lake Veere, Lake Volkerak (prediction of future marine conditions), Lake
Grevelingen and the Wadden Sea. Other papers on applications of the model to the North sea
include De Vries et al., (1998), Peeters et al. (1995), De Groodt et al. (1992). Applications
abroad include Venice Lagoon (Los 1999; Boon et al., 2006), the coastal waters of Hong
Kong, the Sea of Marmara including part of the Black Sea, a number of coastal stations in
Italy, the Tagus estuary in Portugal, and the coastal waters at Merenkurkku in Finland. The
physical schematizations of these applications vary from relatively simple 0D (screening
mode) to complex 3D models with actual forcing of climatology. Some of these international
applications are described in Chapter 3: Los et al. (2007) and in Chapter 6: Blauw et al.
(2009).

Within the scope of this chapter it is impossible to show all but a fraction of its results.
Typical simulated and observed levels of chlorophyll-a for two marine stations are shown in
Fig. 6. Also included are the limiting factors. In general the model is capable of reproducing
observed chlorophyll-a levels well, in spite of a wide variation in conditions between the
systems being modelled (Chapter 3: Los et al., 2007).
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Figure 6 Observed and simulated level of chlorophyll-a (ug 1) at station Terschelling 4km (1998) (A) and at
station Dreischor in the marine Lake Grevelingen (1998) (B). A plotted symbol in the lower area
indicates a limitation by: NIT: nitrogen, PHO: phosphorus, SIL: silicate, E: light energy, GRO:
growth and MOR: mortality.

A typical example of a fresh water application for Lake Veluwe is shown in Fig. 7. This case
is particularly interesting since it not only illustrates BLOOM's ability to reproduce the
observed downward trend in chlorophyll-a, but also its ability to simulate the accompanying
change in phytoplankton dominance. While Planktotrix dominated in this lake during most of
the 1970s and beginning of the 1980s, green algae and diatoms became dominant starting in
1985. Schreurs (1992) summarizes empirical results for hundreds of lakes and shows that
Planktotrix dominates in 60 percent of the lakes in which the ratio between the euphotic depth
Zeu and the mixing depth Zmix is between 0.6 and 0.8. Scheffer (1997) gives detailed
information on some specific cases in which the species dominance has changed. According
to his analyses a rather abrupt shift occurs when the ratio Zeu/Zmix is approximately 0.7.
Below this value Planktotrix dominates, above it green algae and diatoms dominate.

The yearly averaged Zeu/Zmax ratio has been computed by BLOOM for 1975 through 1985. It
varied from 0.20 in 1975 to 0.53 in 1983. During this entire period Planktotrix is completely
dominant, except for a short period of diatom dominance during the spring. At a yearly
averaged Zeu/Zmix ratio of 0.77 (1982) Planktotrix dominates 65 percent of the time, while
diatoms and green algae dominate during the remainder of the simulation. So at this ratio the
model is in a transitional state. Finally at a Zeu/Zmix ratio of 1.00 (1985) Planktotrix has
completely disappeared being replaced by Scenedesmus and diatoms. So it may be concluded
that the light regime at which the species shift occurs in BLOOM agrees very well with the
general empirical data.
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Figure 7  Observed and simulated level of chlorophyll-a (ug 1"} in Lake Veluwe (1975 (A) and 1985 (B). A
plotted symbol in the lower area indicates a limitation by: NIT: nitrogen, PHO: phosphorus, SIL:
silicate, E: light energy, GRO: growth and MOR: mortality. Simulated species composition in
(mgDryWeight I'') in 1975 (C) and in 1985 (D).

Many other results for individual lakes have been reported (i.e. Los, 1991). To give an
impression of the overall performance of the model, Fig. 8 shows computed verses observed
yearly average chlorophyll-a levels in more than 30 Dutch cases. The scatter is small, but
there is some bias in the model results as on average the simulations are about 7 percent
higher than the observations. This is mainly because during the calibration procedure for
individual lakes, occasional under predictions were considered worse than over predictions.

The ability of the model to simulate annual trends is illustrated by Fig. 9, showing the
observed and computed yearly average concentration of chlorophyll-a in two lakes. Both the
observations and the model show a clear downward trend throughout the simulation period in
Lake Veluwe. Annual variations appear to be random in Lake Wolderwijd during the first ten

years. A downward trend is, however, also observed and simulated in this lake by the end of
the 1980s.
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Figure 8 Computed and observed yearly averaged chlorophyll-a (g I'') in more than 30 Dutch lakes. The
drawn line indicates the 1:1 agreement between model and observations.
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Figure 9 Computed and observed yearly average chlorophyll-a (ug I") in Lakes Veluwe (left panel) and
Wolderwijd (right panel) for a period of 10 to 20 years. For Lake Wolderwijd no model simulations
available for years 1984 — 1988.
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Fig. 10 gives another general illustration of the model behaviour and its performance. This
figure shows average annual chlorophyll-a as a function of the concentration of one nutrient
(either P or N) and the depth. The other nutrient was put at a level, where it would never be
limiting. For all other forcings (silicate; meteorological conditions; back ground turbidity)
representative values were adopted for a typical Dutch lake.

When nutrients are very low, they control the annual chlorophyll-a regardless of the depth.
With increasing nutrient concentrations, light gets limiting in stead of the nutrient and
simulated chlorophyll-a levels do not increase any further. The nutrient level at which this
transition occurs, depends on the depth. In the most shallow case considered here (1m depth)
the limiting nutrient remains controlling for the entire nutrient range considered here.

To validate this simulation result, the so called CUWVO lines are also included (CUWVO,
1987). These have been determined empirically by drawing an upper bound rather than a
regression line through the observations collected from a large number of waters. Considering
the way these lines were determined, depth should not be controlling so the lines are best
compared to the simulation result for the shallow 1m deep lake. The correspondence between
the lines constructed with BLOOM and the CUWVO lines is very good, indicating that BLOOM
is valid over a wide range of observed nutrient conditions. Notice that both in the CUWVO
relationships and in the results of BLOOM chlorophyll already becomes 0 when the amount of
nitrogen is still positive. This is because total nitrogen includes some refractory organic
components which are not available for uptake by phytoplankton. In addition to the
information from the CUWVO lines, those derived from BLOOM also indicate at what level
nutrients start getting limiting in light limited lakes.
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Figure 10 Response curves of simulated annual average chlorophyll-a (ug I'') as function of total P (upper
panel) and total N (lower panel) and the water depth. CUWVO-BG are the CUWVO (1987)
relationships
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5. Discussion: Contrasting BLOOM to other model approaches
Nutrient depletion

It is commonly observed both under lab conditions as well as in the field that the net intrinsic
rate of increase of phytoplankton species approach zero if some nutrient is depleted.
Obviously, dissolved nutrients should not become negative. Most phytoplankton models use
the equations developed by Monod (1942) or Droop (1973) to modify growth rates in the
vicinity of nutrient limitation.

According to the Monod equation, the nutrient limited growth rate Pn equals:

Pn :anax [C, / (KS,'+ C,)] (18)

max

where Prn™" is the maximum net growth rate constant, C; is the available amount of nutrient i
and Ks; is nutrient concentration at which the net growth rate equals 50 percent of its
maximum (the half saturation constant for nutrient 7).

According to the Droop model, the nutrient limited growth rate constant Pn equals:

Pn=Pn"*" (1-0,/0) (19)

in which Q is the cell quotum (= stoichiometry) of a nutrient and Qy is the minimum value of
. . . . . o . * .
the stoichiometry at which the growth rate is still positive. Pn™*" is the maximum growth rate
. . . . . * . .
when Q is infinite. Notice that this Pn™* is not the same as Pn"* as defined in the Monod
model.

In contrast to the Monod equation, which only considers external nutrient levels, according to
the Droop equation the growth rate depends on the internal nutrient levels. Although both
equations appear to be different, they actually have similar properties. Droop (1983) already
demonstrated that by defining a new variable O as:

Q' =0-0

equation (19) can be rewritten as

Pn=Pn"" [0/ (Q" + Q)] (20)

which mathematically is similar to a Monod-type equation. The minimum stoichiometry Qg
acts as half saturation constant and Q’, the difference between the actual internal and the
minimum internal concentration, is used in stead of the external nutrient concentration.

Both equations have been developed for conditions of a single species under limitation by a
single nutrient. They operate on the growth rate of the species, forcing it to approach zero
when the available amount of the nutrient approaches zero. Although it was not designed for
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conditions of light limitation, the Monod equation is often used to describe the growth rate as
a function of the light intensity as well because it is a convenient equation to describe
saturation processes.

In contrast to models in which differential equations are numerically integrated, BLOOM does
not require an explicit equation to keep resources from getting negative. The dissolved
amounts of nutrients and the maximum permissible value of the extinction which is computed
from the available amount of light energy, are defined as variables in BLOOM and Danzig
(1963) has already demonstrated that all variables of a Linear Programming problem are
always greater or equal to zero. So in case of a resource limitation, the biomasses of the
phytoplankton types are automatically set at a level at which the resource is completely
exhausted. Thus in mathematical terms all three methods effectively keep resources at a non-
negative level. There are differences with respect to the approach of equilibrium and the
concept of limiting factors in general, which will be shortly discussed later in this section in
“The concept of limiting factors’.

Solving for equilibriums versus linear programming

In (aquatic) ecosystems usually many species compete for limited amounts of resources.
Often one of the macro nutrients gets limiting and if there is an ample supply, ultimately the
availability of light becomes limiting. So an important question is how the competition by
different species of phytoplankton is controlled? And related: How do existing models deal
with competition between multiple species for several resources?

Characteristics of individual phytoplankton species have been extensively studied in
laboratories. Interpretation of the results is, however, difficult due to the differences in set-up
of the experiments and because the characteristics of species vary between experiments. For
instance the growth rate of a species grown under P limitation is usually not the same as under
light or another limitation. In general it may be concluded that there is no simple response of
phytoplankton species when offered a broad spectrum of conditions. Due to the complexity in
response of individual species, the outcome of competition experiments can also be different.
Still these experiments provide a lot of information on the characteristics of individual species
and have as indicated in paragraph 4 of this chapter, played a major role in choosing the
model parameters of BLOOM.

As might have been expected given the results of the lab studies, empirical results on field
data show even more variations. Schreurs (1992) has compiled many results from field studies
mostly on Dutch lakes. Different species sometimes dominate in spite of the same factor
being limited at least on a seasonal basis. In contrast for instance green algae frequently
dominate both under low as well as under extremely high P concentrations.

Apart from the intrinsic characteristics of the individual species, also the external forcings
probably play a major role. Diurnal variations in light or grazing pressure, changes in
hydrodynamics (vertical mixing; horizontal transport), in loadings, in sediment release of
nutrients are all common phenomena to which real life phytoplankters are exposed, which
cannot be duplicated in the lab or easily included in annually or seasonally averaged statistics.
To explain the differences between various types of models, the mathematical principles will
be discussed briefly.

To include the potential light limitation, usually modellers add some term for the growth rate
as a function of the light intensity into equation (18):
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Pny = [ngmax *Ep*Ci/ (KSik + C,)] - Ry - M; (21)
where Pg,™" is the maximum gross growth rate of species k, Ej is the depth and time
averaged growth efficiency factor, R; and M; are the respiration respectively mortality rate
constant of species k. Because of the resemblance between the Monod and Droop equation, a
mathematically similar result is obtained for the latter, although the parameters have a
different biological interpretation.

If several species compete for a limiting resource according to equation (21) under a constant
supply of resources, initially the species with the highest maximum net growth rate will
dominate. Due to the uptake by phytoplankton, the available quantities of the resources are
quickly depleted, which means that the Monod or Droop terms and hence the specific rate of
increase of each species rapidly approach zero. It can be demonstrated that under these
conditions the species with the lowest value of Ks; or Oy out competes all other species. So
when a single nutrient is the only limitation, the result of the Monod based model depends on
a single parameter; the intrinsic light dependent growth rates and the nutrient stoichiometry
are unimportant. Because Monod coefficients by definition have to be estimated
experimentally under conditions of low resource levels, the variation in reported values for
individual species is large (see for example Van Liere et al. (1980); Schreurs (1992) and many
others). So competition in this type of model is basically controlled by a single parameter with
a relatively large uncertainty.

An additional complication is how to deal with several resources at the same time. One could
add more Monod terms to equation (21) but since these factors are always less than 1.0, this
means the actual growth rate becomes smaller even if there is a large amount of the other
resources. Therefore most models adopt a minimum rule in which only the smallest Monod
term is considered thereby implicitly assuming that all other terms do not affect the growth at
all. In other words: it does not matter if there in an ample supply of other resources or if some
of them are nearly limiting as well. Whatever assumption is adopted: it does affect the results
of the model.

Depending on the choice of parameter values, interaction between resources is possible
though. If for instance the species with the lowest Monod value for P requires a very high
amount of N, N might become limiting too in which case there could be co-existence between
two species or a shift in limitation and an associated shift in species composition.

In comparison to the Monod model, the interpretation of the parameters of the Droop model is
more straightforward. Also it is easier to obtain an estimate of these coefficients from field
data. The Droop model is therefore often preferred in models with several functional groups
such as in PCLAKE (Janse, 2005).

In BLOOM a different approach is adopted. It is based on similar balance equations for the
resources, but treats them differently and it uses a different solver (Linear Programming) and
a different species selection criterion. As explained in this chapter, balance equations are
constructed for all nutrients and for the permissible level of the extinction coefficient of each
species to deal with light limitation. Added to these are the constraints for maximum growth
and maximum decline. To visualise how BLOOM selects its types, a highly simplified example
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Gl G2 X1

Figure 11 TIllustration of Linear Programming solution of BLOOM for a simplified system with 2 species and 2
resources without (upper panel) and with (lower panel) additional growth and mortality constraints.

will be explained in detail (Fig. 11). In this example only two types are considered with
biomass X1 and X2. These two types compete for two potentially limiting resources: N and P.
The mass balance equations, at which each of the nutrients is completely exhausted can be
depicted as straight lines. First for simplicity consider the case without growth and mortality
constraints (upper panel). Since resources (in this example N and P) and biomasses should
never become negative, the only range in which these conditions are met is the hatched area
(P1, P2, P4, P3). This area is called the feasibility area because any point within it reflects a
combination of species 1 and 2 and of the resources N and P which theoretically is possible.
Fortunately, Danzig (1963) demonstrated very elegantly that the optimum solution of a Linear
Program is always at one of the corners of the feasibility space. So in this particular example,
only four points have to be considered, which makes it much easier to find a solution. P1 is a
special case where biomasses of both types are 0 and nothing is limiting. Intuitively it is clear
that this point does not represent the optimum condition of the plankton community. At point
P2, P is limiting and only type 1 is present. At point P3 N is limiting and only type 2 is
present. At point P4 N and P are both limiting and type 1 and 2 co-exit. Using simple
geometric relations it is obvious that point P4 has the largest distance to the origin and
therefore if the total biomass would be maximized as was the case in the early applications of
BLOOM, this point represents the optimal solution selected by the model. If the potential
growth rate, which was previously defined as Pnyx (= Pg™ Ex — Ry) is also taken into
account, which is the default of the present BLOOM model version, the ratio between the
distance to the origin and Pry is adopted as selection criterion. This means that depending on
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the difference in growth rate of both types, P2 or P3 might in stead of P4 be selected. If
Pny >> Pn,, P2 will be chosen and of course in analogy if Pn, >> Pn;, P3 will be selected.
Notice that if the difference between Pn; and Pn; is sufficiently small, P4 will still be
selected even though the biomass is not maximized. In this case growth and biomass
maximization give exactly the same answer. This is because the optimum solution must be in
one of the corners, but the same corner will be selected as being the optimum for a certain
range of values of Pn; and Pn,. Mathematically biomass maximization is a special case of
growth maximization in which all Pny, coefficients are taken as 1.0. Also notice that the
equation for Pny does not include a nutrient dependent term so it might still be positive in
spite of a nutrient limitation. This approach is a special case of the one by Tilman (1984) for
finding the equilibrium of two species competing for two nutrients given the critical
concentrations of the nutrients needed for positive growth. In the case of BLOOM it is
assumed that the critical concentrations are zero. Finally notice that although the type (or
species) composition of these possible solutions are quite distinct, the total biomass is not,
which is typical for practical applications of the model.

So: there is a finite number of possible solution points to consider and growth and biomass
maximization consider the same set of possible solutions, but adopt a different selection
criterion for choosing one of them and therefore maight make a different choice.

As an additional complication, which can still be easily visualised, in the lower panel of Fig.
11 the growth and mortality constraints of the two types are also represented. Since these
constraints operate separately for each type (more precisely for each species) in the model,
they can be represented by lines perpendicular to the biomass axes. In this particular example
we have assumed that both types were present during the previous time step and that the
mortality and growth constraints intersect with the nutrient constraints. Taking these
additional conditions into account, the feasibility space of course becomes smaller. Notice for
instance that the origin is now no longer feasible. Also notice that the N mass balance line is
outside of the feasible area and so P4, which was a feasible solution point in the previous
example, is now no longer feasible. Because the mortality constraint of both types is positive,
both of them will be present in the solution of the model. In stead of P1-P4 now G1-G4 are
the possible points to consider by the selection principle. The maximum biomass is present in
point G4; both types are present, type 1 is P limited and type 2 is growth limited. Using the
default competition principle of the model, the model will make a choice between G2 and G4.
At G2 type 2 is limited by its mortality constraint indicating that dynamically speaking the
model attempts to remove it from the selected composition and type 1 is P limited. Because
the growth and mortality constraints are perpendicular to the axes, point G3, although
feasible, could never be optimal since in comparison to G4, type 2 has the same growth
limited biomass and type 1 is now mortality rather than P limited and therefore has a lower
biomass than in G4; G2 could never be selected in favour of G4. So the addition of growth
and mortality constraints may affect the feasibility area, the optimum solution and the number
of potentially selectable equilibrium points.

In most practical applications of the model, many more variables (phytoplankton types) and
several additional resources (Si; light) are considered simultaneously. Consequently it is no
longer possible to make a 2D representation of the solution space as in Fig. 11, but the same
principles hold in this much more complicated case. One could think of this as an n-
dimensional diamond with a lot of corners; the type selection criterion chooses between 0 and
n of them, where n is the number of potentially limiting factors considered by the model.
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So even though the various models obey the same mass balance equations, the selection
procedure for finding a particular solution is different. This raises the fundamental questions:
what is best and why?

As already stated in the ‘General Introduction’ of this thesis, unlike in physics where
researchers often agree about principles and the equations and debate about their
implementation, it is not straightforward how to define fundamental, universally applicable
ecological principles. There is a vast amount of literature on these issues and a lot of debate,
which is stimulating and confusing at the same time. If we limit the scope to the world of
phytoplankton, we might argue that no principle applied in any of the approaches described
here will probably represent the real ecosystem behaviour, neither are the equations nor the
parameter values exactly correct. In the first version of BLOOM the total biomass was
maximized. In traditional models the half saturation constants are decisive with respect to the
selection of the dominant species. If the species with the lowest half saturation constant also
has the lowest requirement, these models end up with the same solution as these early BLOOM
versions. Using the potential growth rate as an alternative selection criterion means that the
total biomass will be less (or equal) to the maximum as was pointed out in the discussion of
Fig. 11. This is true in general; for instance for the famous logistic growth equation, the
growth rate is maximal at half the equilibrium. So the question is: when will communities be
close to their maximum equilibrium and when will this not be the case? Two sets of
conditions may prevent communities from achieving a maximum equilibrium: (1) loss
processes such as grazing, sinking etc. and (2) variable conditions. Both classes of processes
lead to a reduction in biomass and hence draw the community closer to a condition at which
growth rates are decisive. In fact this is but the main idea behind the general theory on r- and
K-strategies: when there is room for growth, the r-selected species dominate, but if conditions
remain more or less stable for a long time, K-selected species usually take over. Natural
plankton communities are often exposed to (highly) variable conditions, not in the least due to
the physical environment they inhabit. Eutrophic waters form a well known and widely
studied exception as in these waters, often conditions are relatively stable. It is probably not a
coincidence that the original competition principle of BLOOM was successful when it was
mainly applied to eutrophic lakes, but proved to be less realistic compared to growth
maximization when the model had to deal with the North Sea or the sanitated, much less
eutrophic Lake Veluwe of the mid 1980s (Fig. 9).

In conclusion: loss processes not taken account by models and variations in environmental
condition will push the plankton community away from the biomass maximum towards a
condition closer to the point where the production is maximal. Therefore there is no simple
answer to the question whether the growth maximum or the biomass maximum will be closer
to the state approached by a system in reality; it will depend strongly on the importance of
non-modelled loss processes and environmental fluctuations.

Finally the reader should keep in mind that the objective function determines the selection,
not the actual constraints of the model. If the values of the objective function would be
adopted from say a fuzzy logic algorithm, the model would still consider the same possible
solutions and chose one of them; only its choice might be different.
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Objective function and resource utilization

According to the general LP methodology, a linear function (the objective function) is either
maximized or minimized. In the case of BLOOM the potential net growth rates of the
phytoplankton types are maximized (equation 17). However, it has also been demonstrated
(Danzig, 1963) that every LP problem, referred to as a primal problem, can be converted into
a dual problem, in which the utilization of resources is minimized in stead. It has been
demonstrated that mathematically both problems are in fact the same. In the case of BLOOM
the dual problem is minimization of the usage of resources (nutrients; light). Because of the
relationship between the primal and dual problem, as an alternative to equation 17 it is also
true that in BLOOM utlization of the environmental resources is minimized. It is because of the
formal relationship between the primal and dual problem that we arrive at BLOOM’s
competition principle being interpreted as the ratio between the net growth rates (primal
problem) and the resource requirements (dual problem) of the functional types.

The concept of limiting factors

As a consequence of adopting the Linear Programming technique, limiting factors have a
simple interpretation in BLOOM. The model seeks combinations of variables (types) and their
associated limiting factor, which therefore have a binary (yes/no) interpretation. Biologically
one could say that BLOOM strictly adopts Liebig’s law. This has a large advantage if it comes
to transparency of the approach. In Monod type models additional assumptions have to be
made if one wants to apply Liebig’s law, for instance by defining the minimum value of all
Monod terms as being the limiting factor (see equation 21). But in one case it could have a
value of say 0.6, in another of say 0.15. How should this difference be interpreted? In another
case the lowest Monod value of say P could be 0.3 the second smallest of say N being 0.4; if
the minimum rule is adopted N is not considered limiting in this example in spite of its
relatively small Monod term which is even smaller than the value of 0.6 from the previous
example.

Notice that for mathematical reasons there is a difference in the remaining concentration of
limiting nutrients between BLOOM and a Monod based model. If a BLOOM species approaches
a nutrient limitation, it will change from an energy type to the corresponding nutrient limited
type, which means its growth rate is reduced in a discrete (step-wise) way. The growth rate is
not reduced any further and after a while the nutrient becomes limiting as it is entirely
depleted. Because of this procedure in BLOOM its concentration will be 0.0. In a Monod type
model the growth rate is reduced gradually and the net growth will become O before the
nutrient is completely exhausted so a small positive amount remains. Because the half
saturation constants are usually small relative to the available amounts of nutrients, the
corresponding difference in phytoplankton biomass is usually small, BLOOM’s result being
only a fraction higher given everything else is the same in both models.

BLOOM’s very straightforward principle of limiting factors might lead to the wrong
impression, that if several factors are limiting simultaneously, they are equally important. This
is not the case as may be clarified by the following example. Suppose in a particular location
one type is present and it is limited by P. Due to flushing a small amount say 5 percent of the
total biomass of another type is imported. Further suppose that this type is not adapted to the
local conditions so BLOOM will try to remove it, but due to its mortality limitation, a small

55



Chapter 1

amount has to be conserved and is mortality limited. So in this case both P and mortality are
limiting, but the mortality limitation affects only a very small amount of the total biomass.

Potential net growth rate in objective function

On several occasions it has been pointed out in this chapter that the ‘potential net growth
rate’ Pny is adopted as part of the selection criterion of BLOOM (together with the
requirement). So why this choice and not for example the maximum growth rate or the net
rate of increase (so including the mortality) and how does this work if a nutrient is depleted
and hence the growth rates approach zero?

The basic assumption is that the model should use a value which reflects the ability of the
species (more precisely the types) to take up potentially limiting resources. The maximum
growth rate therefore does not seem to be a good candidate as it does not take interspecific
differences in the light dependence into account, which according to Fig. 1 are important.
Mortality in contrast can be regarded as something happening to the phytoplankton cell
irrespective of its ability to compete for the uptake of limiting resources, for instance because
it is eaten or gets attacked by a virus. In contrast respiration is more directly linked to uptake,
which is why it is included in the selection criterion.

Hence in the model the following procedure is adopted. At the beginning of a time step all
forcings are known. It uses the depth, total extinction, day length and irradiance to compute
the depth and time averaged value of the growth versus light function (Fig. 2; see also the
Appendix). This average efficiency is multiplied with the maximum growth rate constant,
which is a function of the temperature, and the respiration value, which is also a temperature
function, is subtracted from it. If the result is a positive number, it is put into the objective
function. All algal types with a positive value directly compete with each other. If Pry is
negative because the actual light climate is unfavourable to a particular type, a dummy value
of 0.01 is put into the objective function. Types for which this is the case will either be
mortality limited (so the model is trying to remove them completely, but does not yet
succeed) or they will not be present at all in the optimal solution. The computed biomass of
these types will never be larger than during the previous time step since this dummy value is
small enough to prevent these types from winning the competition.

What happens if a nutrient is selected as one of the limiting factors? Within BLOOM this
means its concentration will be 0.0 and hence according to the physiological knowledge the
net growth rate of all phytoplankton types should in the limit be 0.0 as well. So is the
selection criterion still valid? Two explanations could be given to say it is. First, measured
dissolved nutrient concentrations may appear to be 0.0, but due to dynamical processes
(transport; mineralization; sediment release; autolysis; excretion from grazers etc.) the actual
fluxes remain sufficiently high to maintain a positive uptake of nutrients by the algal types
keeping them close to equilibrium. Second we may assume that all types are affected in a
similar way by the nutrient depletion and so the outcome of the competition just before the
nutrient actually becomes 0.0 decides which type is going to win competition for this
resource. In order words: there is no shift in dominance when the last free molecules are taken
up.

The second explanation is actually implemented as an option in the model: a threshold can be
specified for each nutrient, which is then subtracted from the available amount passed on to
the optimization procedure, this might deplete all remaining nutrients completely, but next the
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threshold value is added to dissolved amount again, which now will never drop below this
threshold. Conceptually this procedure is perhaps more elegant, numerically the difference is
usually small because adopting threshold values of the same order of magnitude as the half
saturation constants means they are usually small relative to the total nutrient amounts.

Species adaptation

In Section 2 of this chapter it was explained how BLOOM can deal with species plasticity in
response to fluctuating conditions. Many existing models do not take these (important)
processes into account or they are accounted for by adopting site-specific parameter values
(local calibration). Using the BLOOM approach this is not necessary as long as the defined
parameter space is sufficiently large, which it usually is (see chapters 6 and 7 ). So this is a
strong advantage of BLOOM over many other models. Similar processes can be build into
traditional models as well, but the resulting equations are complex, which may be one of the
reasons this is not frequently done.
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Some practical illustrations

To investigate the practical consequences of the choices made in the set-up of BLOOM, a
simple competition experiment was done using BLOOM and a traditional differential equation
model using Monod kinetics. Both models were run for a one year period using a constant
temperature of 20 degrees centigrade, and a constant day length of 16 hours. A depth of 1
meter was adopted and a constant background extinction was used of 1.25m™. Only one
nutrient was taken into account (P) and its amount was varied between a moderately low
value of 0.05 mg.l'1 and a high value of 0.35 mg.I"". A constant daily irradiance was adopted
having either a typical summer value of 300 W.m™ (total irradiance) or a relatively low value
of 200 W.m™. Only two species were included: a green alga and a cyanobacterium. Typical
kinetic parameters were adopted in accordance with the values given in Table 1 and 2; the
same parameter values were used for both models. Hence the maximum growth rate of the
green alga is higher, but its loss rates are also higher and the slope of its growth versus light
curve is less steep. It requires more P per unit of biomass but has a lower specific extinction
coefficient. In the case of the Monod model, the additional half saturation constant was taken
as 0.0025 respectively 0.0035, but which of the two species had the lower and which had the
higher value was varied as part of the experiment. Although the similarity in set-up of the
models was made as large a possible, some differences remain which are visible in the results
but do not affect the main conclusions. A description of the simulations is given in Table 5.
The results are shown in Fig. 12; those for BLOOM are shown in the left panel, those for the
Monod type model in the right panel.

Table S: Differences between models in competition experiment

Simulation Model P concentration  Irradiance Species with low
Monod value

A BLOOM low summer average

B Monod low summer average green

C BLOOM low low

D Monod low summer average cyano

E BLOOM high summer average

F Monod high summer average green

G BLOOM high low

H Monod high summer average cyano
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Figure 12 Competition experiments in BLOOM (left panel) and in a classical Monod model (right panel)
between a green alga (green line) and a cyanobacterium.
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From an analyses of the results, the following may be concluded:

e If the models predict the same species to become dominant, which is the case in seven
out of eight cases, the biomass level is the essentially the same (they are not identical
due to the remaining differences in set-up).

e The trajectories towards equilibrium are similar but not identical. The differences can
be attributed to three factors:

1. In the BLOOM simulation, detritus is modelled dynamically, in the (simple) Monod
model adopted here a steady state with the phytoplankton biomass is assumed.
This has two effects. First the light conditions are more favourable in BLOOM
during the growth phase because the contribution of detritus to the extinction is
smaller. Second an initial overshoot of the equilibrium value typically occurs
because in BLOOM the detritus pool lags behind the phytoplankton biomass, so
temporarily a larger fraction of the total amount of the nutrient is available for live
phytoplankton, which is not the case in this Monod model.

2. Growth and mortality constraints as included in BLOOM allow for more rapid
transitions than the differential equations of the Monod model because they are
based on an upper respectively lower bound assumption (see equations 15 and 16
in this chapter)

3. The light integration procedure of BLOOM is much more advanced and cannot be
completely emulated in the Monod model, which adopts a simple analytical
procedure.

As expected, the two models differ with respect to their species selection criterion. Results of
the Monod model are sensitive to the value of the half saturation constant. In BLOOM results
are sensitive to the light regime, which affects the potential growth rates and hence the
selection of the dominant species. When the nutrient is low and the irradiance is summer
average, (case A) the green alga wins in spite of a higher nutrient requirement because the
available nutrient level prohibits a high level of self shading. Hence the high potential growth
rate of the green alga more than compensates for its higher P requirement. If in contrast less
light is available (case C) the growth rates of both species but particularly of the green alga
become lower and BLOOM switches from the green alga to the cyanobacterium. Notice that in
the last simulation (case G) the light availability causes BLOOM to switch from a P limitation
to a light limitation, but P is almost exhausted which explains the small difference in biomass
between E and G. The species selection does not change because the cyanobacterium is more
shade adapted so the model’s preference for it is actually enforced by this low light level.

This last point is important in relation to the discussion on model objectives. Using the set-up
of this experiment, the Monod based model cannot switch its dominant species as long as
other factors are non-limiting. Depending on the choice of the half saturation value either of
the two species will win over the entire range of nutrient levels. In contrast BLOOM adopting
the summer average irradiance switches from the more r-selected green alga to the more K-
selected cyanobacterium when self shading starts limiting the potential growth rates more and
more. The occurrence of such shifts in reality was a major reason for exchanging BLOOM’s
original biomass maximization principle with the present selection principle because
otherwise the species with the lowest requirement for a limiting resource would always win.
One practical way to get around this problem in a Monod type model is adopting the same
value for the half saturation constant of species competing for the limiting nutrient. This
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means that according to equation 21, now the light dependence term will decide which species
wins the competition. This approach was for instance adopted by Scheffer (1998) in his algal
competition experiment under lake Veluwe-like conditions. Qualitatively his model and
BLOOM are similar because in both light ultimately determines the outcome of the
competition. The result is dominance by cyanobacteria under turbid (= high nutrient)
conditions and dominance of the green alga under less turbid (= low nutrient) conditions. If
both models would adopt exactly the same parameters for the light dependence, then the point
(light regime) at which the switch occurs is not exactly the same, because in BLOOM the
nutrient stoichiometry is explicitly taken into account as an additional criterion. So BLOOM
considers Pny / ny and the multiplicative Monod model by Scheffer considers Pny; obviously
adopting the same stoichiometry coefficients 7; in BLOOM would result in the two models
switching at the same light climate. Another way to enhance the similarity in model results
and promote a switch at the same light climate would be to change some of the coefficients of
the light dependent production as part of the calibration procedure of either model.

C16 F1:Microcys_mUVA

15/01/2000  15/03/2000  14/05/2000 ~ 13/07/2000 ~ 11/09/2000 ~ 10/11/2000  09/01/2001 ~ 10/03/2001 ~ 09/05/2001 ~ 08/07/2001 ~ 06/09/2001 ~ 05/11/2001  04/01/2002

—— C23 F1:GREEN F - Steenbergen —— C27 F1:GREENS F - Steenbergen —m— C16 F1:Microcys_mUVA F - Steenbergen

Figure 13 Comparison of total Microcystis biomass (mgC.1") simulated by DBS (blue line) and the model by
Verspagen (2006) (green line) for Lake Volkerak Zoom, location Steenbergen with harmonized
parameters. Observations (red dots) are shown for reference purposes only since neither model
application reflects its optimal calibration,
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During a recent study on the future of Lake Volkerak Zoom in the Netherlands, two models
were applied, one by Verspagen (2006) and DBS. Initially results by both models were quite
different which raised the question whether this was due to conceptual differences or to the
parameterisation. Since the model by Verspagen considers only one species (Microcystis), all
other species were removed from BLOOM. After the elimination of all differences in parameter
values, the results of the two models were very similar (Fig. 13). Notice that as in the previous
experiment the way the growth and mortality constraints operate in BLOOM cause it to react
more quickly during the phases of growth and decline, but the differences in this example are
rather small. So while it was demonstrated in the previous example that results may be similar
under nutrient limited conditions at steady state, these results demonstrate that in the case of a
light limitation BLOOM and a traditional model give basically the same results during an
annual simulation of a real water system if one and the same species is present.

Fig. 14 shows another comparison of a Monod type model and BLOOM. In Chapter 8 of this
thesis several North Sea models are compared. Two of them: DYNAMO and GENO-NZB use the
same hydrodynamics, loads and meteorological forcing (see Chapter 8 for full details). These
two models mainly differ with respect to the phytoplankton kinetics. DYNAMO employs the
classic Monod approach; BLOOM adopts its own optimization algorithm with the potential net
growth rates as objective function. Of course on a temporal scales the results are not identical,
which is the reason why BLOOM has superseded DYNAMO, but on an annually averaged bases
the difference between the total phytoplankton biomass (mg C.I") simulated by each of the
two models is very small.

In conclusion: Both in the simplified competition experiments as well as in the complex ‘real
life’ applications, there are no significant differences in total biomass between the Monod
based models and BLOOM. Differences mainly occur with respect to species composition due
to the difference in selection criterion. Related to this: the seasonality is likely to be different
and often also the simulated chlorophyll-a concentration since the switches between types in
BLOOM results in a relatively large variations in simulated carbon to biomass ratios in this
model.

62



Description of the BLOOM model

)
3
(e}

SN W

IREEEEEEOEEE

o]

utput  Phyt

IREEEEEEOrNE

Figure 14 Comparison of annual average total phytoplankton biomass (mgC.I") simulated by DYNAMO
(Monod model; upper panel)) and BLOOM (lower panel) for the year 2003. For details on model set-
up see Chapter 8 of this thesis.
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6. Summary and conclusion

BLOOM is a model for predicting the dynamics of phytoplankton communities. Focusing on
management applications, early versions were already applied for practical purposes by the
end of the 1970s. The model has since then evolved with respect to its fundamental principles
as well as the coefficients used. It has been applied to a large number of fresh water and
marine systems covering a range of external conditions of more than two orders of magnitude
for some factors.

The model aims to capture as much as possible of the functional diversity of phytoplankton
communities. However, rather than modeling all known species, BLOOM specifies several
‘ecotypes’ within each major phytoplankton group to mimic functional diversity resulting in
nature from species diversity and from adaptation through physiological flexibility.

BLOOM differs from many existing models in that it uses a rather strict Liebig’s Law
approach: each ecotype is limited only by the resource with the lowest availability. Also,
instead of using a Monod or Droop equation to growth rates as a function of nutrient levels,
BLOOM does not let nutrient shortage reduce growth rates, other than setting growth to zero
when the concentration of a dissolved nutrient has become zero. With respect to shading
effects, all species for which light is below a fixed specific tolerance limit are set to zero. The
higher the total biomass permitted by the availability of nutrients, the higher the potential
turbidity and hence the smaller the number of species that can still maintain a positive energy
balance. Light is limiting to at most one of the species in the model.

Another difference to many other ecological models is the use of linear programming to
predict the state of the system at the next time-step. The algorithm first defines the different
possible states at which one of the nutrients or light halts growth of one of the ecotypes.
Subsequently in accordance to the general LP methodology, from those states, the one is
selected at which the the potential growth rate of all ecotypes is maximal and the requirement
for the resources is minimal. It can be shown analytically that effectively a high potential
growth capacity as well as a low requirements for nutrients and light are equally weighted in
determining the algal composition of the predicted steady state of the system.

To prevent unrealistically fast jumps towards such steady state solutions, BLOOM also
computes the biomass increment each species can potentially realize in the given time-step
from the temperature and light dependent ‘potential net growth’. If the result is smaller than
the steady state solution, the growth-limited new state is assigned. Similarly, the model
imposes a limit on mortality, to prevent unrealistically rapid declines.

All computations are made at each time-step for all phytoplankton types, and the resulting
assemblage is typically a mix of various types, some of which are resource limited, and some
of which are controlled by growth and mortality rates. Since a trade-off between resource
requirement and potential growth rate is assumed, r-selected species are predicted to dominate
under dynamic conditions where potential growth rates are high, while K-selected species are
predicted to dominate under more stable conditions. Overall, the relative weight given to
growth rates produces some bias towards r-select species compared to traditional equilibrium
solutions. On the other hand, such equilibrium solutions may be argued to be biased towards
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K-select species given that a model will typically not capture all loss processes and
environmental fluctuations well. The fact that predictions by BLOOM match observed plankton
communities so well for a wide range of systems, suggests that indeed the weighting of
growth rates in the algorithm for selecting amongst the set of potential solutions is useful for
capturing some aspects of complex reality that tend to be missed in other ways.

Although the approach in BLOOM may seem radically different from that taken in most other
competition models, comparisons between BLOOM predictions and predictions from
traditionally solved sets of equations in simple as well as complex systems illustrate that the
particular approach taken in BLOOM involving the linear programming procedure and the
strict Liebig’s approach do not result in markedly different outcomes with respect to the total
biomass. The main merits of the approach are its computational speed and stability and its
straightforward way in dealing with limiting factors and variable characteristics of members
of the plankton community, shown to produce realistic predictions of total biomass as well as
species composition over a wide range of conditions and systems.
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Appendix: Averaging the production

The light intensity encountered by, and hence the efficiency of a phytoplankton cell is not
constant but varies with the water depth, turbidity and time. To account for these variations,
the model must compute the average efficiency Ej in a certain period. The method to compute
Ey in the present model is similar, but not identical, to the method described in Section 5.4 of
the Algae Bloom report (Bigelow et al., 1977).

Assuming that the water is well mixed from the surface to the mixing depth Zmax we can
compute the light intensity, I(z), at depth z according to the Lambert-Beer equation:

1(z) = I, EXP (-Kz) (1)

where

o I is the light intensity in Joules/m*/h just below the water surface,
o K is the extinction coefficient per m.

The average efficiency of an algal cell at depth z is E[1(z)].

For the moment leaving out the subscript k& for simplicity, to compute the depth averaged
efficiency EDEP Bigelow et al. (1977) made the assumption that each cell spends an equal
amount of time at every depth from the surface to the mixing depth. We shall arrive at the
same set of equations making a more lenient assumption namely that the concentration of
phytoplankton cells is the same at every depth. This can be shown to be a sufficient condition.

Assuming (1) a constant surface light intensity, (2) a particular day length (number of hours
of day light) DL, and (3) the same light adaptation for all cells, the average efficiency EDEP
can be computed as:

1 Zmax
EDEP = — I E[I*EXP(-K.z)] dz 2)

Zmax 0
Introducing a new variable s:
s+ log I

s=K.z-log I, hence: z=
K
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Description of the BLOOM model

Also: dz =ds/K
and: s = K*Zmax - log I (z=Zmax)
s =-log I (z=0)

we can transform (2) into:

1 K*Zmax-log I

EDEP= —— | E [ EXP(-s) ] ds
K*Zmax -log I

Next define:

\%
F(v)= | E[EXP(s)]ds
0

Then obviously:

F(K*Zmax - log L) - F(-log L)

EDEP =
K*Zmax

€)

“

®)

This equation only holds for a constant light intensity I and for a day length DL. Thus the
functions E and F (and the next function G) might have been indexed by DL, but we have not
done this for simplicity. We shall later deal with the day length and first consider variations in
light intensity with time. Writing Is(t) as a function of time, define:

1 24
Gv)= — | F[v-loglt)]dt
24 0

Then the time and depth averaged efficiency EAVG is:

G(K*Zmax) - G(0)

EAVG =
K*Zmax

(6)

()
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Eq. (7) only holds for one specific function Ii(t) in other words: only for the intensity pattern
of one particular day. So theoretically, we must recalculate Eq. (7) for each day. However,
Bigelow et al. (1977) have shown that two important changes of Ii(t) are possible without
recalculation of Eq. (7):

1. A change in the number of day light hours, but with the same intensity pattern Iy(t).
2. A change in intensity at each instant by a constant fraction w.

Any combination of the two can also be accomodated. Strictly speaking the average intensity
pattern is a function of season, and moreover the actual intensity at any instant depends on
stochastic events such as clouding. There is no practical way to deal with all of these factors,
however, and there is no reason to expect a major impact on the average efficiency, because
phytoplankton cells spend most of the time at light intensities below lopt, where the response
of E(I) to changes in irradiance is fairly linear.

As shown in Fig. 3, different species of phytoplankton react differently to a change in day
length. Denote this relation by Pn(lopt,DL). We shall now make the important assumption
that Pn(lopt,DL) holds at every other light intensity I as well. We can then compute the
growth rate constant Pn at any arbitrary day length DL and light intensity I as

Pn(Iopt,DL)
Pn(I,DL)= ——— Pn(I,DLopt) ®)
Pn(Iopt,DLopt)

Notice that by definition the growth rate constant at both optimal light intenstity and day
lengths equal the maximum net growth rate: Pn(ITopt,DLopt) = Pn"*(T).

Of course the following holds equally well:

Pn(I,LDLopt)
Pn(I,LDL)= — Pn(lopt,DL) 9
Pn(Iopt,DLopt)
Let
Pn(Iopt,DL)
LDOLy=—"""" (10)
Pn(Iopt,DLopt)
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and define:

1 24

Hv)= — | F[v-log ()] dt an
24 0

for a day with length 24 hours. We can now express G(v) as

L(DL)
G(v)= —— H(v) (12)
L(24)

Substituting Eq. (12) into Eq. (7) we find

L(DL) H(K*Zmax) - H(0)
EAVG = (13)
L(24) K*Zmax

In analogy to Bigelow et al. (1977) on page 35 it is obvious that Eq. (13) is replaced by

L(DL) H(K*Zmax - log w) - H(-log w)
EAVG = (14)
L(24) K*Zmax

for a day whose intensity pattern is w*Is(t) rather than Ii(t). EAVG is the type specifiic
average growth efficiency factor Ex. As may be notes from Eq. (14) it is proportional to the
type-specific day length function (Fig. 3) and inversely proportional to the product of the total
extincion K and the mixing depth Zmax. See also Fig.1 for a graphical illustration on how this
relation affects the shape of the growth vs. light function.

There is a complication when different vertical segments are considered by the model (i.e. in
3D mode). The extinction K and the light intensity at the surface might be accurately
computed for each vertical segment, but what value should be adopted for the mixing depth
Zmax? Since the computational procedure is set up in such way that the model is applied to
each individual segment seperately, it would normally take the depth of this segment as being
Zmax and feed that into Eq. (14). This basically means that during the computation of the
depth averaged production, it is assumed there is no transport across the vertical boundaries of
the model segment. In other words: the light intensity encountered by the phytoplankton is
assumed to vary between the value at the top and at the bottom of each segment. If according
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to the hydrodynamic conditions mixing across these boundaries is significant during a time
step, this should be accounted for in the primary production calculation as well. To correct for
this problem the depth averaging procedure is extended in the following way. Eq. (14) is
solved for each vertical segment in a column of water using Zmax, but its result is stored
rather than assumed to yield the correct value for Ey. Next a conservative tracer is released in
each vertical segment to compute the vertical excursion of the phytoplankton across the
segment boundaries during the time step. The proportion of time this tracer spends in each
vertical segment is then applied to determine an additional weight function, which can be
multiplied by the segment wise computed results of Eq. (14) giving the correct value for Ex in
each vertical segment (Leo Postma, Deltares, unpublished).
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Phytoplankton modelling by means of
optimization:
A 10-year experience with BLOOM I

F.J. Los & J.J. Brinkman, 1988

Verh. Interim. Verein. Limnol. 23: 790-
795
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Verh. Interim. Verein. Limnol. 23 | 790-795 | Stuttgart, August 1988 |

Phytoplankton modelling by means of optimization: A 10-
year experience with BLOOM II

F.J. Los and J. J. BRINKMAN

With 4 figures in the text

Introduction

. The Netherlands have suffered heavily from eutrophication problems at least since the be-
ginning of the 20th century because ) ) ) )
1. About two thirds of the annual freshwater supply is provided by the River Rhine.
2. Sediments contribute considerably to the annual nutrients loadings of most Dutch lakes.

The Dutch reacted rather slowly to these problems, perhaps because eutrophication has alwags
been so common. Still it is obvious that conditions in many lakes deteriorated during the 1960s
and 1970s. As a result eutrophication started to receive the attention it deserved: (1) national and
regional monitoring networks were established covering practically every major water system, (2)
engineering solutions such as chemical precipitation of phosphorus were tested at some sewage
treatment plants and at several drinking water reservoirs, (%) universities and other institutes
started laboratory experiments (chemostats; micro-cosms), (4) modelling began.

Modelling approach

As in many others countries it soon became obvious that eutrophication is a complicated
problem, invo v1ni<_{ physical, biochemical, and biological aspects. Morcover, there was a stron,
need for methodologies to sui)port the dec1510n-makm% process. The first models to be Eflpp]le
were the, OECD models (Vollenweider et al. 1980). The computed chlorophyll levels for the
present situations, however, were far below the observations. This, of course, is not too surprising
as very few of the shallow Dutch lakes meet any of the presumptions of the model. o

The next step was to copy deterministic eutrophication models, most of which were originally
developed in the USA for the Great Lakes (DiToro et al. 1975). Application of these models was
not successful either. Again the computed chlorophyll levels were too low. Moreover, the
predicted annual patterns (the classical two peaks) were much too regular.

Both types of model could not provide answers to the questions, which troubled the water man-
agers. They were and of course still are, particularly interested in those.perlods, when phytoplank-
ton biomasses reach their maxima, because this is exactly the period with the most serious
management problems. ) ) )

Ten years ago we therefore started a completely different modelling approach. We revised and
extended a salt water model of the US RAND corporation (Bigelow et al. 1977) and developed a
model called BLOOM II. This model uses an optimization technique called linear programming to
compute the maximum total biomass concentration of several phytoplankton species at equilib-
rium in a certain time-period consistent with the environmental conditions._ .

To compute values for the environmental constraints, the model needs information on the con-
centrations of total available nutrients, temperature, the influx of solar radiation and certain lake-
specific characteristics (depth and turbidity). These conditions can all be determined directly or in-
directly from measurements and are sufficient for the model's calibration and validation.

Early model versions (Los 1982) strongly focussed on predicting objectionable peak values,
which is exactly the point where the other models had failed. To this purpose a steady state was
assumed with a one week time-step, which is justified by the high potential growth rate of
phytolankton species under natural conditions during major parts of the year. A representative
example of the performance of this model version is shown in Fig. 1.

77



Chapter 2

0
200 | o
100 | e .
3 s0 ¢ S ‘ *
i S
3z f R °.
E 10F fo . . * .
Fig. 1. Predicted (drawn line) and observed (dots) © . ool
chlorophyll in the Grote Rug storage water reservoir sF .
No. 2 using an early version of BLOOM II. e b
2F
1 | 1 1 -l
o 10 20 30 40 50

Week number

Conclusion: peak values were indeed computed correctly, but in periods between blooms the
computed biomass levels were usually much higher than those observed. From the very start the
model often computed dominant phytoplankton groups correctly and even the dominant species
often agreed with the observations in peak situations. .

Obviously these periodic over-predictions are in complete accordance with the model's purpose.
However, we had to extend the scope of the model in later years, to predict the impacts of sanitation
measures. To this urgose BLOOM II was integrated” with_a sophisticated chemical model
CHARON (Los et al. 1984), computing the surface water chemistry (nutrients among others). The
first attempts to integrate both models completely failed, as the common deviations between
computed and measured biomass levels made it impossible to obtain a feasible solution with the
chemical model. ) ) )

We therefore wondered whether it would be possible to improve BLOOM's overall per-
formance, at the same time maintaining its ablht]y to predict peaks and dominant species. To this
purpose the model was completely revised since 1982. . .

lany specific coefficients (growth rates; day length dependence; growth vs light curves; nutrients
requirements) were updated using measurements in chemostats and an incubator at the Micro-
biological Department of the Amsterdam University. . . .

The model was extended with two important options to constrain the biomass of each phyto-
plankton species by its level at the Erevhlous time-step and by the current growth and mortality
rates. In other words: complete switches in dominance can only occur when they are permitted by
the dynamics of each species. ) o

We added variable stochiometry to the model. To this purpose each phytoplankton species is
split into several (usually 3) types. Depending on the external conditions the model can select any
combination of types and therefore any allowable stochiometry, including the dry weight to chlo-
rophyll ratio, for each species. o )

To extent the scope of BLOOM II we coupled it with the chemical model CHARON and to the
i%,eneral water quality model DELWAQ. The latter makes it possible to apply the model to any

ind of hydraulical system (even 3-dimensional) provided that water movements are known.

The impact of these modifications is shown in Fig. 2, which compares the performance of the
1979 and 1985 versions of the model for one particular case. An extended documentation will ap-
pear shortlg (Los 1991). ) )

It may be concluded that the current model version tends to predict actual chlorophyll levels
throughout the year. In a few cases the early model versions were definitely better. This is_due in
Eartlcular to the use of smaller and generally (so not always) more realistic growth rate coefficients

y the current model.

Results

After its initial calibration BLOOM II was applied to about 30 different lakes for between 1 and
9 consecutive years, making a total of over 100 cases. Usually the model is first validated with
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Fig. 2. Comparison of early and present model version applied to Lake Veluwe, 1976. Computed
chlorophyll levels (ng/l) shown as histograms.
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Fig. 3. Computed (histogram) and measured (diamonds) chlorophyll concentrations (ug/1) and limiting
factors in Lakes Valuwe and Wolderwijd, 1979 and 1981.

measured nutrient data. Next phytoplankton and nutrients are validated using the integrated
BLOOM II-CHARON model. This model combination is also applied to predict the impacts of
sanitation measures.
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The performance of the stand-alone version of BLOOM 11 is illustrated by the results for two
twin lakes: Lake Veluwe and Lake Wolderwijd. These shallow lakes (average depth about 1.5
m) were created in the 1960s, and rapidly became eutrophic due to high nutrient loadings.
Management of Lake Veluwe changed drastically starting in 1980. First the external loadings of
phosphorus were reduced. Second the lake is now flushed several times each winter with
nutrient-poor water.

BLOOM II was applied to both lakes for the period of 1975 through 1983. The results for two
representative years (1979 and 1981) are shown in Fig. 3.

Conclusion: the computed and measured chlorophyll levels agree very well in both lakes.
Notice that the observed and computed levels in the two lakes are similar in 1979, but in 1981
the levels in Lake Veluwe are considerably below those in Lake Wolderwijd. The model predicts
dominance of the blue-green alga Oscillatoria agardhii in all cases, which agrees with the
observations.

It is interesting to note that the actual improvement of Lake Veluwe is less spectacular than
suggested by the chlorophyll data. The computed and observed reduction in bio-mass (dry
weight in the model, wet weight in the observations) is much smaller. This is due to a change in
limiting factors and a corresponding change in stochiometry. Before 1980 light and nitrogen are
the main limiting factors, after 1980 phytoplankton is limited by phosphate and sometimes
nitrogen. These severely nutrient limited phytoplankters have less chlorophyll per unit of
biomass than before 1980.

Discussion

Most biological models are based on simple first order differential equations of the type:

dx
— = (Pt qHtrtonns )X
dt

Some of the coefficients p, q, 1, ... are simple rate constants or functions of external conditions
such as the temperature. Other terms, however, are also included in similar equations for other
groups of organisms. Thus in general there are several coupled equations, for example for
phytoplankton and zooplankton. Analytical solutions cannot usually be obtained for this kind of
coupled equations, but that by itself is no longer a problem in the computer age. However, these
models tend to be over-structured.

BLOOM II is essentially based upon similar equations, but they are not solved in this model.
All its equations are transformed into an optimization problem, which is solved by the linear
programming method. Early versions of the model were rather unpretentious: they simply gave
the kind of answers in which water managers are interested. These versions were based upon a
steady state assumption for phytoplankton growth, using a small number of rather loose
environmental constraints.

As we have explained carlier: the constraints of the current model version are much more
restrictive. Moreover, we have added constraints that take the dynamics of each species into
account. As a result the current model version computes actual rather than (theoretical)
maximum biomass levels, although it is still based upon the same maximization principle. The
results of this model version, of which only a very small fraction could be shown here, suggest
that this optimization principle is valid under a broad range of conditions. So we may indeed
wonder if there is a biological background for the success of the model. Is there a tendency for
species to maximize their biomass (offspring) on the expense of other species? Is this principle
perhaps just a formal expression of the Darwinian principle of "Survival of the fittest"?

Some opponents of the model have argued, that the model should maximize growth rather
than total biomass. The rationale behind this is that rapidly growing species have a higher
affinity for limiting resources and hence have better opportunities to claim what little there is
for themselves and their offspring. The potential impacts are shown in Fig. 4, which shows
the nett growth rates of three phytoplankton species as a function of the extinction under fixed
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Fig. 4. Net growth rate of several representative phytoplankton species as a function of extinction (hence
light intensity) under standardized conditions.

conditions of temperature, day length and solar radiation for a 1m deep lake. The curve for other
eukaryotic species is almost similar to the one for the green alga, the curve for Microcystis
resembles the one for Oscillatoria. The general shape of the curves shown in Fig. 4 hold under a
broad range of conditions. Only temperature has a significant impact on this picture.

The growth rate of the eukaryotic species is relatively large when the extinction is small due to
their high maximum growth rate. As the extinction increases, their net growth rates level off
considerably faster than those for blue-green algae, because (1) their maintenance energy is larger
and (2) their growth rates are relatively small at low light intensities. Maximizing growth instead
of total biomass is therefore advantageous to eukaryotic species at low extinction levels (high
average light intensities), but favors blue-greens when the extinction is high. We have made a
large number of computations to compare both maximization principles. In general the results of
maximizing biomass agree better with the observed biomass levels and compositions. However,
maximizing growth has one strong advantage: it predicts dominance of eukaryotic species under
oligotrophic conditions, as is usually observed. Maximizing total biomass predicts dominance of
blue-greens.

In spite of considerable effort and model improvements during the past ten years, BLOOM II
is still being updated and extended. Some current developments are (1) the first serious
applications of a 2-dimensional model version to water networks (combined with DELWAQ and
CHARON), (2) a complete revision of the simplistic formulation of mortality, which is currently a
function of temperature, but in the future will be computed as a function of the age distribution as
well and (3) re-evaluation of model concepts (growth versus biomass maximization).
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Abstract

In order to manage aquatic systems, it is necessary to apply methods relating the environmental variables and system-state
parameters with external factors that affect the system. External factors can be natural (i.e. the movement of water) or partly-
anthropogenic (i.e. nutrient loads). In addition to the national authorities, who have been implementing environmental policies for
several decades, the EU is presently implementing the Water Framework Directive (WFD) aimed at establishing a new set of
standards for the ecological and water quality of water systems. Among these are the phytoplankton biomass and composition.
Phytoplankton affects turbidity, oxygen depletion, total productivity of the system and the occurrence of (harmful) algal blooms.
A range of methods is available to relate phytoplankton to the controlling environmental conditions. Among these are statistical
relations for instance of the Vollenweider type as well as deterministic simulation models. At the end of the 1970s, a generic
deterministic phytoplankton module called BLOOM was developed, which has since been applied to a wide range of fresh water
and marine systems. Here we test the applicability of this model as a screening tool for coastal waters. We conclude that the
model is able to reproduce observed chlorophyll levels adequately under a wide range of conditions. Subsequently the model is
applied to demonstrate the potential impacts of reductions in nitrogen, phosphorus or both nutrients simultaneously. Depending
on which factors are initially controlling, the impacts of these reductions vary considerably both between locations and during the
season. While this type of application lacks explicit relations between nutrient concentrations and external loadings, it does
consider a number of relevant conditions in a consistent way and requires remarkably little data and effort. It is therefore a
valuable screening tool.

Keywords: Phytoplankton modelling; Nutrient reduction; Coastal waters; Water Framework Directive; Chlorophyll-a

1. Introduction system-state parameters with external factors that affect
the system. External factors can be natural (e.g. the
movement of water) or partly-anthropogenic (e.g.
nutrient loads). In addition to the national authorities,
who have been implementing environmental policies for

several decades, the EU is presently implementing the

In order to manage aquatic systems, it is necessary to
apply methods relating the environmental variables and
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Water Framework Directive (WFD) (European Com-
mission, 2000).

The WFD provides a framework for water manage-
ment, with the aim of achieving a’good chemical and
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ecological status’ in fresh and near shore coastal waters
throughout Europe. The implementation of the WFD
involves a step-wise approach determining for each
water body: (1) its status under undisturbed ‘reference
conditions’, (2) its present status, (3) what could be
considered as a ‘good status’ and finally (4) what should
be done to achieve this status. With respect to the
ecological status of transitional waters, the ‘quality
elements’ of importance are phytoplankton, macrofauna
and macrophytes. Fish are considered for fresh but not
for the marine systems. To obtain a uniform implemen-
tation throughout Europe, all water bodies are classified
according to the same principles, but this still leaves
room for variations between water bodies in different
countries or even within a country. It is also necessary to
determine which part of the pressures are anthropogenic
and which part can be considered as natural. By the year
2015, all aquatic systems should comply to these
standards. While the WFD is restricted to a small part
of the coastal zone, OSPAR (www.ospar.org) and the
new Marine Strategy also consider offshore areas.

Hence the phytoplankton biomass and primary
production are important indicators for managers of
water systems. Phytoplankton affects turbidity, oxygen
depletion, total productivity of the system and the
occurrence of (harmful) algal blooms. When biomass
levels are considered to be too high, nutrient reduction is
a proven method to reduce levels in both marine and
freshwater systems. However, it is not always obvious
which nutrient should be reduced and sometimes results
are disappointing. The effectiveness of nutrient reduc-
tions can be addressed by statistical data analysis; i.e.
empirical relations between total P loadings and algae
concentrations has been successfully done using the
well known Vollenweider type relationships (Vollen-
weider, 1975). Because many more data are available on
measured concentrations as compared to loadings, often
empirical relationships directly relate algal biomass to P
or N concentrations.

Alternatively, these questions can be addressed by
deterministic modelling, where algae concentration and
primary production can be calculated from measured or
modelled nutrient concentrations. During the last
decades, many simulation models for primary produc-
tion have been developed with different characteristics,
purposes and degree of validation (Di Toro et al., 1971,
1977; Baretta et al., 1995; Ebenhoh et al., 1997;
Lancelot et al., 2000; Fulton et al., 2004; Janse, 2005)
to mention just a few of them. At the end of the 1970s, a
generic phytoplankton module called BLOOM was
developed (Los et al., 1984; Los, 1991, 2005). Since
then the model has been applied extensively both in hind

86

cast mode to explain what has happened in the past as
well as in forecast mode to simulate the possible impacts
of future conditions including management scenarios
(Los and Brinkman, 1988; De Groodt et al., 1992; Van
der Molen et al., 1994; Peeters et al., 1995; Los and
Bokhorst, 1997; De Vries et al., 1998; Villars and
DeVries, 1998; WL | Delft Hydraulicsy MARE, 2001;
Van Duin et al., 2001).

Different modes of complexity are possible with
BLOOM ranging from a straightforward 0-D screening
tool to a more detailed 3-D eco-hydrodynamic model.
Applying models with different levels of complexity are
valuable and each has various pros and cons. For a
manager of a coastal water system it is sometimes
necessary to obtain a rapid impression of the status of a
particular water body and its sensitivity to certain
pressures. How much phytoplankton biomass can be
sustained? What factors seem to be controlling? In this
paper, we present the results of the application of the
BLOOM module for phytoplankton concentration and
composition as a quick-scan tool. This is an example of
a least complicated, 0-D application. As such BLOOM
computes the total biomass, its division into major
functional groups and limiting factors based on
measured concentrations of nutrients, irradiance and
temperature. Transport is not explicitly included, but it
does affect the measured forcing by nutrients and
background turbidity of the model. With this type of
model, a first assessment of management measures can
be made by varying the nutrient concentration levels,
but there is no direct linkage to internal or external
nutrient loadings or to anthropogenic or natural sources.
An experienced user with a properly organised database
can set up and apply this tool within a few hours. Many
examples of this type of analysis have been reported by
Los (1991). In this paper the reliability of the model
results is tested by comparison against field observa-
tions for a variety of marine, coastal and transitional
waters. Furthermore, model applications are shown to
evaluate the effectiveness of nutrient reduction as a tool
to decrease chlorophyll-a concentrations.

2. The model

Algal blooms usually consist of various species of
phytoplankton belonging to different taxonomic or
functional groups such as diatoms, flagellates, green
algae and cyanobacteria, commonly referred to as blue-
green algae. They have different requirements for
resources (e.g. nutrients, light) and they have different
ecological properties. Some species are considered to be
harmful due to their effect on the turbidity of the water,
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the formation of scums or the production of toxins. For
example, Oscillatoria can achieve very high biomass
levels in shallow lakes causing a very low transparency,
Microcystis is notorious for the formation of scums and
has been reported to produce toxins that are harmful to
animals (e.g. cattle) and men. In the marine environ-
ment, Phaeocystis is probably responsible for foam on
beaches (Lancelot et al., 1987), and mass mortality of
shellfish due to the settlement of a bloom in sheltered
areas and subsequent depletion of oxygen (Rogers and
Lockwood, 1990). To deal with these phenomena, it is
important to distinguish between different types of
phytoplankton in a model. The phytoplankton module
BLOOM is based upon the principle of resource
competition between different species. Note that the use
of the term species in this paper is a flexible term.
Sometimes a model species is equivalent to a biological
species, but the term species could also refer to a number
of biological species, grouped in larger ecological units,
which are supposed to have similar characteristics. For
example the group of diatoms, which consist of various
biological species is regarded as one model species or
plankton functional type. Most biological species of
phytoplankton adapt rapidly to changes in their external
environment. Individuals of a single species can
therefore display a significant range of variation. To
incorporate this phenomenon, each species of BLOOM
is represented by several (pheno-)types. A type
represents the eco-physiological state of the species
under various possible conditions of limitation. Typi-
cally different types are considered for nitrogen,
phosphorus and light limitation respectively. Hence for
example an N-type has the characteristics of a species
grown under prolonged conditions of nitrogen limita-
tion. In a similar way P and E-types are defined.
Occasionally additional types such as colonies or
nitrogen fixing cells are explicitly included in the
model. Types are the basic variables of this module. The
number of types and their characteristics are inputs, so
they can be easily adjusted for different kinds of water
systems. Since types differ with respect to all character-
istics included in the model, a shift between types not
only implies a shift in nutrient stochiometry, but also in
other characteristics such as the growth, mortality,
sedimentation and respiration rates and in the carbon to
chlorophyll ratio.

Once the model has computed the biomasses of the
types, they are summed up to compute the biomass of
each species. Often more than one type of a species is
present at a particular moment in time, in theory all of
the types of a species can be present simultaneously. The
formulation of the model takes into account that

adaptation occurs much more rapidly than succession
between species.

The model considers the growth rate and the
requirements for all potentially limiting environmental
factors to determine the optimum combination of
types using the linear programming method (Danzig,
1963). The nutrient and algae biomass concentrations
at the beginning of the simulation period and the
temperature and light intensity during the period are
assumed known. The model must be solved for
successive time periods in which the nutrient levels
and initial biomass concentrations can be changed in
accord with the solution of the previous time step.
The optimization procedure distributes the available
resources among all chosen algae types yielding a new
composition of algae type biomass concentrations.

Typically, BLOOM considers between 3 and 10
representative algae species. For example, consider
the following four (groups) of species: diatoms,
micro-flagellates, dinoflagellates and Phaeocystis.
These algae groups can be divided into three types
based on their limiting nutrient or energy. Hence a
total of 12 different algae types could be defined in
this example.

Each distinct species subtype (from now on called
type) is denoted by the index k. The BLOOM model
identifies the concentration of biomass, By, of each algae
type k that can be supported in the aquatic
environment characterized by light conditions and
nutrient concentrations. It can be demonstrated that
finding the best adapted types at any moment in time
is equivalent to maximizing the total rate of primary
production given a number of environmental
conditions (constraints). Defining the gross growth
constant Pg; (day™), the objective of the model thus
is to

Maximize Zk Pg, B, 1)

For each algae type, the requirements for nitrogen,
phosphorus and silica (only used by diatoms) are
specified by coefficients ny, the fraction of nutrient i
per unit biomass concentration of algae type £.

The total readily available concentration, C; (g m™)
of each nutrient in the water column equals the
amount in the total living biomass of algae,
Zk(nkak),plus the amount incorporated in dead algae,
d;, plus that dissolved in the water, w;. These mass
balance constraints apply for each nutrient 7.

Zi(nygB) +d +w; = G 2)

The unknown concentration variables B, d;, and w;
are non-negative. All nutrient concentrations C; are the
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measured or modeled total concentrations and are
assumed to remain constant throughout the time period
defined for the optimization model. The system is
assumed to be in equilibrium over that period. The time
step is an input to the model and may be chosen to vary
during the simulation period to account for seasonal
variations in characteristic time scales.

2.1. Nutrient recycling

A certain amount of each algae type & dies in each
time step. This takes nutrients out of the live
phytoplankton pool. A fraction remains in the detritus
pool, and the remainder is directly available to grow
new algae because the dead cells break apart (autolysis)
and are dissolved in the water column. Detritus may
be removed to the bottom or to the dissolved nutrient
pools at rates in proportion to its concentration. Needed
to model this is the mortality rate, M, (day), of algae
type k, the fraction, f,, of dead phytoplankton cells that
is not immediately released when a cell dies, the
remineralization rate constant, m; (day), of dead
phytoplankton cells, the fraction, ny, of nutrient i per
unit biomass concentration of algae type &, and the
settling rate constant, s (day"), of dead phytoplankton
cells.

The rate of change in the nutrient concentration of the
dead phytoplankton cells, ddi/dz, in the water column
equals the increase due to mortality less that which
remineralizes and that which settles to the bottom.

ddy/dt = 2 (fy My ny By) —myd; — s d; 3)

Both mortality and mineralization rate constants are
temperature dependent. If the model is applied as a
screening tool, Eq. (3) is solved under the assumption of a
steady state which means its right-hand side equals 0. This
gives an expression relating the amount of detritus to the
algal biomasses. If BLOOM is applied as a dynamic
simulation model, this equation is integrated numerically.

2.2. Energy limitation

Algae absorbs light for photosynthesis and growth.
Energy becomes limiting through self-shading when the
total light absorption consisting of a non-algal part and
an algal part, exceeds the maximum at which growth is
just balanced by respiration and mortality. For each
algae type k there exists a specific extinction value K™
(m™) at which this is the case. The light intensity can
also be too high, which means the total extinction is too
low (photo-inhibition) for growth. This specific extinc-
tion value is K;™. The ranges between K;™" and K™ differ
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for different algal types k because each one of them is
characterized by a different set of model coefficients.
Among others a different light response curve for
growth is used for each species in the model in the form
of a table, through which a curve is fitted which is
integrated numerically to account for diurnal variations
in light intensities over depth due to mixing and in time.
Letting K; (m’’m/g dry) represent the specific light
absorbing extinction constant for living material of
algae type k, the total extinction due to all living algae is

KL =2 Ky By) )

Added to this must be the extinction caused by dead
cells, KD and the contribution of all other fractions such
as inorganic suspended matter and humic substances to
the extinction of the water, KW (m™). Hence

K™ < KL+ KD + KW < K™ 5)

The extinction from dead cells is usually less than
half of that from live cells. The amount of dead cells
not yet mineralized is, from Equation 3, Zk(}‘p M By).
Assuming some fraction e, (usually between 0.2 and
0.4) of the extinction rate of live cells,

KD = 4 2 Ky fp My By (©)

If the total extinction is not within the range for an
algae type £, its concentration By will be zero. To ensure
that B, is 0 if the total extinction is outside of its
extinction range, a 0,1 binary (integer) unknown
variable Z, is needed for each algae type k. If Z; is 1,
By can be any non-negative value; if it is 0, By will be 0.
This is modeled by adding three linear constraints for
each algae type k.

KL +KD + KW < K™ + KM (1 - Z) )
KL + KD + KW= K™ (Z) ®)
B, < BMZ, )

Where KM and BM are any large numbers no less
than the largest possible value of the total extinction
or biomass concentration, respectively.  Since the
objective of maximizing the sum of all Pg; By together
with Equation 9 wants to set each binary Z; value
equal to 1, only when the total extinction is outside of
the extinction range K,"" to K;™* will the Z; value be
forced to 0. Equation 9 then forces the corresponding
By to 0. This means that beyond its feasible range of
the extinction coefficient, a species cannot maintain a
positive biomass.
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2.3. Growth limits

When the environmental conditions improve at a rate
which is large relative to the potential biomass increase
of a particular phytoplankton species, it may be
impossible to achieve the level at which either light or
some nutrient gets limiting within a single time-step of
the model. To account for this situation, a constraint to
delimit the maximum biomass increase within the time-
interval is considered during the optimization procedure.
Assuming that losses will be low during the exponential
growth phase of a phytoplankton species, mortality is
ignored in the computation of this growth constraint.

For all algae types k the maximum possible biomass
concentration, B™™ (g dry m™), at the end of the time
interval At (days) depends on the initial biomass
concentration, B, (g dry m?®), the maximum gross
production rate Pg™ (day'), the respiration rate
constant, R, (day™), and the time and depth averaged
production efficiency factor, Ej. Using the net produc-
tion rate constant, Pr; (=Pg," E-R;) (day™"), for each
algae type k:

B™™ = B’ exp{ Pny At} (10)

If the initial biomass is smaller than a certain base
level, this base level is used in stead. Empirically it was
found that using a base level of 1% of the potential
maximum generally results in realistic species shifts in
the model.

2.4. Mortality limits

As in the case of growth, the mortality of each algae
species is also constrained to prevent a complete
removal within a single time-step when conditions get
worse. The minimum biomass value of a species is
obtained when there is no production, but only
mortality. The minimum biomass, B,™" (g dry m™), of
type k at the end of time interval A¢ depends on the
initial biomass, B, (g dry m™), of type k and the specific
mortality rate constant, M, (day™) of type .

B™™ = B exp{— MAt } an

These minimum values are computed for each
individual algae type. However the model sums each of
these minimum values over all subtypes within each species
and applies it to the total biomass of the species. This way
the maximum possible mortality cannot be exceeded, but
transitions between limit types remain possible.

As mortality is computed according to a negative
exponential function, the minimum biomass level is

always positive, in other words a species can never
disappear completely. To prevent that insignificantly small
biomass values are maintained in the model, the minimum
value is replaced by zero once the value computed
according to Eq. (11) drops below some base level.
Empirically it was found that using a base level, which is
10 times smaller than the base level for the growth,
generally results in realistic species shifts in the model.
The mortality constraint of a species (11) has
precedence over its extinction constraint (9). Hence in
case of a conflict when the mortality constraint demands
a certain biomass level to be maintained which exceeds
the maximum permitted by the available amount of light,
the extinction constraint is dropped from the optimiza-
tion procedure. Effectively this means that types
disappear at the rate of M, (day™") under unfavorable
conditions and will not be completely removed in a
single time step even though too little light is currently
available to maintain a positive biomass level.

2.5. Competition between species

In biological terms the competition in the BLOOM
model is governed according to the following principle.
The algal types defined in the input compete with each
other for all potentially limiting resources taking the
existing biomass into account. The outcome of the
competition for a potentially limiting resource is
determined by the ratio between the gross growth rate
constant and the requirement for that resource. Hence
species with very high growth rates may outcompete
more efficient, but slowly growing species, or very
efficient species may outcompete species with a higher
potential growth rate but a much higher requirement for
that particular resource. In practice this means that
opportunistic species with high growth rate usually
dominate when total available nutrients are low and the
average light intensity is high, whereas efficient species
with lower potential growth rates and lower resource
requirements dominate when total available nutrient
levels are high and the average light intensity is low
(high level of self-shading).

The principle of the model was briefly described in
Los et al. (1984). An extensive description covering
both the equations and underlying ecological assump-
tions is in Los (1991). A condensed version can be
found in Los (2005). An overview of the model is shown
in Fig. 1. Applied as a screening tool only phytoplank-
ton, dissolved nutrients and the labile form of dead algae
are explicitly taken into account. A number of additional
compartments and fluxes are part of the model, but these
were not considered here and are shown in grey.
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Fig. 1. Overview of the BLOOM phytoplankton model. Applied as

a screening tool only dissolved nutrients, nutrients in phytoplankton and in

suspended detritus are explicitly considered. Compartments and fluxes in grey can optionally be included but were not in the cases included in this

paper.

The number and the characteristics of the phyto-
plankton species are inputs to the model. Data for
about 20 different marine and fresh water species have
been collected over the years based on literature,
laboratory experiments (Zevenboom and Mur, 1981;
Zevenboom et al., 1983; Zevenboom and Mur, 1984;
Post et al.,, 1985; Riegman, 1996; Riegman et al.,
1992; 1996; Riegman (unpublished results); Jahnke,
1989) and previous model applications. Depending on
the problem, sometimes only major groups are
included such as diatoms, greens and blue-greens, and
sometimes individual species are modelled such as
Aphanizomenon or Phaeocystis. In by far the majority
of model applications, these characteristics are kept at
their present default values. They are not tuned to
improve the model fit because in so doing they could
lose their generality.

3. Implementation of the model
3.1. BLOOM application for screening
In order to test the applicability of the BLOOM

model as a 0-D screening tool, it has been applied to
six different locations in the Netherlands (Fig. 2, Table
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1). The selected stations are located in different
marine, coastal and transitional waters in the Nether-
lands ranging from station Dreischor in the salt water
lake Grevelingen to Terschelling 235 (Doggerbank) in
the central part of the North Sea. The model is run
with a time step of 1 week. To apply the model the
following forcing needs to be specified on a weekly
basis: water depth, water temperature, surface irradi-
ance, total available nutrient levels (N, P, Si),
background extinction coefficient plus the extinction
due to suspended matter and humic substances. Data
on surface irradiance levels were obtained from the
Royal Dutch Meteorological Institute. Each system
was assumed to have a specific depth. The other data
for all locations, have been extracted from the
DONAR database that is available on the internet
(www.waterbase.nl). The data have been sampled in
the framework of the MWTL programme (Monitoring
Programme of the National Water Systems) of the
National Institute for Coastal and Marine Management
(RIKZ). The year 1998 has been selected since a good
data coverage was available for this year at all
locations. Data were retrieved on the following
parameters: NHy, NO,, NO;, PO,, SiO,, Chl-a,
suspended solids and salinity.
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Fig. 2. Overview of the modelled locations. (A) Vlissingen; (B) Wissekerke; (C) Dreischor; (D) Dantziggat; (E) Terschelling 4; (F) Terschelling 235

(Doggerbank).

Estimation of the particulate organic nitrogen
(PON) and phosphorus (POP) presents a problem since
insufficient data are available for total nutrients.
Moreover, measured levels of total nutrients include
refractory components that are not readily available for
phytoplankton growth and hence should not be
included in the model's input. Since the purpose of the
model application was to test its applicability as an
easy to set-up screening tool, a uniform, simple
assumption was used to estimate the amount in
nutrients in phytoplankton and detritus based on the
measured amount of chlorophyll. It is assumed that
that 1 g chlorophyll-a corresponds to 7.5 g N and 0.75
g P in phytoplankton. This corresponds to a g C/ Chl-a

Table 1
Locations of the modelled monitoring stations in this paper
Bassin Latitude Longitude

Vlissingen Westerschelde 51°24'43.2"N  3°33'56.2"E
Wissekerke Oosterschelde 51°36'05.7"N  3°43'14.0"E
Dreischor Lake Grevelingen  51°42'52.6"N  3°59'57.6"E
Dantziggat Wadden Sea 53°24'04.1"N 5°43'37.1"E
Terschelling4  Coastal North Sea  53°24'50.9"N  5°09'00.6"E
Terschelling 235 Central North Sea  55°10'15.2"N  3°0926.7"E

ratio of 50 and N/C and P/C ratios of 0.15 and 0.015,
respectively. In spite of a large range of variation,
these ratios can be considered as typical for the species
included in the model, which have been derived from
the laboratory experiments described at the end of the
previous chapter. Furthermore, it is assumed that for
each g PON and POP in algae, also 1 g is present in the
form of labile detritus. This 1-to-1 ratio is
approximately the annual average computed by the
model. No doubt an improved estimation is possible
for individual locations, but for this model application
the validity of this simple approach was tested and
considered accurately enough. As a result, total for
phytoplankton available N can be estimated using the
following function:

TotN = NH, + NO, + NO, +2+(7.5-Chl -a) 12)

and total P is estimated as:

TotP = PO, +2-(0.75-Chl - a) (13)
For silicate, measured dissolved silicate levels have

been used with a minimum concentration of 0.05 g 1"
throughout the year.
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Fig. 3. Computed and measured extinction values (optimized
extinction model). From van Gils and Tatman (2003).

Because primary production is strongly influenced
by light availability and can even become limited if
there is too little light, the calculation of the light
conditions in the water is an important process. The
availability of light is a function of the solar irradiation
on the water surface of light within a certain wave
length range (photosynthetically available radiation:
PAR) and of the extinction due to absorption and
scattering of the light inside the water column. The
extinction of light in water is described by the
Lambert—Beer model where the extinction coefficient
can be related to the absorption and scattering
properties of the water constituents. In this BLOOM
application, the extinction coefficient is calculated
according to an empirical model (Van Gils and
Tatman, 2003), which compared to other previously
reported relationships provided the best possible fit to
the extinction measurements from all locations that are
sampled by the RIKZ. The best model in terms of
explaining the variability in the extinction coefficient

(Kd), is a four parameter model based on POC, salinity
and two fractions of TSM ash weight (below and above
15 mg I™):

Kd:0,067+0,081(19.4- %) +0.30 POC (14)

+0.036 S, +0.005 S8,

where S is the salinity of the water (-), POC is the
measured particulate organic carbon concentration (mg
C 1'1) and SS, and SS, are the concentration of small
and large suspended sediment particles, respectively. It
is assumed that the concentration of small sediment
particles (SS;) is 15 mg I"" with a relative extinction
coefficient of 0.036 m” g while the remainder of the
total suspended sediment is considered as the coarse
fraction with a specific extinction coefficient of 0.005
m? g, The background extinction according to Eq.
(14) equals 0.067 m”, the second term represents the
extinction due to the dissolved humic substances. It is
taken from the fraction of fresh water. This term
vanishes when the salinity is 34.92. The fit of this
extinction model to the data is shown in Fig. 3, which
is taken from the original report by van Gils and
Tatman (2003). To obtain the non-algal related part of
the extinction coefficient, POC is put equal to 0 in Eq.
(14). During the model simulation the contribution of
live phytoplankton and labile detritus is computed by
BLOOM. Weekly radiation data for 1998 were derived
for location de Kooy, near Den Helder. Photosynthetic
active radiation (PAR) was calculated from the total
radiation by multiplication with a factor of 0.45. For all
locations, the same radiation data were used. Missing
values in time for a particular forcing function have
been obtained by linear interpolation.

Table 2
Specific extinction coefficients and stochiometric ratios of types defined in BLOOM
Algal type Specific extinction N/C P/C Si/C Chla/C Dry/C
(m’/g ©) (mg/mg) (mg/mg) (mg/mg) (mg/mg) (mg/mg)
Diatoms-E 0.24 0.255 0.0315 0.447 0.0533 3.0
Diatoms-N 0.21 0.070 0.0120 0.283 0.0100 3.0
Diatoms-P 0.21 0.105 0.0096 0.152 0.0100 3.0
Flagellate-E 0.25 0.200 0.0200 0.0 0.0228 25
Flagellate-N 0.225 0.078 0.0096 0.0 0.0067 2.5
Flagellate-P 0.225 0.113 0.0072 0.0 0.0067 2.5
Dinoflag-E 0.20 0.163 0.0168 0.0 0.0228 2.5
Dinoflag-N 0.175 0.064 0.0112 0.0 0.0067 2.5
Dinoflag-P 0.175 0.071 0.0096 0.0 0.0067 2.5
Phaeocyst-E 045 0.188 0.0225 0.0 0.0228 2.5
Phaeocyst-N 0.41 0.075 0.0136 0.0 0.0067 2.5
Phacocyst-P 0.41 0.104 0.0106 0.0 0.0067 2.5

Original data based on laboratory experiments (references in main text). These were adjusted during previous validations of 2D and 3D North Sea

model applications.
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The model was applied to the selected locations in a
0-D mode. Species groups included in the model and its
coefficients were adopted from previous 2- and 3-
dimensional applications to the North Sea (Los and
Bokhorst, 1997; Blauw et al., 2009). They were kept
the same here for each individual station, only the
forcing functions of the nutrient concentrations, water
depth and non-phytoplankton related contribution to the
extinction were varied. The selected species groups are
diatoms, microflagellates, dinoflagellates and Phaeo-
cystsis. The main stochiometric coefficients used for this
application are shown in Table 2. The time series of the
calculated chlorophyll-a concentrations are compared
with the observed chlorophyll-a concentrations.

3.2. Sensitivity analysis

The previously described BLOOM phytoplankton
module was applied to establish the relations between
phytoplankton biomass (e.g. chlorophyll-a) and phy-
sico-chemical quality elements and pressures (e.g.
nutrients and light conditions) for the Dutch coastal
waters. These relations are illustrated in the form of
‘response curves’, which depict the chlorophyll-a
concentration as a function of different nutrient and/or
light conditions (Fig. 4). By defining criteria for the
desired phytoplankton biomass indicator level, to
represent ‘Good’ (G) or ‘Moderate’ (M) status, the
corresponding required pressure reduction in nutrients
(e.g. R1 and R2) can be estimated from the response
curve. Values for ‘G’ and ‘M’ have not yet been set for
the Dutch coastal and transitional waters.

In general, the ‘pressures’ of relevance for phyto-
plankton are nitrogen, phosphorus, silicate and light
availability (as proxies of nutrient loading/status and
turbidity). Thus, separate response curves can be made
for each of these factors. Although in reality the

Indicator
Response curve
G p------m-mm----S]) i
M - E’ ---------
0% %R1  %R2

% Pressure reduction

Fig. 4. Generic response curve illustrating the relation between the
selected indicator (e.g. chlorophyll concentration) and % pressure
reduction (e.g. nutrient concentration).

response of water bodies to changes in loadings will be
complicated, as a first assessment response curves for
nutrient concentrations are shown as percentage reduc-
tions with respect to a baseline concentration, ranging
from 0% to 90% for N, for P and for N and P together.
As such the response curves show how the phytoplank-
ton will respond to a decrease in nutrients, which may
correspond to a particular management strategy. All
other model settings remained unchanged. For each
simulation, the summer-averaged chlorophyll-a concen-
tration was calculated where the summer was defined as
1 April-1 October.

4. Results
4.1. Model validation

The chlorophyll-a concentration is an important
indicator for the state of eutrophication of marine
systems. In the temperate North Sea system however,
chlorophyll-a concentrations show large seasonal
fluctuations throughout the year, with higher concen-
trations during spring and summer and lower concen-
trations during the winter. This is mainly because the
light availability in winter is too low to support
primary production in most areas. The onset of the
spring bloom is determined by an increase in available
light and varies considerably depending on the solar
radiation, the depth and the non-algal part of the
extinction such as the TSM concentration. The spring
bloom is often limited by the available amount of
phosphorus and/or silicate while the summer bloom in
many stations is still nitrogen limited. Near shore,
however, nitrogen limitation has become a rare
phenomenon in Dutch waters since the end of the
1990s, due to the extremely high N/P ratio of the river
loads. In autumn light becomes the main limitation
again and biomasses decline to small values.

In this validation section, we compare the
calculated chlorophyll-a concentrations with the
observed values. The confidence in the model
increases if there is a good agreement between model
and observations in both the seasonal patterns and
average concentrations.

In general, the seasonal variation and the absolute
concentrations of chlorophyll-a are well described by
the model at these locations (Fig. 5). Highest concentra-
tions are observed at location Dantziggat, located in the
Wadden Sea, with average concentrations during the
summer half-year of 24 ug 1" (Table 3) and a peak
concentration of 57.6 g 1", measured on April 21.
Summer biomass levels are mainly controlled by
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nitrogen and phosphorus at this location. Relatively high
concentrations in winter are probably due to benthic
rather than to pelagic primary productivity. Lowest
concentrations are observed at Terschelling 235, at the
Doggerbank in the central North Sea, with average
chlorophyll-a concentrations of 1.5 ug I"". Nitrogen is
the main limitation at this station, but summer
phosphorus levels are also very low. The underestima-
tion of the average chlorophyll-a concentrations at
location Wissekerke is mainly due to the high peak
concentration (35.2 g 1) that is observed at the end of
April, but not simulated by the model. Considering the
size of this peak and the average light intensity at this
station, it is unlikely that it could be produced locally,
hence this peak is probably imported from adjacent parts
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of the North Sea where the spring bloom starts earlier.
At all locations, the winter concentrations of chloro-
phyll-a are underpredicted by the model. In most cases,
the timing of the Spring phytoplankton peak is well
modelled. Only at location Vlissingen, in the Wester-
schelde estuary, it appears that the increase in chloro-
phyll-a starts too late.

An example of the simulation results for individual
species at the location Dreischor is given in Fig. 6.
Diatoms dominate in spring and autumn, flagellates
dominate in early summer, dinoflagellates during late
summer. Simulated Phaeocystis levels are consistently
low at this location. This pattern is controlled by the
seasonal variation in limiting factors and the character-
istics of the model species with respect to these factors.
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Fig. 5. Modelled (solid lines) and observed (dots) chlorophyll-a concentrations (g 1) at the locations Vlissingen (A), Wissekerke (B), Dreischor

(C), Dantziggat (D), Terschelling 4 (E) and Terschelling 235 (F).

94



Application of BLOOM as a screening tool

Measurements for a direct comparison are lacking, but
the general succession of species seems reasonable.

4.2. Sensitivity analysis: effect of nutrient reduction

Response curves for the nutrient reductions are
shown in Fig. 7. In the coastal location Terschelling 4
the response curve shows a fairly linear relation between
decreased chlorophyll concentration and phosphorus
reduction (Fig. 7E). With low levels of N reduction (0—
30% reduction), there is a limited response in chloro-
phyll concentration. This indicates that phosphorus
rather than nitrogen is the main limiting factor to the
phytoplankton growth at this location. The same is true
for many other Dutch coastal stations (not shown here).

Of the selected stations representing estuaries,
marine lakes and Wadden Sea, location Dreischor in
Lake Grevelingen shows a limited response for P
reduction in the range of 0-50%. This indicates that
Phosphorus is not the limiting factor in the phytoplank-
ton growth at these locations (Fig. 7C). A 50% reduction
of the N concentration is much more effective in this
system, resulting in a decrease in summer averaged
chlorophyll-a of more than 30%. At location Vlissingen
on the other hand, a reduction of P concentrations seems
to be more effective than reduction of N, indicating that
phytoplankton growth at this location during the
summer is more limited by P than by N. At the locations
Wissekerke, Dantziggat and Terschelling 235, the
response curves for N and P are comparable, implying
that both nutrients limit the average algal biomass to the
same extent. It should be pointed out that even if the
response in chlorophyll appears to be linear, the
reduction percentage is usually considerably smaller
than the corresponding reduction in the affected
nutrient. This demonstrates that the model is adjusting

Table 3
Overview of the modelled and observed chlorophyll-a concentrations
(g1

Yearly averaged Summer averaged

chlorophyll-a chlorophyll-a

concentrations concentrations

(gl (gl

Modelled  Observed ~ Modelled  Observed
Vlissingen 6.3 6.4 12.6 8.4
Wissekerke 34 57 6.1 7.7
Dreischor 5.7 59 8.7 83
Dantziggat 15.1 18.3 27.8 24.0
Terschelling 4 7.0 9.5 9.0 12.8
Terschelling 235 1.2 15 1.6 1.4

The summer is defined from Ist April to 1st October.

2.5

0 Phaeocystis
A N ® Dinoflag

O Flagellates

® Diatoms

Fig. 6. Simulated species composition (mg C I") at location Dreischor
(Lake Grevelingen).

its nutrient to chlorophyll ratio by shifting among the
simulated phytoplankton types. This kind of response is
maintained until the most efficient phytoplankton type
has been selected and only one nutrient is constantly
limiting. This usually occurs with a reduction in the
order of 70%. From there on the simulated reduction in
chlorophyll is similar to the reduction of this nutrient.

5. Discussion

In Introduction it was pointed out that assessing the
present status and its response to changes in external
pressures are important elements of the implementation
of the WFD. The purpose of this model application is to
demonstrate that it is possible to obtain an acceptable
first impression of these aspects for coastal water
systems by applying the BLOOM model as a screening
tool for a single box. To that purpose the simulated
chlorophyll-a concentrations by the standard version of
the model were compared to the measurements at a
number of stations where conditions in terms of
nutrients and light vary considerably. Most forcing
conditions could be directly obtained from measure-
ments, other required some assumptions. To keep these
assumptions as generic as possible we used the same
method to estimate the forcings everywhere thus
preferring robustness of the approach over tuning to
local conditions.

The results presented here demonstrate that it is
indeed possible to obtain an acceptable overall agree-
ment between simulated and observed chlorophyll-a
levels particularly during the summer half year. Some
deviations occur in the Wadden Sea (station Danziggat),
for which winter levels are obviously underpredicted.
This is most probably due to the lack of microphyto-
benthos in the model, which according to De Jonge

95



Chapter 3

14 A
127
~10 7
EXR
X 6
=
[®]
47[ & P-reduction only
2 || == Nereduction only )
-0~ Nand P reduction a
0 T T T T
0 20 40 60 80 100
Reduction level (%)
=
o0
2
$
=
1S} .
||+ Poreduction only el a
< ||—0o— N-reduction only .
--0-- N and P reduction A
0 T T T T
0 20 4 60 80 100
Reduction level (%)
10 E
84
06
7
=
= 47
-
o
&= P-reduction only
2 | ~o— Norduction only
-0~ Nand P reduction 1
0 T T T T
0 20 40 60 80 100

Reduction level (%)

8 B
6 g
=
)
=
=4 4
g
=
o
2 | 4 P-reduction only
—0— N-reduction only N
~-0- Nand P reduction
0 T T T T
0 20 40 60 80 100
Reduction level (%)
30 D
25 1
72204
o0
=
s
s
=
S04
&~ P-reduction only
5 4| —0— N-reduction only
-0~ Nand P reduction
0 T T T T
0 20 4 60 80 100
Reduction level (%)
L.
=
o
&
3
=0.
=
]
‘4 P-reduction only
0- —O— N-reduction only
~0- N and P reduction

0 20 40 60 80 100
Reduction level (%)

Fig. 7. Predicted summer averaged chlorophyll-a concentrations (g I') resulting from P-reduction (dotted lines), N-reduction (solid lines) and both
N- and P-reduction (broken lines) for the locations Vlissingen (A), Wissekerke (B), Dreischor (C), Dantziggat (D), Terschelling 4 (E) and Terschelling

235 (F). Note the different scaling on the y-axis.

(1992) is a major source of chlorophyll-a in the Wadden
Sea.

Other factors responsible for some deviations
between simulations and observations are (1) the
absence of advective transport processes in the 0-D
model, (2) the assumption of complete vertical mixing
under all conditions, (3) the estimation method for
available nutrients and background turbidity and (4) the
absence of grazers in the model. It is important to note
that the model simulations presented here already cover
a wide range of conditions in which the highest and
lowest average chlorophyll-a values vary by a factor of
20 (Table 3). This increases the credibility of the
simulation results for nutrient reductions.
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Considering that BLOOM was applied in 0-D mode,
the resemblance between simulated and measured
chlorophyll levels may look surprising because most
of these stations are affected by the tide and by other
horizontal transport processes. The reason why the
model results do not suffer heavily from a lack of
advective transport is that its main forcings are
periodically updated based on in situ measurements.
Hence if the nutrient, salinity or TSM levels have
changed due to some event which is not explicitly
included in the 0-D box model, these new levels are
used to generate the input conditions for the next model
time step. As long as the potential net growth rates of the
phytoplankton types in the model are in the same order
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Observed Chla (ug1")
.
5

Modelled Chl-a (ng 1)

Fig. 8. Observed and modelled summer chlorophyll-a
concentrations (g 1) at for all stations. The line indicates the 1:1
relation between observed and modelled chlorophyll levels. The R?
of this relation is 0.40.

of magnitude as the observed rate of change in
forcing, the model will be able to adjust to the new
conditions rapidly enough to track the observed
changes in chlorophyll levels.

Inhomogeneous vertical mixing is sometimes ob-
served, but this is only a temporary, not a dominant
phenomenon at any of the stations reported here.
Hence it seems that this source of error is of minor
importance to the locations considered here.

In Egs. (12) and (13) the term which estimates the
organic part of the available nutrients is obviously a
simplification of reality, ignoring temporal and spatial
variations in stochiometric coefficients and seasonal
variations in the ratio between labile detritus and live
phytoplankton. No attempt was made to adjust these
estimations to local conditions or to vary them
seasonally because applying the same equation every-
where is considered to be more attractive from a
management point of view. For the same reason Eq.
(14), which was used to estimate the non-algal part of
the extinction coefficient, was uniformly applied.
Considering the overall results of the model, errors in
the estimation of nutrients and turbidity in general
seem to be acceptable.

Lack of grazing is another potential source of error.
Unfortunately little quantitative information is avail-
able on the grazing rates of filter feeders in Dutch
marine waters. Obviously at some locations, notably
in the Wadden Sea filtration by mussels is important,
but the importance of this source of error cannot be
quantified.

It should be noted that most deviations between
model and observations occur in the winter season.
The present application is, however, focused on the

summer half year so the performance during that part
of the year is most important. As a further illustration
the summer half year simulation results and measure-
ments are plotted against each other in Fig. 8. In spite
of some deviations particularly in the range between
20 and 40 ug I of chlorophyll, there are no systematic
errors in the model results, which confirms that the
overall fit is acceptable for its application as a
screening tool.

The definition of the summer half year period taken
as a basis for the assessment of the model output is to
some extent arbitrary. It may be argued that this period
starts too late considering that the spring bloom occurs
earlier at some but not at all locations. To test the
sensitivity of the conclusions we have redrawn Fig. 8
and recomputed the response curves for the period
March 1 till September 1. Although the results are not
identical, the differences are insignificant.

As an additional form of validation BLOOM has
been applied in a similar way to a number of sites from
Italian and Portuguese coastal waters as part of the
Rebecca project. The same methodology was applied
to estimate the model forcings (Egs. (12)—(14)), but
day length and irradiance data were adapted to comply
with local conditions. The result for the oligotrophic
station Miramare in the Northern part of the Adriatic
Sea is shown in Fig. 9 as an example. Observed and
simulated chlorophyll-a levels at this location are in
the order of 1 ug I"', which is similar to the values
simulated with extreme nutrient reductions for most of
the Dutch stations. In particular the summer half year
values are well reproduced, hence the model presented
here still holds when nutrient levels are far below the
present values in Dutch coastal and transitional waters.
So the model is valid even at these low nutrient
concentrations.

In comparison to statistical methods, the application
of BLOOM as a screening tool has several advantages.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Fig. 9. Modelled (line) and observed (dots) chlorophyll-a concentra-
tions (g I'') at Miramare in the Northern part of the Adriatic sea.
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The model concept and its coefficient are generic and
do not have to be adapted for local conditions of
European waters. The model contains explicit formula-
tions on the relationship between the effect variables
(e.g. chlorophyll-a, composition of the phytoplankton
community) and many relevant environmental condi-
tions. These include not only the pressure proxies (i.e.
nutrient levels) but also other factors, which may not
be controlled, such as the light intensity or water
temperature. Also, because simulations are performed
on a weekly basis, seasonal variations in controlling
factors are explicitly taken into account. In most of the
computations, at least two different factors become
limiting in different parts of the year. For instance at

location Dreischor, the spring bloom in March and at
the beginning of April is limited by P (Fig. 10). As a
result, N reduction by 50% has no effect on the size of
the spring bloom. During the summer however, the
primary production becomes limited by N, resulting in
lower chlorophyll-a concentrations for the 50% N-
reduction scenarios. A 50% P-reduction even results in
slightly higher chlorophyll-a concentrations in June,
which is due to a change in simulated phytoplankton
composition.

For the Dutch coastal zone, a 2-D/3-D primary
production model is operational: the GEM model, which
is a rather detailed eco-hydrodynamic model which
includes the BLOOM module (Blauw et al., in press).
The validation result of the screening version of
BLOOM has been compared to GEM (Fig. 11). The
resemblance in results of the two models is apparent.
This is reassuring as it indicates that the same
conclusions on the status of a water system can be
drawn regardless whether the screening or a detailed
model version is applied. A choice for either model

25

— No reduction
50% P-reduction
*- 50% N-reduction

20 4

Chl-a (ngl')

5

Jan Feb Mar Apr May Jun Ju  Aug Sep Oct Nov Dec

Fig. 10. Predicted chlorophyll-a concentrations (g I") at the location
Dreischor. The solid line represents actual situation for 1998 without
nutrient reduction. The broken line represent the predictions with 50%
P-reduction and the broken line with dots are for 50% N-reduction
compared to the actual situation.
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Fig. 11. Comparison of the calculated chlorophyll-a concentrations
resulting from the 0-D BLOOM model (solid line) and the 2-D GEM
model (broken line) for the location Wissekerke in the Oosterschelde.
Dots indicate the observations.

version can thus be made based upon the purpose and
the availability of data.

In general it is recommended to apply a screening
model as described here during an initial phase to assess
the present conditions and the sensitivity to different
pressures. Occasionally this analysis may even be
sufficient for instance in water bodies where light
remains controlling even if nutrient concentrations are
reduced down to the maximum attainable level.
Whenever additional information on individual sources
or an enhanced level of detail on physical or biological
processes is considered to be of importance, it is
recommended to set-up a 2- or 3-D eco-hydrodynamic
model.
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Validation of water quality and ecological models
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(DELFT HYDRAULICS, p.o. box 177, 2600 MH Delft, The Netherlands)

1. Model validation: a structured approach

The essence of the model validation approach we follow at DELFT HYDRAULICS is that we focus on
the properties the computational model acquires during its conception and development. So, we separate the
features resulting from model development from those of the model application, and structure the validation
process according to the subsequent steps taken in the modelling :

o Conceptual Model Validation addresses the quality of the representation of the natural system or
process: do the model equations represent the processes of interest, or perhaps better: which
processes are described by the equations given certain parameter ranges?

o Algorithmic implementation Validation addresses the conversion of the Conceptual Model into
procedures suitable for computation: how accurate, reliable and robust is this implementation?

o Validation of the Software Implementation addresses the correctness of the computer implementation.
This includes aspects such as its structuring, error checking and handling, efficiency and
maintainability.

While the above three address the computational model per se, the following aspect focusses on the
application or use of the model:

e Functional Validation addresses the quality of the overall representation by the software of a
given physical process or phenomenon as represented by a comprehensive set of field data or
laboratory data.

We are implementing this concept in designing our test procedures and documentation. Using objective,
quantitative result assessments whenever possible enables us to come to grips with the quality assurance of
whole modelling systems. We can now address the quality of specific model features and make this quality
visible and transferable.

Present paper

The present paper summarizes the Functional Validation of DELFT HYDRAULICS’ ecological model DBS
(DELWAQ-BLOOM II-SWITCH) on the Rijnland network system of ditches, canals and shallow and deep lakes
with regulated water quantity management.

In Section 2 we present the basic characteristics of the model. Subsequent sections address the aims of the
validation (Section 3), network aspects (Sections 4-6), technical approach (Section 7), and results (Sections
8-9).

103



Chapter 4

In Section 10 the results are discussed and conclusions are drawn, both regarding the validation result for
the selected Rijnland network and the generalization thereof, and regarding the validation approach or
procedure.

2. DBS

DBS (DELWAQ-BLOOM II-SWITCH) is an integration of three individual models. It is a combination of the
transport model DELWAQ and the phytoplankton model BLOOM II, to which is added the module to
simulate water-bottom exchanges (SWITCH). Together, these models calculate all the biological and
chemical processes occurring within the water and sediment, and the fluxes of substances occurring
within the water phase and between water and sediment.

As a member of the DELWAQ family, DBS is suitable for application to a wide variety of water systems.
Because the algae dynamics are a central item in DBS, the model is specifically suited to the study of
systems with eutrophication problems. It can be applied to individual lakes, networks of canals and lakes,
or even estuaries and seas. It has been used in several already completed and ongoing model studies, and
is proposed for use in various new projects as well.

3. Aims of the Validation Study

The validation study primarily addresses the issue of whether the model is technmically capable of
calculating the water quality in a complex network system (functionality). In addition, it considers the
aspect of model wusability. The main users of the DBS model for network applications are e.g. regional
waterboards whose principle concern is establishing control policies for water quality management. In this
respect, the model must not only be fit for use and technically robust, but must also provide its
information in a manner which is helpful for the intended user.

This validation study thus addresses the following Junctionality-related questions:

. Is DBS technically capable of calculating water quality in network systems?

. What are the limitations of the model (if any) for application to this type of system?
. What is the correct methodology of approach for DBS modelling of networks?

. Is it possible to define a generic set of model coefficients for use with networks?

4, The Rijnland network

The Rijnland network system was selected as application case for DBS since this network satisfies the
requirements on processes and field data availability that lie at the basis of any successful model
validation. This includes:

1. Sufficient data available to characterize the network system for modelling purposes (e.g.
hydrology, loads, boundary concentrations);

2. Sufficient water quality measurements within the network available for calibration and
validation of DBS model results;

3. Maximum variability of characteristics within the network system (e.g. residence time,

depth, nutrient availability) to ensure that validation study results would hold for other
network systems as well.

Of the two years of data that were available, the data for 1986 was used for calibration, and that of
1989 for validation.
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Figure 1: The Rijnland network

5. Hydrodynamic schematization and segment aggregation

The DBS model schematization is based on that of the hydrodynamic model AAD. The latter uses three
basic building blocks, namely branches (surface water bodies), nodes (water exchanges) and links (human
controlled exchanges; discharges). Since DBS/DELWAQ is based on the principle of model 'elements',
rather than nodes and branches, the AAD schematization cannot be used directly. Instead, the DELWAQ
elements must be formed by the aggregation of branches, nodes and links.

A significant aspect of applying and calibrating the DBS model in terms of effort is often the physical
schematization and aggregation of the network for the DBS application, although the basic procedure for
this is well known. In addition to the basic aggregation of nodes and branches, additional aggregation of
(multiple) AAD branches into DELWAQ elements is made based on:
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. element residence times and related computational timesteps;

. fully mixed regions (e.g. a well mixed lake consisting of 3 AAD branches should be
one DBS element);

. optimization of substance transport from external exchanges.

6. DBS input parameters

DBS model inputs must be prepared, using field data and literature data. Measured water quality parameters,
however, are usually not the same as DBS model substances. For example, measurements may include
Total Nitrogen and Kjeldahl Nitrogen concentrations, while DBS model substances include ammonium,
nitrate, detritus nitrogen, and refractory organic nitrogen. Thus, boundary concentrations and load values
of model substances must be calculated from available measurements. The relation or mapping between the
commonly measured water quality parameters and model substances requires explicit attention.

7. The calibration procedure

A first item of attention concerns the definition of segments to be used for calibration and validation.
These segments should be representative of the different types of regions within the network, such as
lakes, canals, regions with similarities of loads, or similarities of physical characteristics, etc.

Once the calibration locations have been selected, the calibration needs to proceed in a systematic manner.
The conservative parameter chloride should be the first to be checked and compared to water quality
measurements. This serves as a check on mass balance. Significant problems with modeled chloride
concentrations may indicate incorrect water flow calculations in AAD, or poor substance transport
calculations, possibly due to the aggregation of AAD branches and nodes. After chloride, calculated
concentrations of chlorophyll and nutrients can be compared with measurements in the following
manner:

1) The most important measure for phytoplankton biomass (chlorophyll) is compared graphically
with measurements.

2) The analysis of limiting factors and phytoplankton species and types is made. In general, only a
qualitative analysis is possible.

3) The calculated dissolved nutrients are compared graphically with measurements. In this comparison
it is important to know if a nutrient is (sometimes) limiting or not (see step 2).

4) The calculated total nutrients are compared graphically with measurements. In case of

discrepancies with measurements, the comparison of individual terms (phytoplankton and dissolved
species) must also be considered.
5) The calculated secchi depth and light extinction are compared graphically with measurements.

These steps should first be conducted for one single location, preferably a lake. The model results for a
lake are important to check that the internal processes are correctly calculated. In a lake, the water
quality is in general determined by the water quality processes, while in a (quickly flowing) canal, the
transport of substances dominates the water quality.

We focus on correctly modelling the general concentration levels and the patterns or trends of the water
quality parameters, as opposed to the absolute concentration values at all times. Concentration trends in
time are critical for many substances such as chlorophyll, nutrients, etc. Comparisons of model results
and data are therefore largely made graphically, as this is the most feasible
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and insightful method available. Comparisons are generally made for one location at a time, by looking
at time series of results and data. A limited number of locations (model segments) are chosen to make
these comparisons.

Criteria for evaluation

For an ecological model like DBS we found that it is still very difficult to quantify the criteria for
determining if a simulation is acceptable or not acceptable. These criteria depend strongly on the specific
goal(s) of the modelling study (e.g. importance of global vs. local results; or of long term mass balances
and fluxes vs. instantaneous concentrations and short term mass fluxes). In our discussions with Rijnland
representatives before and during the validation study the evaluation method and the criteria were
discussed and mutually agreed upon.

8.  Classification of model coefficients
Based on previous (non-network) DBS studies, certain coefficients were recognized as being system

dependent and thus suited for use as calibration coefficients. As part of the present validation study, a
rigorous classification into three types of process coefficients in DBS was introduced:

. system independent, fixed, coefficients. The values of these coefficients are known
from many previous DBS studies and should not be changed;

. system dependent, fixed, coefficients. The values of these coefficients are known, and
are fixed within any one system, but they may vary from one system to another;

. system dependent, variable, coefficients.

For all coefficients (default) values and realistic ranges were determined. The first two types of
coefficients can be named ‘generic’ model coefficients. For any new DBS application, the values can
be known at the outset and can be fixed for the study. The third type of parameter is a 'calibration’
parameter, which can be varied within a certain established range during a study for the purpose of
model calibration. These coefficients include the phosphorus adsorption coefficient and phosphorus
sedimentation, among others. Another model variable of importance is the background extinction,
which in DBS is treated as a system dependent, variable coefficient.

Further calibration and model validation

By systematically following the above procedure and making adaptations in the system schematization and
the variable (calibration) coefficients, the model was calibrated for the chosen calibration points and
the entire test network (with the exception of segments explicitly identified as non-representative), using
the available data (year 1986). At this point, there is not only a good correlation between calculated and
measured water quality values at the chosen calibration points, but the full model results also allow a
thorough understanding of the processes which control the water quality. It is this understanding which
is crucial for the model to be of value as a water management tool. The data of the year 1989 were used to
perform a validation of the model with parameter settings unchanged.
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9. Results of the Rijnland application

The DBS results for the Rijnland network give an extensive overview of the water quality and the processes
controlling water quality in the system. The integrated model results for the whole system include:

Hydrologic results: These include direction of flow, quantification of inflow and outflow discharges,
and the composition of the water (e.g. Waste Water Treatment Plants, district discharges, precipitation,
network intakes, etc.) at different locations.

Load analysis: For total nutrients in the system, the model provides an overview of the dominant sources
and sinks, and an analysis of the variability of sources and sinks throughout the year.

Water Quality results: For all regions in the network, including calibration points, model results include

trends of: algae growth, algae speciation, growth limitations, oxygen concentrations, fluxes of
substances from transport and/or processes, speciation of e.g. total nutrients, etc. etc.
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10. Discussion and conclusion

Aims revisited

After completing the DBS application to the Rijnland test network, a reply to the original questions posed in
Section 4 (Aims) can be made.

Is DBS technically capable of calculating water quality in a network system?

Based on the application of DBS to the Rijnland network and the overall good agreement between the
calculated results and the measured water quality for both the calibration and validation data sets of 1986
and 1989, one can say that DBS has been successfully used in this network to calculate water quality.
Specifically, the model has calculated water quality as a function of the loads to the system and the
transport and processes acting on those loads, and the model can reproduce the measured water quality
trends and characteristics of the system.

Based on the criteria of choosing Rijnland as a test network, it can be stated in general that DBS is capable
of calculating water quality in networks.

What are the limitations of the model (if any) for application to this type of system?

A network system typically includes water bodies with a wide variety of physical and chemical
characteristics. The study showed that DBS can meet the goal of a network study (i.e. give a good global
perspective of the total system) using a finite set process equations and one primarily generic set of
coefficients. Only a limited number of (calibration) coefficients are needed to calibrate the model and
give an overview of the functioning of the system as a whole.

Obviously, the strength of the model in a global sense is also its limitation locally. To describe the water

quality in a global perspective, concessions and compromises are being made in describing the local
water quality within a specific element.
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What is the correct methodology of approach for DBS modelling in networks?

The methodology presented here provides a systematic way of calibrating the model, including
modifying the schematization or aggregation, as well as varying the model coefficients. This
outlined systematic approach is recommended for all future applications of DBS.

Is it possible to define a generic set of model coefficients for use with networks?

A classification into three types of model coefficients for DBS was made, including (default)
settings and ranges:

. system independent, fixed, coefficients. The values of these coefficients are known
from many previous DBS studies and should not be changed;

. system dependent, fixed, coefficients. The values of these coefficients are known,
and are fixed within any one system, but they may vary from one system to
another;

. system dependent, variable, coefficients.

The first two types of coefficients can be named ‘generic’ model coefficients. For any new DBS
application, the values can be known at the outset and can be fixed for the study. ‘Generic’ also
implies that the coefficient values are constant for all of the model segments. The third type of
parameter is a 'calibration' coefficient, which can be varied within a certain established range
during a study for the purposes of model calibration. These coefficients include background light
extinction, and phosphorus adsorption coefficient, among others.

To accommodate the user and to avoid errors and inconsistencies in DBS input preparations, the
model now automatically sets parameter values to the recommended default values determined in
the present study: overwriting is now an explicit action by the user.

Conclusion

Regarding the validation process it is concluded that the validation study has contributed to a
better insight in and understanding of the model functionality, which has been made explicit and
transferable in the form of a suggested calibration/validation approach, and a classification of
model coefficients, including (default) settings and realistic parameter ranges. Integration of the
latter into the model's input module has effectively increased the model quality.

The study has also set the conditions for more structured and more efficient - and therefore
improved - model applications in the future.

The above DBS Validation Study has been fully reported elsewhere (Los et al., 1994).
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Abstract

In the last decades a number of measures have been taken to reduce the nutrient discharges to
the western European surface waters. As a result the phosphorus concentrations of several
major European rivers, the Rhine in particular, have decreased. Locally this has resulted in a
noticeable reduction of algal biomasses in general and of blue green algae in particular. The
anthropogenic phosphorus discharges into the Dutch part of the North Sea have also declined
recently. However the impacts on the North Sea ecosystem have so far been limited. Time
series analysis reveals a significant decreasing trend for dissolved inorganic phosphorus (40%)
whereas chlorophyll, an indicator for total algal biomass, shows a small and mostly not
statistically significant decreasing trend (De Vries, et al., 1998). To explain these observations
the National Institute for Coastal and Marine Management and the North Sea Directorate of
the Dutch Ministry of Public Works have committed Delft Hydraulics to reproduce the
observed trends, the spatial gradients and long term seasonal patterns for the Dutch coastal
zone for a 20 year period from 1975 through 1994 with a detailed coupled physical-ecological
model. The model results indicate a small effect of decreasing phosphorus but an important
role of both nitrogen and light climate for primary production.

Overview of the modelling instrument

About ten years ago the first Dutch eutrophication models were developed for various parts of
the North Sea. In this first generation of models processes were described by rather simple
equations. Transports were based on 2D hydrodynamic calculations. As a compromise
between computational performance and accuracy a uniform grid size of 16x16 km was
selected (the so called GENO grid). For this application to the southern Bight of the North Sea
this model includes 1395 computational elements. With the water quality model, named
DYNAMO, it was possible to obtain reasonable results for total algal biomass (expressed in
chlorophyll concentrations) and nutrients. With this model it was not possible to compute the
composition of the phytoplankton bloom, variations in internal characteristics (stoichiometry)
such as nutrient to biomass ratios and steep gradients due to temporal or spatial variations.

Algal blooms usually consist of various species of phytoplankton belonging to different
taxonomic or functional groups such as diatoms, micro flagellates and dinoflagellates. They
have different requirements for resources (nutrients; light) and they have different ecological
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properties. Some species are considered to be objectionable for various reasons. Among these
are Phaeocystis, which causes foam on the beaches and various species of dinoflagellates,
which among others may cause diuretic shell fish poisoning. To deal with these phenomena it
is necessary to distinguish different types of phytoplankton in a model.

For Dutch fresh water systems the development of eutrophication models had started about
ten years earlier, in the late 1970s. Much of this work was performed at Delft Hydraulics for
both the national and for several local governmental authorities. These experiences were
formalised in the DELWAQ-BLOOM-SWITCH (DBS) model (Delft Hydraulics, 1992). This
model and some of its predecessors have been successfully applied to many different systems
with great differences in physical and chemical conditions. They range in depth from 1 to 30
m, in extinction from 0.5 to 10 m-1, in residence times from about 1 day to several years.
Nutrients conditions vary from meso- to hyper eutrophic, chlorophyll peaks range from 1 to
500 pg/l, occasionally even more. Compared with DYNAMO, many processes are described in
greater detail in this model. The performance of this fresh water modelling instrument was
thoroughly validated against numerous sets of observations (Delft Hydraulics, 1991; Delft
Hydraulics, 1994)

Phytoplankton within DBS is computed by the module BLOOM II. It is based upon the principle
of competition between different species. The basic variables of this module are called types.
A type represents the physiological state of a species under strong conditions of limitation.
Usually a distinction is made between three different types: an N-type for nitrogen limitation,
a P-type for phosphorus limitation and an E-type for light energy limitation. The solution
algorithm of the model considers all potentially limiting factors and first selects the one which
is most likely to become limiting. It then selects the best adapted type for the prevailing
conditions. The suitability of a type (its fitness) is determined by the ratio of its requirement
and its growth rate. This means that a type can become dominant either because it needs a
comparatively small amount of a limiting resource (it is efficient) or because it grows rapidly
(it is opportunistic). The algorithm considers then the next potentially limiting factor and
again selects the best adapted phytoplankton type. This procedure is repeated until it is
impossible to select a new pair of a type and limiting factor without violating (i.e. over-
exhausting) some limiting factor. Thus the model seeks the optimum solution consisting of n
types and n limiting factors. As a further refinement BLOOM takes the existing biomasses of
all phytoplankton types into account. These are the result of production, loss processes and
transport during the previous time-steps. So the optimisation algorithm does not start from
scratch. As they represent different stages of the same species, the transition of one type to
another is a rapid process with a characteristic time-step in the order of a day. Transitions
between different species is a much slower process as it depends on mortality and net growth
rates. It is interesting that the principle just described, by which each phytoplankton type
maximises its own benefit, effectively means that the total net production of the
phytoplankton community is maximised. Several modules from this fresh water model system
were gradually included in the salt water model to obtain a greater accuracy and new output
variables such as a further distinction of the algal community into major functional groups or
even species. The marine version of BLOOM, called North Sea BLOOM, considers diatoms,
flagellates, dinoflagellates and Phaeocystis.
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Calibration procedure

Methodology Selecting a methodology for the calibration of a complex model for a complex
system is not trivial. First of all the results for about half a dozen of different substances have
to be considered. Second seasonal and regional variations must be taken into account. For the
trend analysis project chlorophyll (as an indicator for total biomass), dissolved nutrients
(nitrate, ortho-phosphorus, silicate), the distinction between different groups of phytoplankton
(only qualitatively) and the extinction of light (little data) have been evaluated. To check the
hydrodynamics also observations for the salinity have been used. Model outputs were
compared to observations for about 20 different stations arranged in several transects. The
locations are shown in Figure 1. For some of these stations yearly seasonal data are available
for 1974 through 1993. For most stations some years are lacking, but in general data
availability is unusually large. For the calibration of previous versions of North Sea BLOOM
data for 1985 were used. In recent years some changes were observed due to the
aforementioned reduction in phosphorus discharges. Moreover in the international political
arena, 1990 is a milestone. Thus 1990 was selected for the calibration of the application of
North Sea BLOOM.
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Figure 1 Grid layout and monitoring locations.

Hydrodynamics  Size, arrangement and transport between computational elements was
derived from a 3-D hydrodynamic model of the Dutch coast. From these a 2D vertically
averaged schematisation was determined for the water quality model. The water quality model
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consists of over 2000 elements with varying sizes of about 1x1 km near the coast up to a few
square kilometres at the model boundaries. With the underlying hydrodynamic model eleven
representative situations were computed for different combinations of wind speed and
direction. An attempt was made to simulate actual transports by interpolation between the
eleven flow fields. However, computations with BLOOM showed that the results lacked
realism. For instance at the Noordwijk 10 station spring values of nitrate were computed for
the calibration year 1990 that were clearly outside the range that was observed over the entire
20 year period. Instead a different approach was adopted. The residual flows computed for the
average south western winds were used, but with a dispersive correction factor for other wind
directions. So if in a particular period during a particular year the wind is for instance north
west, the horizontal dispersion perpendicular to the coast is increased. This approach proved
to be quite successful in reproducing observations.

Nutrient loading Data for nutrient loading for the entire 20 year period were collected by the
National Institute of Coastal and Marine Management. The most important source of nutrients
is the river Rhine. For the calibration of the model the 1990 measurements were used to
estimate the nutrient loading.

Sea boundaries The model area has open boundaries to the south, west and north (See Figure
1). Since the prevailing transport direction along the Dutch coast is from south west to north
east, the southern boundary is by far the most important. Concentration values here were
derived from the measurements at the nearby Appelzak transect. Values for elements for
which there are no measurements, were obtained by fitting an exponential curve through the
observations. Little variations are observed along the western boundary. Therefore
concentration values here were obtained by simply taking the average of all observations at all
stations 70 kilometres off the coast. Concentrations at the northern boundary were obtained
from measurements at the Rottum transact. Notice that this is by far the least important
boundary due to the prevailing direction of the currents. Most of the model substances are
measured directly and the observed data were directly used as boundary concentrations. For
other substances such as the biomasses of different types of phytoplankton some conversion
functions were needed as there are no direct measurements. These functions are based on the
experience obtained in numerous studies for both fresh and salt water systems.

Model forcing Data for the solar radiation, wind speed and wind direction were obtained
from the Royal Dutch Meteorological Institute. Data for the water temperature were provided
by the National Institute of Coastal and Marine Management. As there are little variations
within the model area, the same forcing is used for all computational elements.

Light attenuation Light is an important limiting factor for phytoplankton in Dutch coastal
waters. Determining adequate values for the light attenuation factor is therefore important for
the model performance. Originally the total contribution of inorganic material was computed
as the sum of the background extinction coefficient and the extinction due to suspended
matter, which is computed by a sub-model. Seasonal variations are (simply) computed using a
cosine function. This approach proved to be adequate in reproducing the observed suspended
matter data. It was, however, impossible to compute correct values for the extinction
contribution due to non algal material using these suspended values and a single, uniform
conversion coefficient. In particular in regions with large fresh water discharges the extinction
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coefficient was under estimated. Hence the model would compute algal biomasses exceeding
the observations. Using a larger specific coefficient for suspended matter would improve the
model’s results near the coast, however at the expense of off-shore regions where the
inorganic fraction of the extinction coefficient would be too large. Thus an additional term
was introduced into the equation to compute the extinction based upon the local salinity
values. This was previously proposed for the Eastern Scheldt (Peeters et al., 1991). The
underlying assumption is that fresh water contains various substances such as humic acids
contributing to the extinction. The coefficients by which the salinity and suspended matter are
multiplied have been determined by calibration using observations on the extinction
coefficient from the EUZOUT project for 1987 through 1990 (Peeters et al., 1991).

Water quality and ecological processes At the beginning of the project a calibrated North
Sea BLOOM version existed for the GENO grid. The set of processes and their corresponding
coefficient values were used as the starting point for the model calibration. In general the
appropriate value for a model coefficient must always be regarded in relation to the process
formulations adopted by that model. In other words the coefficient values will always
compensate some of the inaccuracies of a model. So when the moderately refined GENO grid
was replaced by the much more detailed grid used in the trend analysis study it was
conceivable that many changes to the coefficients for the water quality processes would be
necessary. Fortunately preliminary results showed that only some minor changes were
necessary.

Light dependency  So far it was assumed that the light dependency of growth was best
described by an optimum curve as is often observed in the laboratory. Hence growth declined
at intensities exceeding the optimum value (photoinhibition). From a further analysis of the
mixing patterns and light intensities it became obvious that inhibition will be a rare
phenomenon in the Dutch coastal waters considered here: in general phytoplankters simply do
not spend a sufficient amount of time at high intensities. Therefore the light dependency
curves have been adapted, maintaining the initial part, but now assuming the growth
efficiency to remain equal to 1.0 at the optimum and all higher intensities. Due to this
modification the average growth rates increase, which is particularly important at locations
where light limitations frequently occur. With the old curves considering photo-inhibition, the
maximum biomasses in relatively shallow locations near the coast could not be reproduced as
they proved to be considerably below the observations.

Maximum growth rates In relation to the changes in the light response curves some minor
adjustments were also made to the maximum growth rates of the species groups considered in
North Sea BLOOM. In general, maximum growth rates were somewhat decreased. This is true
in particular for dinoflagellates. Literature sources indicate that a further reduction might still
be necessary, but within the current model set-up this would practically eliminate this group
from the output.

Stoichiometry ~ The combination of the growth rates and the stoichiometric coefficients
determine which type will dominate under each set of conditions. To improve the selection of
types, some minor adjustments with respect to the previously used coefficient values have
been made. These modifications have no significant effect on the total biomass, only on its
composition.
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Mortality and sedimentation  Previously diatoms were the only algae group which were
considered to settle. Observations indicate that in general, algal biomasses often decline
rapidly immediately following a bloom. There is some debate on the mechanisms, however. It
is often assumed that the grazing pressure increases (external cause). As an alternative
assumption the vitality of phytoplankters might decline under nutrient stress due to a
degradation of their fitness (internal cause). Perhaps both mechanisms are important. What
ever the mechanism, the result is a rapid decline in biomass and an enhanced production of
detritus. This effect can be easily included in the model by a change in the net sedimentation
rate of nutrient limited types. During the calibration procedure a settling rate 0.5 m/day has
been established. This value is used for all groups except dinoflagellates, as sedimentation is
probably insignificant for this group with active buoyancy regulation. Compared to previous
model versions concentration peaks become steeper, first of all due to the enhanced
sedimentation rate when nutrients get depleted but secondly because a larger fraction of the
nutrients is now mineralised at the bottom rather than in the water column. Since degradation
processes proceed at a lower rate in the bottom compared to the water phase, there is shift
towards the end of the season in the recycling of nutrients. As a result, biomasses during
summer tend to be lower in nutrient limited locations, but distinct autumn peaks are now a
more common phenomenon in the model. In general this behaviour compares better with
measurements.

CALIBRATION RESULTS

There are numerous ways to consider the results of a complicated model such as North Sea
BLOOM because variations in both space and time for a large number of substances and fluxes
might be considered. Here three types of outputs are presented:

1. Times series of some important substances at two representative locations,
2. Gradients perpendicular to the coast for two substances at one transect,
3. Geographical plots for some important substances at three representative times.

Time series A large number of potential locations and years were available for the calibration
of the model. Only the model results for 1990 have been used during the calibration and a
careful comparison between model outputs and observations has been made for all locations
monitored during this particular year. The substances that we considered have been mentioned
in “Methodology”. The 1990 model results are presented against the mean and median of the
observations over the period 1975-1993. To give an indication of the temporal variations the
16.6% and 83.3% quantils are shown.

Figure 2 shows the time series for the location Noordwijk 10, where nutrient levels are so high
that light energy is the most important limiting factor. Both the calculated concentration of
about 20 pg/l and calculated timing of the chlorophyll spring peak agrees well with the
measurements. Computed summer values tend to be high in comparison to the observations.
Computed levels of nitrate start at about 0.60 mg/1 and achieve a maximum value in March of
about 1.0 mg/l, after which they decline rapidly due to uptake by phytoplankton. They remain
low during the growing season until August and rise to about 0.60 mg/1 by the end of the year.
The agreement with the observations is excellent. Computed and observed ortho phosphate
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levels agree well, but in contrast to nitrate (and silicate) the model tends to under estimate the
summer values. The main reason for this discrepancy is most likely the lack of inorganic
phosphate adsorption and desorption in the present model version (See “Conclusions and
future developments”). Computed and observed levels for silicate are very similar to those for
nitrate. The main difference is the period at which silicate is virtually depleted due to uptake
by diatoms: a period of about 100 days (from May to August).
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Figure 2 Calibration result station Noordwijk 10 km offshore.

Figure 3 shows the results for the location Terschelling 4, where all three macro nutrients get
depleted during the growing season. The computed chlorophyll peak is of the same magnitude
(20 pg/l) and occurs earlier compared to Noordwijk 10. Notice that a clear autumn peak is
computed in August In general the computed levels agree well with the observations.
Computed and observed nitrate levels are about 40 percent below those at Noordwijk 10. As a
result this nutrient is now limiting for a period of almost 100 days. Computations reflect
measurements accurately. There is considerable variation in the measured phosphate levels at
his station. In winter computed and measured levels agree well. The observed summer levels
are under estimated by the model. There is an excellent agreement between computed and
measured levels of silicate at this station.
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Figure 3 Calibration result station Terschelling 4 km offshore.

Gradients perpendicular to the coast With the Dutch coastal waters the concentrations of
various substances may vary an order of magnitude over a distance of about 50 km. This is
due to several factors: (1) large nutrient discharges from the rivers Rhine and Meuse which
remain in a ‘plume’ along the coast, (2) a large increase in depth from about 5 m adjacent to
the coast up to about 20 m at 10 km off shore and (3) high suspended matter concentrations
and hence a high turbidity at locations near the coast. The regions at which these phenomena
manifest themselves are not identical, but do show considerable overlap. The resulting
gradients lead to variations in concentrations over distances of only a few km. To simulate
these by a model, the grid size must be of the same order of magnitude, which is the case in
the coastal waters model. As an example of the model performance the results for chlorophyll
and ortho phosphorus at the Egmond transect in May 1990 are presented (Figure 4). Together
with the model results the average, maximum and minimum value of the observations from
1975 up to 1993 are shown. It may be concluded that the model results are close to the
averages of the observations for both substances. This is even true for the first few km
offshore, where the level of variation in the measurements is relatively large.
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Figure 4 Calibration result transect Egmond.

Geographical images The model results for individual locations or for a transect at a single
time-step, compare well with the observations and show that a broad range of conditions can
be adequately reproduced by the model. To illustrate the spatial behaviour of the model a
number of characteristic images for chlorophyll, the main limiting factors and the species
groups will be presented. The time steps selected for presentation are begin April during the
spring bloom, begin June in the midst of summer and begin August during the autumn bloom.

Spring peak (Figure 5)  Chlorophyll levels are relatively high during the spring bloom
varying from 4 up to 50 pg/l in some regions. Light energy is by far the most important
limiting factor; there is no nitrogen limitation, and phosphorus limitation is confined to a
small region. A complex interplay of depth, transport and suspended matter leads to a biomass
pattern in Dutch coastal waters where biomass levels are highest adjacent to the coast and in
some regions between 20 and 40 km off-shore. Concentrations are comparatively low at
locations 10 km offshore because here the background extinctions are generally high
(suspended matter and fresh water) and the depths are already in the order of 20 meters. The
model biomass mainly consists of diatoms and Phaeocystis; flagellates and dinoflagellates are
virtually absent.
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Figure 5 Simulated spatial distribution of chlorophyll-a, limiting factors and species composition
begin April.

Summer situation (Figure 6) Two months later during the summer the situation has changed
drastically. Light limitation is now confined to areas with high suspended matter
concentrations. These are the erosion areas in front of the coast of Zeeland (relatively low
nutrient concentrations) and the plume of the river Rhine (high nutrient concentrations).
Everywhere else nitrogen and phosphorus are limiting, usually simultaneously. For
chlorophyll, the overall picture is considerably different compared to begin April. In areas
where light is limiting, concentrations are generally higher because the solar radiation has
increased. In areas where nutrients have become limiting concentrations are significantly
lower than begin April. This is true in particular where the distance to the Rhine outflow
larger. Thus chlorophyll decreases as the distance from the coast increases. The changes in the
pattern of limiting factors also lead to changes in the composition of the phytoplankton.
Diatom concentrations have declined, but still this group is present nearly everywhere.
Phaeocystis is out competed in many regions by flagellates due to phosphorus limitation and
is now confined to a small range of 20 km immediately off shore. Flagellates are now the most
abundant group, though not in the south, where light is the main limiting factor. Here
dinoflagellates start to increase.
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Figure 6 Simulated spatial distribution of chlorophyll-a, limiting factors and species composition
begin June

Autumn situation (Figure 7) During the autumn, light limitation is restricted to more or less
the same areas compared to the summer situation. The coverage of areas with nitrogen
limitation has slightly increased. There is less phosphate limitation in the coastal zone and no
phosphate limitation outside the 50 km zone. The chlorophyll pattern is more or less the same
compared to the summer situation, and the levels are of the same magnitude. The species
composition has changed drastically. The group of dinoflagellates has become dominant as
they have a relatively high growth rate at higher temperatures and are well adapted to nitrogen
limitation. Flagellates remain in a small strip before the coast of Holland and the Wadden Sea
where there is still phosphate limitation. Diatoms only appear in light limited zones like the
plume of the river Rhine.
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Figure 7 Simulated spatial distribution of chlorophyll-a, limiting factors and species composition
begin August.

Trend analysis

After calibration, the model was used to simulate a 20 year period from 1975 up to 1994. The
simulation takes the variability of nutrient discharges, irradiation and water temperature into
account. Natural variations and/or possible trends in transport, boundary conditions and
suspended matter concentrations were not taken into account. In combination with
measurements, the simulation results were analysed to determine the changes in system
behaviour over time: the actual trend analysis (de Vries et al., 1997). The simulation can also
be regarded as a model validation because none of the model coefficients where changed. To
give an impression of the model behaviour Terschelling 4 km offshore was chosen, a location
which is relatively sensitive towards changes in (anthropogenic) nutrient discharges by the
river Rhine. At this location a small downward trend in both measured and computed
chlorophyll concentrations is detected as a result of a decrease in nutrient discharges starting
mid 80’s. Figure 8 shows slightly increasing concentrations of ortho-phosphate from 1975 up
to 1980, a stabilisation at rather high levels, followed by a decrease. Every year ortho-
phosphate is depleted. The period in which ortho-phosphate is depleted has become somewhat
longer during recent years. Measured and simulated nitrate and silicate agree well. There is no
observed or simulated trend. Depletion of both nutrients occurred every summer.
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Conclusions and future developments

Replacing the DYNAMO model by BLOOM and high resolution transport modelling resulted in
a huge step forward in modelling eutrophication in the Dutch coastal zone. The model
provides an adequate reproduction of a twenty year period of field observations and
reproduces steep gradients perpendicular to the coast. Still further improvement of the
biological processes in the model is foreseen in the near future.

Biological processes  The model provides a rather reliable reproduction of observed
chlorophyll levels. The modelled changes in species composition is however less reliable
because of insufficient knowledge of certain (groups of) species. In co-operation with the
Dutch Institute for Research of the Sea (NIOZ) competition experiments are being carried out
to establish BLOOM coefficients for various algal species, thus improving the capability of the
model to compute species composition. During summer, the computed chlorophyll levels are
high compared to in-situ measurements. This is likely caused by grazing of zooplankton, a
process not included in the model. The model will be extended with dynamical grazing. The
modelling of sorption kinetics of phosphate and the sediment-water exchange of nutrients is
somewhat simplistic. A more elaborate model of the sediment and inorganic kinetics of
phosphate is operational and will be applied in the near future.

Trend analysis  The anthropogenic phosphorus discharges into the Dutch part of the North
Sea have declined recently. However the impacts on the North Sea ecosystem have so far been
limited. Chlorophyll levels, an important target parameter of Dutch policy, are hardly affected.
Only in phosphate limited areas, for example near the coast of Terschelling, chlorophyll levels
declined slightly. The nitrogen discharges have not declined over the past twenty years. A
reduction seems desirable because algal growth is frequently limited due to the depletion of
nitrogen.
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Abstract The set-up, application and validation of a
generic ecological model (GEM) for estuaries and
coastal waters is presented. This model is a compre-
hensive ecological model of the bottom of the
foodweb, consisting of a set of modules, representing
specific water quality processes and primary produc-
tion that can be combined with any transport model to
create a dedicated model for a specific ecosystem.
GEM links different physical, chemical and ecolog-
ical model components into one generic and flexible
modelling tool that allows for variable sized, curvi-
linear grids to accomodate both the requirements for
local accuracy while maintaining a relatively short
model run-time. The GEM model describes the
behaviour of nutrients, organic matter and primary
producers in estuaries and coastal waters, incorporat-
ing dynamic process modules for dissolved oxygen,
nutrients and phytoplankton. GEM integrates the best
aspects of existing Dutch estuarine models that were
mostly dedicated to only one type of ecosystem,

Handling editor: P. Viaroli

A.N.Blauw ¢ H. F. J. Los  P. L. A. Erftemeijer

Deltares (formerly WL | Delft Hydraulics), PO Box 177, 2600
MH Delft, The Netherlands

e-mail: paul.erftemeijer@deltares.nl

M. Bokhorst

Centre for Water Management (formerly National Institute for
Coastal and Marine Management/RIKZ), Zuiderwagenplein
2, 8224 AD Lelystad, The Netherlands

geographic area or subset of processes. Particular
strengths of GEM include its generic applicability
and the integration and interaction of biological,
chemical and physical processes into one predictive
tool. The model offers flexibility in choosing which
processes to include, and the ability to integrate
results from different processes modelled simulta-
neously with different temporal resolutions. The
generic applicability of the model is illustrated using
a number of representative examples from case
studies in which the GEM model was successfully
applied. Validation of these examples was carried out
using the ‘cost function’ to compare model results
with field observations. The validation results dem-
onstrated consistent accuracy of the GEM model for
various key parameters in both spatial dimensions
(horizontally and vertically) as well as temporal
dimensions (seasonally and across years) for a variety
of water systems without the need for major
reparameterisation.

Keywords Generic ecological model » GEM »
Nutrients * Phytoplankton modelling *

Validation * Water quality

Introduction

Growing stresses from conflicting human demands,

anthropogenic impacts and climate change on coastal
and estuarine environments (UNEP, 2006; Airoldi &
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Beck, 2007), along with requirements from recent
international legislative agreements (e.g. EU Water
Framework Directive) to control and reduce undesir-
able ecosystem changes (Devlin et al., 2007), demand
greater knowledge and understanding of the
dynamics and driving forces of these complex water
systems. Three-dimensional ecological models have
the capacity to provide consistent distributions and
dynamics of the lower trophic levels on their
regional, annual and decadal scales, which cannot be
derived to this degree of coverage by field
monitoring observations (Moll & Radach, 2003).

Estuarine and coastal waters pose a challenge to
modellers, in terms of physics, biogeochemistry and
ecology. Substantial river discharges and relatively
shallow nearshore waters often result in large fluctu-
ations and strong spatial gradients in salinity,
suspended matter concentrations, nutrient concentra-
tions and algal biomass in such water systems. These
characteristics, along with complex benthic—pelagic
interactions and light attentuation issues, have proven
difficult to replicate in models (Radach & Moll,
2006), in particular with regard to scales of temporal
and spatial resolution required to simulate the pos-
sible impacts of future conditions, including
management scenarios.

Over the past decades, a relatively large number of
models have been developed for simulating nutrient
cycles, primary production and ecosystem function-
ing in Dutch estuarine and coastal waters. Examples
include MANS (Los et al., 1994), North Sea BLOOM
(Los & Bokhorst, 1997; Los & Wijsman, 2007),
SMOES (Klepper et al., 1994; Scholten & Van der
Tol, 1994), MOSES (Soectaert & Herman, 1995a, b;
Soetaert et al., 1994), ECOWASP (Brinkman, 1993)
and ERSEM (Baretta et al., 1995). In addition,
various model applications simulating aspects of
ecosystem functioning of the North Sea (and adjacent
Dutch coastal waters) have been developed at WL |
Delft Hydraulics in response to specific management
questions, often in close cooperation with the
National Institute for Coastal and Marine Manage-
ment (De Vries et al., 1998; Los & Bokhorst, 1997;
De Kok et al., 1995, 2001; Gerritsen et al., 2001;
Delhez et al., 2004). These latter models typically
have a relatively high spatial resolution, especially in
the coastal zone, compared to most other North Sea
models (Moll & Radach, 2003), but they traditionally
use relatively simple (if any) model formulations for
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food web interactions and organisms other than
phytoplankton. This has been in contrast with most
ecological models, which are usually detailed in
ecological parameterization for specific ecological
processes but lack spatial resolution in the underlying
hydrodynamics and are mostly developed for appli-
cation in only one geographic area. The ECOWASP
model (Brinkman, 1993), for example, simulates the
population ecology of mussels in the Wadden Sea at
the level of size classes and year classes. The spatial
resolution of such models, however, has been very
low, ranging from 6 segments in the Wadden Sea
(ECOWASP) to large ICES boxes, including the
entire cross-shore gradient in Dutch coastal waters in
only one model segment (ERSEM) (Baretta et al.,
1995).

All of these models have proven useful tools in
scientific research of estuarine ecosystems and for
site-specific scenario studies of management strate-
gies (Moll & Radach, 2003). Most were, however,
developed for a specific region, focussed on a specific
area of expertise, differed markedly in model com-
plexity and level of temporal and spatial resolution,
and served different objectives. Typically, such
individual process-oriented ecological models per-
form well for the particular water system for which
they were developed, but when applied to other
systems, their performance tends to be poor even
after reparameterization (Fitz et al., 1996).

Therefore, the Dutch National Institute for Coastal
and Marine Management (RIKZ) initiated the devel-
opment of a Generic Ecological Model for estuaries
(GEM), an integrated model that includes physical,
chemical and ecological processes at a sufficient level
of detail and in a consistent way. The goal of the
generic ecological model was to integrate the best
aspects of the existing (Dutch) models and expertise
that are dedicated to one ecosystem or only a subset
of relevant processes into an integrated coherent
model that allows for general application to different
coastal and estuarine systems.

The resulting GEM model has been applied for
over a decade in a range of different consultancies
and studies by WL | Delft Hydraulics, but the model
set-up has not yet been scientifically published. A
recent audit of the GEM model by an independent
panel of international scientific experts (including
Alain Menesguen, Paul Tett and William Silvert)
strongly encouraged publication of the model (in
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particular, the approach for phytoplankton) and its
promising results (Van de Wolfshaar, 2007).

The present paper describes the background,
model set-up, application and validation of GEM.
Our main objectives were to integrate biological and
physical processes in a simulation of basic ecosystem
dynamics for generic application to estuarine and
coastal waters. The generic applicability of the model
is illustrated using a number of representative exam-
ples from four selected case studies encompassing
different spatial and temporal dimensions and a
variety of different water systems in which the GEM
model was successfully applied and validated.

Description of the ‘gem’ model
Modelling environment

GEM consists of a subset of process formulations
from the process library of DELWAQ: the program
for modelling water quality and aquatic ecology in
the Delft3D modelling suite (WL | Delft Hydraulics,
2003). Delft3D-WAQ, Delft3D-ECO, Delft3D-SED
and DBS are other subsets from the same process
library that partly overlap with GEM. DELWAQ uses
a finite grid approach. Sources and sinks of variables
due to processes in the water are included in the
advection—diffusion equation. A large selection of
numerical schemes is available to solve the transport
part in the advection—diffusion equation below.
Processes (P) are all simulated with an explicit
numerical scheme.'

oC oC oC oC

— = U— -V ——Ww—r i(DYE)
ot Ox oy 0z Ox 7 Ox

+ 2 S S sep
oy 7 oy oz oz
where

C: concentration (g m™)
u, v, w: components of the velocity vector (m s™)

! Numerical schemes used in the four case studies described in this
paper were as follows: implicit upwind scheme with an iterative
solver (Case 1, Veerse Meer); horizontal: FCT Scheme, vertical:
implicit in time and central discretisation (Case 2, North Sea); flux
correct transport (FCT) method (Case 3, Venice Lagoon); and
horizontal upwind scheme, vertical: implicit in time and central
discretisation (Case 4, Sea of Marmara).

D"E D-Y’ D,: components of the dispersion tensor
)

X, Y, z: coordinates in three spatial dimensions (m)
S: source and sinks of mass due to loads and
boundaries

P: sources and sinks of mass due to processes

t: time (s)

The advection and diffusion fluxes between grid
cells are usually derived from a hydrodynamic model
(e.g. Delft3D-FLOW) for the same model area.
DELWAQ has been used successfully for many
different types of applications, including the simula-
tion of dredging plumes, thermal discharges and
various water pollution studies (Van Gils et al., 1993;
Van der Molen et al., 1994; Ouboter et al., 1998; Van
Gils, 1998).

Not all processes incorporated need the same level
of detail with respect to time step and grid size.
DELWAQ enables the use of different time steps and
grids for different processes. The model will then
aggregate and de-aggregate the input and output
parameters of the processes. One can, for example,
use a different time step for transport (tide resolving)
and water quality processes, which in general show
less steep gradients in both space and time. This way
a considerable reduction of simulation time can be
achieved with only a limited loss in accuracy.

The set-up of a GEM model application for a
specific area and period comprises, besides the GEM
set of processes and parameter setting, input for
schematisation and transport, loadings, boundaries,
forcings and initial conditions. GEM can be com-
bined with any hydrodynamic model and additional
processes to create a dedicated model application for
a specific ecosystem.

Model set-up

GEM comprises a set of process formulations quan-
tifying the P term of the advection—diffusion
equation. The set of process formulations is dedicated
to modelling the nutrient cycling and primary
production in coastal and estuarine systems. The
approach for the development of GEM started from
an existing ecological model at WL | Delft Hydrau-
lics, which proved useful for the simulation of
eutrophication in Dutch coastal waters (e.g. Los &
Bokhorst, 1997; De Vries et al., 1998). In a series of

131



Chapter 6

research and consultancy projects, partly in cooper-
ation with other Dutch institutes for marine research,
GEM has been further elaborated and improved. The
resulting GEM includes default parameter settings
that have been calibrated for the North Sea and that
have proven to be applicable for a range of other
coastal ecosystems as well.

GEM simulates the nutrient cycles of nitrogen (N),
phosphorus (P) and silicate (Si). For the dissolved
inorganic state of these nutrients, the following state
variables are included in the model: nitrate (NO;)
representing the sum of nitrite and nitrate, ammonia
(NH,), ortho-phosphate (PO,) and dissolved silicate
(Si). Four phytoplankton species groups are simu-
lated: diatoms, flagellates, dinoflagellates and
Phaeocystis. Dead particulate organic matter in water
is included as separate variables for particulate
organic carbon (POC), particulate organic nitrogen
(PON), particulate organic phosphorus (POP) and
opal silicate (POSi). Similarly, four organic matter
variables are defined in the sediment (POCg, PONg,
POPg and POSis). Additional model variables are
dissolved oxygen (O,) and salinity (SAL). Suspended
matter concentrations and water temperature are
forcing parameters in the model.

Processes included in GEM

Figure 1 gives a schematic overview of the variables
and processes incorporated in the present set-up of
GEM. GEM includes the following processes:

» phytoplankton processes: primary production,
respiration and mortality

» extinction of light

* decomposition of particulate organic matter in
water and sediment

 nitrification and denitrification

* reaeration

»  settling

* Dburial

» filterfeeder processes: grazing, excretion and
respiration

The above-mentioned processes in GEM are
described in more detail below. For some processes,
alternative (more detailed) formulations are available
and additional processes are available as well. These
are used for specific model applications that require
more detailed process formulations, for example, for
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nutrients in the sediment, phosphate adsorption,
salinity effects on mortality and decomposition of
organic matter or benthic algae. In this paper,
however, we focus on the set of formulations that is
most commonly used. Equations used in GEM, state
variables and process parameter (default) settings,
and phytoplankton parameter values in the BLOOM
module are presented in Tables 1-3, respectively.

Phytoplankton processes

In GEM, the phytoplankton module, BLOOM, sim-
ulates primary production, respiration and mortality
of phytoplankton. This module allows for the mod-
elling of species competition and adaptation of
phytoplankton to limiting nutrients or light (Los et
al., 1984; Los & Brinkman, 1988; Van der Molen et
al., 1994; Los & Bokhorst, 1997; Los, 2005). For the
simulation of species competition, four species
groups are defined in GEM: diatoms, flagellates,
dinoflagellates and Phaeocystis. BLOOM can also be
used for other species groups, including fresh water
species and benthic species, but these are generally
not used in GEM. Within each of these groups, three
phenotypes are defined to account for adaptation to
changing environmental conditions:

» energy types, with relatively high growth rates,
low mortality rates and high N/C and P/C ratio

* nitrogen types, with typically lower internal N/C
ratio, lower maximum growth rates, higher mor-
tality rates, higher settling velocities and higher
chlorophyll content

» phosphorus types, with typically lower internal P/
C ratio, lower maximum growth rates, higher
mortality rates, lower settling velocities and lower
chlorophyll-a content

The different phenotypes of a species group are
modelled as separate variables with different param-
eter settings, e.g. growth rates, settling velocities and
respiration rates. When conditions in the water
change, biomass of one phenotype can be instanta-
neously converted into another phenotype of the same
species group, representing rapid adaptation of indi-
vidual algal cells. Since the phytoplankton types
represent different phenotypes of the same species,
the transition of one type to another occurs at the time
scale of a cell division, which is in the order of a day.
Due to this characteristic time scale (i.e. Chapter 5 of
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Fig. 1 Schematic overview of all state variables and processes
included in the ecological model instrument GEM. State variables
in grey and processes indicated by dashed lines are optional and

Harris, 1986), the simulation time step for the
BLOOM phytoplankton processes is usually chosen
to be 24 h. Nutrient fluxes associated with switches
between types are dealt with in the following way: If
the nutrient content requires a larger amount of
nutrients than previously stored in the phytoplankton,
it is taken up from the dissolved fraction in the water.
If, in contrast, the nutrient content declines, the
extraneous amount previously stored in the phyto-
plankton is released into the dissolved fraction in the
water. This is similar to autolysis. Switch-associated
uptake of one nutrient and release of another may
occur simultaneously, i.e. when a P-type is replaced
by an N-type. A shift in species composition due to
changing environmental conditions is a slower pro-
cess, involving changing dominance of species
groups. This shift in species composition is restricted
by growth and mortality rates. BLOOM allows for

C N P Si

have not been included in the North Sea modelling applications.
AIP is ‘adsorbed inorganicphosphorus’

simultaneous co-existence of different phenotypes
and/or species groups, representing a continuous
variable stoichiometry restricted only by the limits
set for the individual types. Notice that the stoichi-
ometry of the types is fixed, but the relative
proportion varies (see Los et al. (2008) for a more
detailed description of BLOOM). BLOOM was
originally developed as a steady-state model that is
now being applied in a dynamic setting. In a typical
simulation, transport and a small number of processes
are simulated with a short time step (i.e. 30 min of
less), while the majority of processes are simulated
using a much longer time step of 24 h. Consistency
and mass conservation issues due to the different time
steps and approaches are resolved by the numerical
solver of the mode. Comparative simulations have
shown that the results of simulations with a 30 min
time step for all processes are similar to those with
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Table 1 Equations in GEM

A. Balance equations for state variables:

dNO,
——= =nit—den—upt, *(1- f,,,
= pty *(1-1,,) (A1)
dNH
7 L =dec,,y —nit+decp,y +rspy ¢+ [, Fmory, —upt, * f, (A2)
t Vs N ‘ :
dpPO
T" =deCppp +deCrpp +1SPp + [y ¥ mor, —upt, (A3)
t $ ’
dsi X
= decppg + decposg + fou Fmorg, —upty, (A9
dALG,
L= gro, —mrt, —sed, — grz, (A.5)
dt
(o)
2 = rea+(gro. —decp,. —decpop ) *s, —nit*s,, (A.6)
dPOX
di =mory *(1= f,,,) —sed oy —dec,oy — 8rz oy +excpoy (A7)
dPOXS
a (sedpoy —dec oy, —buryoy +excpoy)* Z (A.8)
where:
i = algaetype 1 —12
X = element carbon, nitrogen, phosphorus and silicate

upt, = Z(grol. *Svi)
i=1

) (A9)

mor, =Z(mrt,. *Syi) (A.10)
i=1

ro= MIN(NHq+,upt,, * At) (A.11)

upt, * At
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Table 1 continued

B. Phytoplankton processes

ALG,,, — ALG,
gro; = +mrt,
At
mrt. =m. * ALG
Pi=Pip (T_ktpl)
n=ro %kt
P8 =ptr

(B.1)
(B2)
(B3)
(B.4)
(B.3)

(B.6)

Optimisation: find set of new concentrations of ALG; with maximum:

Z(pgi *le,—r)* ALG,
i=1

satisfying the following constraints:

3 3
ZALG:,new < Z(ALG‘)e([)g’*]e,—y’)*Al
i=l

i=l

i ALG,,,, = Z ALG *e™™

i=1 i=1

D (sx; *ALG,,,, )< D (s, *ALG) + NOs+ NH
= i1

D (50, *ALG, ) < D (5, *ALG)+ PO
i=1

i=1

D (55, *4LG, ) € D (55, *ALG,) + Si

i=1 i=1

k

min,i

<k, <k

max,i

where:

kmax,i = f;ab/e (lecr )
_m+r

PE;

IeCY
Extinction of light

k,=ky kg +kpoy +huot+k

SPM POM ALG HUM

Kporr = €poc * POC

kg = z(eALG, *ALG)
P

kgprs = €gpy * SPM

SAL
SAL,

)

_ *(1—
L =€humo a

(B.7)

(growth constraint per species group) (B.8)

(mortality constraint per species group) (B.9)

(nutrient constraint, nitrogen) (B.10)

(nutrient constraint, phosphorus) (B.11)

(nutrient constraint, silicate) (B.12)

(light constraint) (B.13)

(B.14)

(B.15)

(C.1)
(C2)
(C3)
(X))

(C5)
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Table 1 continued

D. Decomposition of organic matter

decpox = (fr.aee ™ Kaeer.rox + Cgeetr pox = Kaeer pox ) * Frua) * POX (X=C.N.P)

_ * _
decpog = (Iraee ™ Kaeer posi + Kaeers posi kdch,P()Si)

deCpoys =k,

g

¢,POXs * -fT,dec * POXs
Z

where:

— (T-20)
fT,pr - kt/)r

S =MIN(

PON / POC)—-sl, POP/POC)-sl

+(POSI/POC)~sly \, pc

sug, — sl

where: pr = dec, den, nit

=)

2
suy =Sl su, —sl,

E. Nitrification and denitrification
nit =k, *NH,* f; .

den = kdcn * NO“v * f T .den

F. Reaeration

0, -0
rea =(0.3+0.028*W?) *(”Ziz)*k

G. Sedimentation

sed, = ~

H. Burial
bur, =b*POXS
Z

POX ¢

v, *Y where: Y = ALGi, POX

(D.1)

(D2)

(D.3)

(D4)

(D.5)

(E.1)

(E2)

(F.1)

G.1)

(H.1)
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Table 1 continued

I. Filterfeeder processes
grz, =up* ALG, @)
8VZpoy =up* POX
(L.2)
ISPy = (assz*rg@20 +G, "‘rmG.ZO)"‘fT,g,_Z *Sv e (1.3)
excCpoy =excy * (1= f..;) (14)
eXCpoy, =€XCyx * [y (3)
where:
ass4*s
excy =egy +assly _Tm_ ass2*1€620 " fr g *Sx.0 1.6)
i 1
up=G* fT,grz * M]N(kﬂr,z() —7kupl,20 T @.7)
0 ¢tk ¢
¢, =Y (ALG))+POC (L8)
i=1 "
€8y =&Zpox ¥ fig + Z(grzi * Lo ¥ Sx) (1.9)
i=1
assly = grzp,y +Z (grzi*sXJ)—egX (1.10)
i=1
1y 1
ass2 = MIN (ass1i., assiy ,&) (L11)
SnG SpG
(L12)
assi = ass2*(1-rgg, * et ) wL13)
ass4= MIN (ass3*At,G, —G*(1—rmg, * f7 . * AD)) '
_ * * *
G, = MAX(G,,G*(1+ g 20 * f1.4. * A1) ifG>G (L14)
_ *(1_ % *
Gz: - MN(GI’G (1 mG.ZO fT,grz At) lfGl < G (115)
G, = MIN(G,,G*(1—1mg 5 * f; . * M) +ass3* At (L16)
£ = oo (T20) ’
T,grz
y (L17)

variable time steps (see Los et al., 2008 for further
details).

BLOOM assumes that fast-growing (less efficient)
phytoplankton species dominate in a situation where
resources (light, nutrients) are abundant, while slow-
growing but efficient phytoplankton species gain

dominance when resources become limited. This
assumption is based on the theory on k- and r-
strategies (e.g. Reynolds et al., 1983; Harris, 1986).
Linear programming is used as an optimisation
technique to determine the species composition that
is best adapted to prevailing environmental
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Table 2. Explanation of symbols

Symbol Description value unit
State variables
NO; nitrate gN.m?3
NH,4 ammonium gN.m?
PO, ortho-phosphate gP.m
Si dissolved silicate gSi.m™
0, dissolved oxygen g0,.m?
ALG diatoms energy type: diat-E gC.m?
ALG; diatoms nitrogen type: diat-N gC.m?
ALG; diatoms phosphorus type: diat-P gC.m?
ALG, flagellates energy type: flag-E gC.m?
ALGs flagellates nitrogen type: flag-N gC.m?
ALGg flagellates phosphorus type: flag-P gC.m?
ALG, dinoflagellates energy type: dino-E gC.m?
ALGg dinoflagellates nitrogen type: dino-N gC.m?3
ALGy dinoflagellates phosphorus type: dino-P gC.m?
ALGyo Phaeocystis energy type: PhaeoE gC.m?
ALGy; Phaeocystis nitrogen type: PhaecoN gC.m?3
ALGy; Phaeocystis phosphorus type: PhaeoP gC.m?
POC particulate organic carbon gC.m3
PON particulate organic nitrogen gN.m?
POP particulate organic phosphorus gP.m?
POSi particulate organic silicate gSi.m
POGCs particulate organic carbon in the sediment gC.m
PONs particulate organic nitrogen in the sediment gN.m
POPg particulate organic phosphorus in the sediment gP.m?
POSis particulate organic silicate in the sediment gSi.m
SAL Salinity ppt
Fluxes
sed settling gX.m3.d?!
mrt phytoplankton mortality gC.m3d?
gro net phytoplankton growth gC.m3.d?!
mory formation of dead organic matter by phytoplankton gX.m3.d?!
mortality
upty uptake of nutrients by phytoplankton growth gX.m3.d?
dec, decomposition of dead particulate organic matter gX.m3.d?!
burk burial gX.m3.d?!
den denitrification gN.m3.d*
nit nitrification gN.m3.d?
rea rearation g0,.m3.d?*
grzy grazing by filterfeeders gX.m3.d?!
rspx respiration by filterfeeders gX.m3.d?!
excx excretion of organic matter by filterfeeders gX.m3.d?
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Table 2. Continued

Symbol Description value unit
At time step for processes (different from that of transport) 1 d
ALGinew  concentration of algae type /at the end of the time step  ** gC.m?
assiy nett uptake flux of food of nutrient X (C, N or P) *ok gX.m3.d?!
ass2 nett uptake flux corrected for stoichiometry filterfeeders — ** gC.m3.d?
ass3 maximum assimilation flux corrected for growth *k gC.m3.d?

respiration
ass4 effectively assimilated organic matter during time step *k gC.m?3
b burial rate 0.002 d*

5

Ct available food concentration *x gC'm?3
cl chloride concentration Hok g.m?
enss specific extinction of algae type / * m2.gC?
egx egestion flux by grazers of nutrient X (C, N or P) ok gX.m3.d?!
€HuM,0 extinction due to humic substances in pure fresh water 0.97 m*
epoc specific extinction of particulate dead organic matter 0.1 m2.gC?
€spm specific extinction of inorganic suspended matter 0.025 mig!
fam fraction ammonium in nitrogen uptake *x -
faut autolysis fraction of mortality 0.3 -
feg fraction of uptake that is egested by grazers 0.5 -
fout function for relative nutrient availability *x
foed fraction of excretion by grazers released to sediment 1
frable tabulated function relating kq to growth efficiency, *k m*

converted from the tabulated function of growth
efficiency and light

fror temperature function for process pr = dec, den, nit ok -

fr.or temperature function for grazing processes *k -
grazer biomass ok gC.m?

Gc feasible grazer biomass at maximum growth or mortality =~ ** gC.m?
rates

96,20 maximum growth rate grazers at 20 °C 0.2 d?

Gi imposed grazer biomass by forcing function ok gC.m?3

Ghew effective grazer biomass at the end of the time step *x gC.m?3

KaLg total extinction due to phytoplankton ok m!

Ky background extinction 0.08 m?

Ky total extinction coefficient *k m?

Kec, poc  Minimum decomposition rate for POC at 20°C 012 4!

Kdect, pon  Minimum decomposition rate for PON at 20°C 0.08 d?

Kdect, por  Minimum decomposition rate for POP at 20°C 0.08 d?

Kgect, posi  Minimum decomposition rate for POSi at 20°C 0.04 d*

Kdecpocs ~ decomposition rate for POC in sediment at 20 °C 0.015 d*

Kdecpons ~ decomposition rate for PON in sediment at 20 °C 0.015 d*

Keecpops  decomposition rate for POP in sediment at 20 °C 0.025 d*

Kdecposis ~ decomposition rate for POSi in sediment at 20 °C 0.008 d*

Koec, poc  Maximum decomposition rate for POC at 20°C 0.18 d*

Kdect, Pon  Maximum decomposition rate for PON at 20°C 0.18 dt

Kdec, o Maximum decomposition rate for POP at 20°C 0.18 d?

Kdech, posi  Maximum decomposition rate for POSi at 20°C 0.08 d?!

Keen denitrification rate 0.003 d*

Ke half saturation constant for grazing 0.1 gC'm?

K, 20 maximum rate of filtration by mussels 0.05 m*gCtd?

Krum extinction due to humic substances from fresh water *x m*
input

Kmax, 7 maximum extinction where the net growth of algae type  ** m?
/is positive; above this level self shading limits growth

Kmin, 7 minimum extinction where the net growth of algae type / 0 m*

is positive; below this level photo-inhibition limits growth 139
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Table 2. Continued

Knit nitrification rate 0.07 d!
Kpom extinction of dead particulate organic matter ** m%.gC*
Krea reaeration rate 4 dt
Kspm extinction of inorganic suspended matter *ok m2.gC*
Ktgec temperature coefficient for decomposition of POX and 1.11 -
POXs, except for opal silicate in sediment
ktsecposis  temperature coefficient for dissolution of opal silicate in 1.047 -
sediment
Ktgen temperature coefficient for denitrification 1.11 -
kit temperature coefficient for grazing processes 0.04 -
Ktm,/ temperature coefficient for mortality of algae type 7 * -
Ktnie temperature coefficient for nitrification 1.06 -
ktp,/ temperature coefficient for phytoplankton growth * °C
Kt/ temperature coefficient for phytoplankton respiration 1.07 -
Kupt,20 maximum food uptake rate by grazers 0.1 gC'gC‘l'd'1
lec critical light efficiency where phytoplankton growth just *k -
balances losses
le; growth efficiency of algae type / tabulated function of *k -
light
m;o mortality rate for algae type 7at 0 °C * d?
Mg,20 maximum mortality rate of grazers at 20 °C 0.2 d?
m; mortality rate for algae type / *k d?
n number of algae types in calculation 12 -
05,eq saturation concentration of oxygen *x g0,.m3
Pio maximal net growth rate of algae type 7at 0 °C * d?
pg; maximal gross growth rate algae type / *k d?
p; maximal net growth rate for algae type / *k d?
rio maintenance respiration rate for algae type /at 0 °C 0.06 d?!
rde,20 growth respiration fraction of grazers at 20 °C 0.2 -
rmeg,20 maintenance respiration rate of grazers at 20 °C 0.005 d*
r maintenance respiration rate for algae type / *x d?
SAL, background salinity 34.97 ppt
Sy lower limit stoichiometric constant PON 0.1 gN.gC?
slp lower limit stoichiometric constant POP 0.01 gP.gC*
sls; lower limit stoichiometric constant POSi 0.01 gSi.gC!
SN,G stochiometry of nutrient N in grazers .1818  gN.gC*
SNO oxygen nitrogen ratio in NO; 4571 gO,gN™*
So oxygen carbon ratio in detritus 2.67 g0, gC*
Sp,G stochiometry of nutrient P in grazers .0263 gP.gC*
SPM (suspended) inorganic matter concentration Hokx gDM.m’3
Suy upper limit stoichiometric constant PON 0.15 gN.gC!
SUp upper limit stoichiometric constant POP 0.015 gP.gC*
SUs; upper limit stoichiometric constant POSi 0.005 gSi.gC*?
Sx,i stochiometry of nutrient X in algae type / * gX.gC?
water temperature *okk °oC
up uptake rate of organic matter by grazers *x d?
VALG/ settling velocity of algae type 7 * m.d*!
Vpox settling velocity of particulate dead organic matter 1.5 m.d?
w wind velocity ook m.s!
Z water depth Rk m
* in Table 3
** calculated in GEM
HoHE model forcing
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Table 3 Parameter values in the algal module (BLOOM) of the GEM model

ALGi eALGI sy Spi Ssii Schli Pio kt,; m;o ktmi VaLGi
diat-E 0.24 0.255 0.032 0.447 0.053 0.083 -1.75 0.07 1.072 0.5
diat-N 0.21 0.07 0.012 0.283 0.01 0.066 -2 0.08 1.085 1
diat-P 0.21 0.105 0.01 0.152 0.01 0.066 -2 0.08 1.085 1
flag-E 0.25 0.2 0.02 0 0.023 0.09 -1 0.07 1.072 0
flag-N 0.225 0.078 0.01 0 0.007 0.075 -1 0.08 1.085 0.5
flag-P 0.225 0.113 0.007 0 0.007 0.075 -1 0.08 1.085 0.5
dino-E 0.2 0.163 0.017 0 0.023 0.132 5.5 0.075 1.072 0
dino-N 0.175 0.064 0.011 0 0.007 0.113 4.75 0.08 1.085 0
dino-P 0.175 0.071 0.01 0 0.007 0.112 4.75 0.08 1.085 0
Phaeo-E 0.45 0.188 0.023 0 0.023 0.084 -3.25 0.07 1.072 0
Phaeo-N 0.413 0.075 0.014 0 0.007 0.078 -3 0.08 1.085 0.5
Phaeo-P 0.413 0.104 0.011 0 0.007 0.078 -3 0.08 1.085 0.5

conditions. In accordance with the aforementioned
principle, the suitability of a type (its fitness) is
determined by the ratio of its requirement and its
growth rate. It can be shown mathematically that the
principle by which each phytoplankton type maxi-
mises its own benefit effectively means that the total
net production of the phytoplankton community is
maximised. This makes it possible to use the
computationally efficient Linear Programming tech-
nique (Danzig, 1963) to compute the phytoplankton
biomasses according to the competition rules formu-
lated for the module. Mathematically, this means that
the optimisation process finds the combination of
phytoplankton types that maximise the net growth
subject to the following set of constraints.

»  growth constraint: the biomass increase of any of
the species groups cannot exceed the maximum
net growth rate (production minus respiration) at

actual temperature and light intensity. The rela-
tion between light intensity and growth efficiency
(as a fraction of the maximum net growth rate) is
included in the model as tabulated P-E curves,
based on laboratory studies.

mortality constraint: the mortality rate of any of
the species groups cannot exceed the maximum
mortality rate at actual temperature and salinity.
light constraints: the total extinction of light by
phytoplankton cannot exceed the threshold level
where the light intensity becomes insufficient to
maintain further net growth. The growth response
to varying light intensities is implemented as
tabulated data, based on laboratory studies. The
tabulated response curve is converted to account
for variable depth and day length.

nutrient constraints: the total uptake of each of the
nutrients (N, P, Si) must not exceed the
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availability. The total available amount of a
nutrient is defined as the sum of dissolved
inorganic nutrient plus the amount of nutrients in
phytoplankton.

Due to mortality, phytoplankton biomass is released
partly as dead particulate organic matter and partly as
inorganic nutrients in the water column, the latter
representing autolysis. Different kinds of freshwater
and marine phytoplankton can be modelled simulta-
neously. The uptake of nitrogen is done preferably as
ammonium (NH,"). When ammonium is depleted, the
remainder of nitrogen uptake is done as nitrate. Most
models require an explicit term to delimit the growth
rate, forcing it to zero when a nutrient gets depleted.
BLOOM does not require such a term since the Linear
Programming procedure automatically stops the
uptake when the concentration becomes zero. The
growth rate in BLOOM declines step-wise as a nutrient
gets depleted. When the E-types dominate, the net
growth rate is high; then, it declines abruptly when a
nutrient limited type takes over, and finally, it is put to
zero when the nutrient is depleted.

Extinction of light

Light is simulated as total photosynthetic active
radiation (PAR). Extinction of light by substances in
the water is modelled as an exponential decrease of
light intensity with depth according to the Lambert—
Beer formula. The extinction coefficient is calculated
as the sum of the extinction by inorganic suspended
matter, particulate organic matter, phytoplankton (self-
shading), dissolved humic substances (approximated
by salinity) and background extinction. Each of the
substances, including the phytoplankton species, is
characterised by a specific extinction coefficient.

Decomposition of dead particulate organic matter

The decomposition rate of dead particulate organic
matter (POM) in water is dependent on the nutrient
stoichiometry of detritus, since bacteria need a supply
of nutrients that is proportional to the supply of
organic carbon. The decomposition rate of POM is
highest for POM with a high nutrient content
(expressed as N/C and P/C ratios). Therefore, if the
nutrient content is above a threshold value, a high
decomposition rate is applied in the model. If the
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nutrient content is below another threshold, a low
decomposition rate is applied. If the nutrient content is
in between the two thresholds, the decomposition rate
is linearly interpolated. The nutrient content of the
most limiting nutrient (N or P) determines the overall
decomposition rate for POC, PON and POP. This
approach was first applied in the freshwater model
DBS as described by Van der Molen et al. (1994).

Particulate organic matter in the sediment is formed
upon settling of phytoplankton and dead particulate
organic matter. In the model, decomposition rate is
affected only by temperature, which is assumed to be
lower in the sediment than in the water. Remineralised
inorganic nutrients are released back into the water
column. In most GEM applications, the sediment is not
included as a separate layer in the model grid. This
means that only settled organic matter (C, N, P, Si) is
simulated as a model variable, but nutrient concentra-
tions and oxygen in porewater are not. Instead,
remineralised nutrients are released directly back into
the water column. The advantage of this simplification
is the reduction of the number of grid cells and
simulation time. The disadvantage is that processes
that are in reality strongly non-linear, such as the
release of ortho-phosphate from anaerobic sediments,
cannot be taken into account properly. This disadvan-
tage is particularly apparent in shallow coastal areas. In
such shallow (often eutrophic) systems, a more
sophisticated sediment module may have to be applied,
which includes reduction & oxidation as well as P
adsorption and desorption processes in the sediment.
This model improvement for shallow systems is
currently being developed and tested.

Nitrification and denitrification

Nitrification and denitrification are modelled as
simple first order processes, corrected for temperature
and oxygen concentration in the water column.
Nitrification rates decrease when the oxygen concen-
trations in the water drop below a critical level.

Reaeration

The difference between the actual oxygen concentra-
tion in the water and the saturation concentrations is
reduced by the reaeration rate. The saturation
concentration of oxygen is a function of temperature
and salinity of the water. The reaeration rate in most



GEM: a generic ecological model for estuaries and coastal waters

GEM applications is a function of wind speed and
water depth.

Settling

Settling in GEM is generally modelled as a net
settling process with a settling velocity that is
constant in time, and independent from turbulence
and bottom shear stress. In 3D simulations, the effect
of turbulence is accounted for by vertical dispersion
between the water layers. Optionally, resuspension
and the effect of bottom shear stress can be included.
For each phytoplankton species and phenotype, a
separate settling velocity is specified. For POM, one
settling velocity is specified that is applied for all
nutrient fractions (POC, PON, POP and POSis).

Burial

Particulate organic matter in the sediment is removed
from the active sediment layer through burial to deeper
sediment layers. These deeper sediment layers are not
included in the model, and so in effect, the burial is a
sink from the nutrient cycle in the model. The burial
rate is a constant fraction of the particulate organic
matter in the sediment throughout the year. The burial
rate is a calibration parameter. It does not only
represent the actual burial process, which is generally
unknown for marine ecosystems, but also all other
unknowns in the mass balance, including uncertainties
on loading and transport across open boundaries.

Filterfeeder processes

Primary consumers are not simulated as real state
variables in GEM. Instead, grazer biomass can be
imposed to the model as a forcing condition (based on
field data). The model then simulates the grazing
effects of the imposed filterfeeder biomass. Five types
of filterfeeders can be defined, both pelagic and
benthic. The imposed biomass of primary consumers
is adjusted by the model if availability of food (algae
and detritus) is insufficient to support the imposed
filterfeeder biomass, according tothe specified filtering
rates and metabolic coefficients. In order to ensure
conservation of mass balance, nutrient concentrations
are corrected in accordance with these adjustments in
filterfeeder biomass. In case the filterfeeder module is
applied for scenario simulations, a decision needs to be

made whether or not to adjust its biomass function.
This is usually done on the basis of expert knowledge
taking observed grazer biomasses in various compa-
rable water systems into account This approach,
originally developed by Van der Molen et al. (1994),
is considered as a first step in dynamic modelling of
primary consumers.

At high densities of phytoplankton and detritus,
the uptake of food is determined by the uptake rate.
At low densities of phytoplankton and detritus, the
uptake of food is determined by the filtration rate.
Part of the uptake is egested as detritus. The egestion
rate is a constant fraction of the uptake rate per type
of food. The egestion fraction (f,) may be different
for each phytoplankton or detritus type. For benthic
filterfeeders, the detritus is excreted to the sediment,
and for pelagic filterfeeders, it is excreted to the water
column. The composition of grazers as C:N:P ratio is
constant over time. Therefore, the assimilated food
should have the same C:N:P ratio as the grazers. The
part of the uptake of the non-limiting nutrients that
cannot be assimilated is excreted as detritus. Part of
the food uptake is lost due to growth respiration. The
remaining part is available for biomass increase of
the filterfeeders. The realised biomass increase (or
decrease) is given by the forcing function, but is
constrained by maximum growth, maximum mortal-
ity and food availability. The food that is not used for
biomass increase and organic matter associated with
biomass decrease is all released as detritus. Uptake,
filtration, growth, maintenance respiration, growth
respiration and mortality are all affected by temper-
ature. The temperature coefficients can be chosen
differently for each process, but generally, the same
temperature coefficient is used for each process.

Applicability of the ‘gem’ model

The GEM model has been successfully applied and
validated in several projects in a range of different
estuarine and coastal water systems. This section
presents a number of selected case study simulations to
illustrate the generic applicability of the model. It
would be beyond the scope of the present paper to
describe each of these case studies in great detail. They
are introduced here as representative examples to
demonstrate the success with which GEM was repeat-
edly applied in a range of different water systems and
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geographical areas without the need for continuous
remaking of (new) models for each different system,
site or objective, or for reparameterization of process
parameters and state variables.

The ‘goodness-of-fit’ between these model results
and associated field measurements was calculated
using the ‘cost function’ (OSPAR, 1998; Radach &
Moll, 2006). The cost function is a mathematical
function that gives a non-dimensional number, which
is indicative of the ‘goodness of fit’ between two sets
of data, in this case, model results and observations. It
can be defined as the sum of the absolute deviations
of the model values from the observations, norma-
lised by the deviations of the observations for the
chosen temporal and spatial range. Thus, it is a
standardised, relative mean error. Cost function
results for GEM applications have been calculated as

>|M,, -D,|/n

C, :T*((l—c)+c(l—rl)

x

where C, is the normalised deviation per station,
annual value, M, is mean value of the model results
per station per month,’ Dy, is mean value of the in
situ data per station per month, sdy is standard
deviation of the annual mean based on the monthly
means of the in situ data (df = 11), n is 12 months, ¢
is 0.5 and ry is the correlation over time between M,
and Dy, (OSPAR, 1998). The validation results were
classified according to the following rating criteria
(Radach & Moll, 2006) for the cost functions (cf):

Rating Condition

Very good 0<cf<1 Standard deviations
Good I<cf<2 Standard deviations
Reasonable 2<cf<3 Standard deviations
Poor 3 >cf Standard deviations

Case 1—Veerse Meer

The ‘Veerse Meer’ is a brackish coastal lake in the
southwestern part of the Netherlands. This former

% For the Marmara Case study, in situ data were only available for
two 60-day periods in a year, which were compared with
corresponding 60-day periods of the model results.
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estuary has been transformed into a non-tidal brack-
ish lake, which is characterised by highly eutrophic
conditions and seasonal blooms of the macroalga
Ulva sp. (Malta & Verschuure, 1997). The GEM
model was used to study the effects of various water
management alternatives on the water quality and
ecology of the lake, in particular, the effects of water
level changes and flushing scenarios (Kernkamp et
al., 2002). Figure 2 presents the results of GEM
model baseline simulations for the ‘Veerse Meer’
against monthly field observations (DONAR data-
base, 1 station) for nutrient concentrations (nitrate,
ammonium, phosphate and silicate), chlorophyll-a
and dissolved oxygen for the period 1995-1999. Cost
function results ranged from 0.235 to 2.330 (Table
4), indicating that these model results can objectively
be classified as ‘very good’ for nitrate and
ammonium, ‘good’ to ‘very good’ for phosphate and
silicate, and ‘reasonable’ to ‘good’ for chlorophyll-a.
These results demonstrate that the GEM model
produced consistently good and acceptable results, in
this case, for a range of different key parameters.
Similarly, good results for a range of key parameters
were obtained at other stations and in other case
studies without the need for recalibration or
reparameterisation.

Case 2—North Sea

The North Sea can be characterised as a coastal shelf
sea with relatively shallow (10-50 m) coastal waters.
Substantial river discharges result in large fluctua-
tions and strong temporal and spatial gradients in
salinity, suspended matter concentrations, nutrient
concentrations and algal biomass. Over the years,
GEM was applied to the North Sea system in a range
of studies, including simulations to evaluate the
impact of a proposed land reclamation scheme (Nolte
et al., 2005), and as a screening tool for the Water
Framework Directive (WFD) to demonstrate the
potential impacts of reductions in nutrient loads
(Blauw & Los, 2004; Los & Wijsman, 2007). Most
recently, BLOOM/GEM applications to the southern
North Sea were subjected to a detailed three-dimen-
sional model validation (Los et al., 2008). Here, we
present the results of a trend analysis of chlorophyll-a
concentrations in the North Sea over a 24-year period
(1975-1998) predicted by the GEM model and
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Fig. 2 Results of GEM
baseline simulations for the
“Veerse Meer’’ (surface
water layers and bottom
water layers) against actual
field observations for
nutrient concentrations
(nitrate, ammonium,
phosphate and silicate—all
in mg I'"), chlorophyll-a
(in 1g I'") and oxygen (in
mg I™") for the period
1995-1999 (station: [
Soelekerkepolder)

Nitrate (g N/m3)

Ammonium (g N/m3)

0.5

4! + 4 +,
0o é\“ e P B TNt N T T P

1.5

Ortho—phosphate (g P/m3)

P
L B e

Chiorpphyl—a (mg/m3)

compared with field observations (DONAR database, Terschelling 4 km. The goodness-of-fit between

monthly means measured over the same 24-year model prediction and field measurements in the
period) at six monitoring stations (Fig. 3 and Table 5). 1970s is not as perfect as in the 1980s and 1990s, and
Figure 3 shows the results for the station does not adequately reproduce their interannual
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Table 4 Cost function results for the Veerse Meer case (5
parameters, surface water, 1995-1999)

Parameter Year

1995 1996 1997 1998 1999
Chl-a 2298 2.094 2330 2.124 1.860
Si 1.026 0.809 1.179 0.778 1.006
PO, 0.393 0.864 1.257 1389 1.090
NO; 0.265 0.441 0480 0.249 0235
NH, 0.698 0.536 0.512 0329 0470

variability. This may be related to the following two
issues: [1] all model predictions were based on
simulations with the same hydrodynamics (single,
representative day) and same suspended sediment
forcings (steady state, cosine-transformed for season-
ality) (as described in Los & Bokhorst, 1997), which
may have reduced interannual variability in the
model results; [2] there has been a shift from light
limitation in the 1970s to nutrient (P) limitation in the
late 1980s and 1990s (see www.waterbase.nl).
Apparently, the model performs better under P-lim-
ited conditions given the stoichiometric settings
chosen in the model set-up. Cost function results for
individual years and stations ranged from 0.287 to
1.348 (Table 5), indicating that the model results for
chlorophyll-a remained ‘good’ (one station) to ‘very

70

good’ (other stations) throughout all of these years. In
order to illustrate that it is also possible to make
reasonable predictions of the phytoplankton species
composition using GEM (Los & Blaas, in prep.), an
example of detailed phytoplankton results is pre-
sented in Fig. 4, showing phytoplankton species
composition as modelled in GEM versus field
observations. The results of the 24-year analysis of
chlorophyll-a demonstrate that the GEM model
produces consistently good and acceptable results for
this key parameter over many consecutive years
without the need for  recalibration or
reparameterisation.

Case 3—Venice Lagoon

The Lagoon of Venice is a very shallow (average
depth 1.1 m), saline, subtropical, semi-enclosed
estuarine lagoon system bordering the Italian city of
Venice along the Mediterranean coast. The lagoon
system covers an area of approximately 550 km? and
is characterised by eutrophic conditions and seasonal
blooms of the macroalga Ulva sp.. Over the past two
decades, the lagoon has gone through substantial
changes in ecological quality and water quality as a
result of changes in nutrient loads, sediment
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Fig. 3 Results of a trend analysis of chlorophyll-a concentrations (in Ig I'') in the North Sea over a 24-year period (1975-1998)
predicted by the GEM model in comparison with field observations (station: Terschelling 4 km)
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Table 5 Cost function results for the North Sea case (chlorophyll-a, 24 years, 6 stations)

Year Station
Noordwijk 4 Noordwijk 10 Noordwijk 20 Noordwijk 70 Terschelling 4 Terschelling 10

1975 0.314 0.353 0.714 1.347 0.751 0.744
1976 0.315 0.347 0.704 1.348 0.903 0.730
1977 0.309 0.348 0.699 1.341 0.775 0.726
1978 0.311 0.366 0.710 1.340 0.718 0.723
1979 0.321 0.353 0.714 1.343 0.869 0.703
1980 0.321 0.347 0.712 1.344 0.923 0.715
1981 0.319 0.359 0.710 1.343 0.889 0.711
1982 0.318 0.359 0.703 1.342 0.743 0.731
1983 0.305 0.352 0.688 1.341 0.656 0.727
1984 0.312 0.366 0.710 1.344 0.829 0.690
1985 0.313 0.356 0.708 1.344 0.872 0.697
1986 0.305 0.351 0.691 1.343 0.719 0.725
1987 0.301 0.360 0.680 1.336 0.621 0.673
1988 0.315 0.359 0.693 1.341 0.641 0.720
1989 0.301 0.345 0.661 1.341 0.600 0.698
1990 0.304 0.355 0.644 1.336 0.441 0.660
1991 0.305 0.376 0.656 1.335 0.514 0.667
1992 0.308 0.410 0.653 1.332 0.431 0.693
1993 0.299 0.381 0.664 1.333 0.521 0.658
1994 0.304 0.347 0.615 1.335 0.423 0.693
1995 0.311 0.409 0.668 1.333 0.456 0.690
1996 0.290 0.420 0.645 1.329 0.402 0.641
1997 0.297 0.425 0.622 1.327 0.395 0.684
1998 0.287 0.403 0.634 1.330 0.417 0.638

resuspension and anthropogenic perturbations (Sfriso
et al., 2003). Large and lagoon-wide blooms of Ulva
have not been observed anymore in the Lagoon of
Venice over the last 15 years. The GEM model was
used to study the potential effects of closure of
mobile storm protection gates and reduction of
nutrient loads on the environment, water quality and
ecology of Venice Lagoon (Boon et al., 2006). Figure
5 presents the spatial results (horizontal dimension)
of GEM model baseline simulations for chlorophyll-a
concentrations (seasonal mean) for the entire Venice
Lagoon in comparison with measured field data
(Arresto campaign, 23 stations). This figure illustrates
that the model was reasonably good in representing
observed spatial variability in chloro-phyll-a
concentrations. Cost function results (based on the
comparison of model results with monthly field
measurements from the period June 1988 to June
1989) for chlorophyll-a, nitrate, ammonium and

phosphate (Table 6) indicate that, in total, 78% of
model results for these key parameters for all of 26
different stations can objectively be classified as
‘good’ to ‘very good’ and a further 13% as reason-
able. Best results were obtained for nitrate and
chlorophyll-a, with 92% and 73% of all model
predictions falling in the categories ‘good’ and ‘very
good’, respectively. The results of this analysis
demonstrate that the GEM model produces consis-
tently good and acceptable results for various key
parameters throughout the horizontal (spatial) dimen-
sion without the need for recalibration or
reparameterisation.

Case 4—Sea of Marmara

The Sea of Marmaraisa deep (> 2,000 m), oligo-
trophic, temperate, stratified coastal sea in Turkey. As
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Fig. 4 Validation result for GEM algal species composition (1998
simulation) at station Noordwijk 10 km (m gC I'"). Closed circles
are measurements for 1998; bars indicate 90
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Fig. 5 Spatial results of GEM baseline simulation of chloro-phyll-a
in Ig I'" (depth averaged) for Venice Lagoon showing seasonal
mean values (April-September) of model results for summer 1988
in comparison with field measurements (Arresto Degrada
monitoring data for April-September 1988). Marker colours of
field data (circles) refer to the same scale as model output
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part of a study for an environmental master plan and
investment strategy for the Marmara Sea Basin, the
GEM model was applied to simulate baseline water
quality conditions and the implications of a number
of predefined management scenarios (Smits, 2006).
Figure 6 presents the results of an analysis of
chlorophyll-a concentrations at different water depths
(upper 60 m) predicted by the GEM model (baseline
2003) for four different seasons, in comparison with
in situ measurements at station MD56 (MEMPIS
campaign). This figure illustrates that the model was
reasonably good in representing observed seasonal
variability in stratification patterns for chlorophyll-a.
For the calculation of cost functions, model results
for two 60-day periods (baseline 2003) were com-
pared with available field observations (MEMPIS
campaign, June and September 2005, 8 stations
aggregated). Cost function results for nutrient con-
centrations (nitrate, phosphate and silicate), dissolved
oxygen and chlorophyll-a at five different water
depths (Table 7) indicate that, in total, 60% of model
results can objectively be classified as ‘good’ to “very
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Table 6 Cost function results for the Venice Lagoon case (4 parameters, 26 locations)

Location Parameter
Chl-a NO, NH, PO,

Arresto 1 0.799 0.946 1.389 1.582
Arresto 2 3.479 0.690 1.460 1.130
Arresto 3 1.423 2.250 8.096 1.289
Arresto 4 2.041 1.943 3.666 1.578
Arresto 5 2.600 1.119 1.711 1.506
Arresto 6 1.019 0.339 1.186 1.252
Arresto 7 0.748 0.271 1.027 0.731
Arresto 8 0.441 1.155 1.376 1.571
Arresto 9 0.705 0.512 1.692 1.629
Arresto 10 0.504 0.927 1.342 1.782
Arresto 11 0.729 0.904 1.568 1.456
Arresto 12 1.303 0.602 1.628 2.331
Arresto 13 0.900 1.240 1.287 1.595
Arresto 14 2.024 0.546 2.137 1.332
Arresto 15 1.112 0.446 1.665 1.172
Arresto 16 3.285 0.656 2.813 3.364
Arresto 17 1.322 0.985 3.011 2.531
Arresto 18 0.813 1.093 1.842 1.882
Arresto 19 1.137 2.231 3.100 4.069
Arresto 20 1.058 1.472 4.779 2.805
Arresto 22 0.835 0.459 0.847 0.865
Arresto 23 3.209 0.936 2.335 1.893
Arresto 24 0.810 0.311 0.999 0.678
Arresto 25 0.607 0.496 0.724 1.235
Arresto 26 0.823 0.567 1.154 1.088
Arresto 27 2.007 0.638 2.596 1.520
Percentages Very good Good Reasonable Poor
Chl-a 46 27 15 12
NO; 69 23 8 0
NH,4 12 54 15 19
PO, 12 69 12 8
good’ and a further 12% as reasonable. GEM model Discussion

results for chlorophyll-a, nitrate and dissolved oxy-
gen in the deeper layers (40 and 50 m) compared
poorly with in situ data, but the cost function results
were ‘reasonable’ to ‘good’ for silicate and ‘very
good’ for phosphate at these depths. The overall
results of this analysis demonstrate that the GEM
model produces consistently good and acceptable
results for various key parameters throughout the
vertical dimension (depth) without the need for
recalibration or reparameterisation.

The present paper describes the set-up, application
and validation of a GEM for estuaries and coastal
waters. Since its development in the mid-1990s, the
GEM model has been applied successfully in a range
of consultancy and scenario studies, which have
formed the basis for several major policy and
management decisions and infrastructural develop-
ments in coastal zones in the Netherlands and
worldwide.
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Fig. 6 Chlorophyll-a
concentrations (in Ig I'") at
different water depths in the
Sea of Marmara as predicted
by the GEM model (baseline
2003) for four different
seasons in comparison with
field observations from 2005
(station: MD56)
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Table 7 Cost function results for the Sea of Marmara case (5

parameters, 5 depths)

Parameter  Depth

10 20 30 40 50
Chl-a 0.408  3.136 1.821 4.618 8.235
Si 2374 0.649 1.453 1.736  2.033
PO, 1.412 0468 0499 0955 0910
NO; 1.483 1.264  2.961 4780  5.792
Oxygen 0.141 0.421 1.988  4.704  7.888
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Using a number of representative examples from
case studies in which the GEM model was applied,
the generic applicability of the GEM model was
evaluated. Validation of the examples using the ‘cost
function’ revealed consistent accuracy of the GEM
model for various key parameters (Case 1), for both
horizontal (Case 3) and vertical (Case 4) spatial
dimensions, as well as temporal dimensions (season-
ally and across years, Case 2) for a variety of
estuarine and coastal water systems without the need
for substantial reparameterisation. In addition, it is
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also possible to make reasonable predictions of the
phytoplankton species composition using GEM (Fig.
4), which is further elaborated in another
forthcoming paper (Los & Blaas, in prep.).

In each of the four applications of GEM presented
in this paper, model implementation for a new area
usually required careful checking and improving
physical forcings (loads, suspended matter, hydrody-
namic and hydrological boundary conditions), which
are typically area-specific. In addition, it was some-
times necessary to make minor adjustments to a few
of the process parameters (in particular, to the closure
terms denitrification and burial), resulting in minor
differences in parameter settings between the four
case studies. Dentrification rates applied in case
studies 1-4 were 0.003, 0, 0.05 and 0.2, respectively,
in the sediment and 0, 0.2, 0.02 and 0.15, respec-
tively, in the water column. Burial rates were only
applied in the 2D cases of North Sea (0.003 day™)
and Venice Lagoon (0.025 day™). In the 3D cases
(Veerse Meer and Sea of Marmara), settling rates for
particulate variables were calibrated instead of burial,
since settling in such deep permanently stratified
systems has a similar effect as burial. Most other
(esp. biological) model parameters, in particular, the
settings for all of the key state variables for algae,
were identical between the four case studies (Table
3). Table 2 shows the parameter settings used for the
southern North Sea model, which is representative
for the other model applications. Depending on the
objectives of a particular study, the model setup can
be extended with new processes specific to the
particular site or application. For example, the
phytoplankton group Phaeocystis was replaced by
Ulva in the Venice Lagoon and Veerse Meer case
studies, microphytobenthos was added in the Veerse
Meer case study and pH-dependent phosphorus
adsorption was included in the Sea of Marmara and
Veerse Meer case studies. For a more detailed
description of the calibration and validation proce-
dure for GEM & BLOOM applications, see Los et al.
(2008). A recent sensitivity analysis of GEM (Salac-
inska, 2008) using the Moris method (Saltelli et al.,
2004), revealed that the Dutch coastal zone applica-
tion of the GEM model is particularly sensitive to
Chl:C ratios and light-related parameters (excl.
extinction by POM).

While in most cases GEM produced good to very
good results, the goodness of fit between model

results and field measurements was rather poor for
some parameters in deeper layers (40 and 50 m) of
the oligotrophic Sea of Marmara and in very shallow
(intertidal) areas of the Lagoon of Venice. For the Sea
of Marmara, only a limited set of field observations
was available for validation (due to low sampling
frequency) and there was a mismatch between the
timing of boundary forcings of the model (meteoro-
logical and hydrological data of 2003) and available
field observations (2005), and so these results should
be interpreted with some caution. For the Lagoon of
Venice, poor model performance in very shallow
areas of the lagoon (with extensive tidal flats) might
be related to the periodic occurrence of anoxia. The
formulations used for the sediment sub-model in
GEM are not suited to account for such conditions.

Besides marine and brackish water systems, close
relatives to the GEM model have also been applied
successfully in a number of freshwater systems, such
as the Dutch ‘IJsselmeer’ (Ibelings et al., 2003) and
‘Veluwemeer’ (Van der Molen et al., 1994) as well as
‘Laguna de Bay’ in the Philippines (Nolte & Chua,
2003). For these freshwater applications, alternative
algal parameters (not presented here) were used to
reflect the different algal community in freshwater
environments. With these additional (freshwater)
algal parameters incorporated into GEM, the model is
currently being applied in a study that compares
(simultaneously) different freshwater and marine
flushing scenarios for the Dutch ‘Volkerak-
Zoommeer’.

Limitations of the GEM model in its present state
include application to very shallow dynamic envi-
ronments with extensive tidal flats and periodic
anoxia, due to inappropriate formulations used for the
sediment sub-model in GEM. Application of GEM in
deep and stratified oligotropic seas has been a
challenge, producing poor results for some param-
eters at greater depths as shown in the Marmara case
study. Performance of GEM in the Marmara case,
however, was highly dependent on the accuracy of
the underlying hydrodynamic model, which did not
perfectly reproduce vertical stratification patterns.
Since phytoplanktonic growth in GEM depends
linearly on water temperature, while respiration and
mortality follow the usual Arrhenius law, the ratio
between growth and loss processes varies as a
function of the temperature. During applications to
tropical waters with higher temperatures compared to
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those for which the model was originally developed,
we have found that loss rates could get unrealistically
high relative to growth rates. As a practical solution,
the temperature functions for all growth and loss
processes had to be shifted in the model, while
keeping the same relative proportion between them.
Temperature coefficients of processes of the grazer
module were modified in a similar way.

It should be stressed that these limitations are
primarily and inherently related to the generic char-
acter of GEM (remaining unchanged in its settings and
parameterisation between different case studies).
Generally, such limitations can be overcome by further
modifications to a specific model application, resulting
in a more dedicated model. However, such dedicated
models, while successful in their specific applications,
tend to produce unsatisfactory results when applied
(unchanged) in other case studies. Without compro-
mising on its generic applicability, these issues and
limitations are currently being addressed in further
improvements to the GEM model.

Modelling of primary consumer processes remains
a challenge to date. Existing grazer modules, such as
ERSEM (and others), are currently being tested and
validated for possible application and incorporation
within the GEM model to allow for the modelling of
higher trophic levels. Other developments within
GEM that are currently underway include an
improved module for sediment processes, including
key geochemical processes (such as P adsorption and
desorption) and more complex sedimention and
resuspension formulations.

The current set-up of the GEM-model, including
the explicit choices of which processes to include,
allows for an optimal balance among ecological
(process) resolution, model grid resolution and model
run-time.®> Inclusion of microbial loops (incl. pico-
plankton etc.) and more detailed benthic processes
(incl. improved mortality terms, differentiating com-
plex burial processes), as is often done in various
other (Dutch) ecological models, may yield greater
insight into specific ecological processes, which can
be useful when the model study has a more funda-
mental scientific focus. However, this invariably
leads to exponential increases in model run-time, as

® Model run times in the four case studies ranged from
approximately 1 h (Venice and Veerse Meer) to 11 h (North Sea)
and 13 h (Sea of Marmara) per simulation.
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a result of which the spatial resolution of the model is
usually compromised. In most model applications
designed to answer practical management questions,
however, greater spatial resolution is usually
required, while simplified closure terms for some of
these more specific microbial and benthic processes
often suffice, especially since field data on such
processes are often lacking (Los et al., 2008).
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Abstract

This paper presents the ecological modelling instrument BLOOM/GEM and several applications to the southern North Sea,
including a 3-dimensional model validation. The current instrument and its predecessors have been used since the 1980s for
evaluating the ecological status of the North Sea and potential effect of management strategies. The main modelled processes of
nutrient cycling, oxygen dynamics and primary production are described, as well as the external forcings required for the ecological
model (hydrodynamics, suspended sediments and river loads). In the development of the BLOOM/GEM modelling instrument, the
explicit choice of processes to include (the ‘ecological resolution) has been balanced with the need for high spatial resolution in
the model applications for the Dutch coastal zone. The calibration and validation of the BLOOM/GEM modelling instrument as
well as the model applications have mainly drawn on the extensive dataset available for the Dutch coastal waters (http:/www.
waterbase.nl). A specific 3-dimensional model application to the North Sea is described including the model validation results
based on the use of an objective cost function for a number of different substances. Plotted model results showing seasonal as well
as regional variations and spatial gradients for many substances at several stations give additional support to the validation. As
such, the model is well suited to support many management decisions, related to e.g. the OSPAR convention and the European
Water Framework Directive and the construction of infrastructural works.

© 2008 Elsevier B.V. All rights reserved.

Keywords: Ecological modeling; Primary production; North Sea; Model validation

1. Introduction potential effects of e.g. new coastal infrastructure projects,

and new national and international policies (OSPAR,

In the Netherlands, the generic modelling instrument
BLOOM/GEM (Generic Ecological Model) is regularly
applied to assess ecological quality of the Dutch coastal
waters and the southern North Sea, as well as to evaluate

* Corresponding author. Tel: +3115 285 8549; fax: +3115 285 8582.
E-mail address: hans.los@deltares.nl (F.J. Los).

0924-7963/$ - see front matter © 2008 Elsevier B.V. All rights reserved.

doi:10.1016/j.jmarsys.2008.01.002

Water Framework Directive). A model application requires
a hydrodynamics calculation, which is then coupled (off-
line) to the water quality—ecological modelling instrument
BLOOM/GEM.

The generic modelling instrument, originally devel-
oped at WL | Delft Hydraulics, has evolved over the past
20 years. In the early stages of the development of GEM,
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WL | Delft Hydraulics has been advised by other Dutch
institutes with respect to the general model set-up (Na-
tional Institute for Coastal and Marine Management/
RIKZ, National Institute for Ocean Research/NIOZ, and
National Institute for Ecologic Research/NIOO, Alterra).
Some specific formulations provided by these institutes
are available in GEM (see also Section 3.2). This paper
gives a general description of BLOOM/GEM and specific
applications to the Dutch coastal zone and southern North
Sea, focusing on the extensive validation conducted using
available data from project-related and regular monitoring.

The BLOOM/GEM North Sea application is one ex-
ample of several existing European large-scale 3D eco-
system models applied to the North Sea and parts of the
Northwest European Continental Shelf. Others include
ERSEM (Baretta et al., 1995), NORWECOM (Skogen
and Soiland, 1998), POL3dERSEM (Allen et al., 2001),
COHERENS (Luyten et al., 1999), ECOHAM (Moll,
1997, 1998), Elise (Ménesguen et al., 1995), MIRO
(Lancelot et al., 1995, 2000, 2005; Lacroix et al., 2007)
and ECOSMO (Schrum etal., 2006a,b). Moll and Radach
(2003) and Radach and Moll (2006) have written two
extensive papers on the description and comparison of a
number of these existing eco-hydrodynamical models, in
which they also provide many additional references. They
deal both with the model structure and with the validation,
and include a review of model inter-comparisons which
have been performed during the last decade. Lacroix et al.
(2007) in their description ofthe MIRO model give a more
comprehensive, but also more recent description of some
of the North Sea models.

There are several reasons for the existence of so many
different models. A somewhat trivial explanation is that
authorities in different countries want to have national
modelling systems. From a scientific point of view it is
obvious that the driving physical and ecological forces
vary considerably across the North Sea. These differences
are reflected by the models which are being developed
with respect to the area included, the size of the com-
putational elements (grid cells), the level of detail of the
water quality and ecological processes and the amount of
data used for the validation of these models.

Models covering the entire North Sea area while using
computational elements small enough to describe coastal
gradients which also include a large number of potentially
relevant ecological functional groups and processes,
would require simulation times in the order of several
weeks for a one year period. To keep models manageable,
modelers make specific choices. Thus the models de-
veloped in countries with a long shoreline generally
cover a large area but use a coarse grid. Among these are
NORWECON and POL3dERSEM. Other models with a
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similar physical schematization are ECOHAM and CSM-
NZB (Los and Bokhorst, 1997). In contrast, models
developed for regions with a short shoreline characterized
by strong physical gradients tend to cover a much smaller
area but also use a more refined grid. Elise, MIRO and
DCM-NZB (Los and Bokhorst, 1997) are typical repre-
sentatives of these kinds of models. There is a tendency
for the regional models to also describe the ecology in
greater detail but obvious exceptions are POL3dERSEM
and CSM-NZB, both of which describe a number of
processes at a similar level of detail as the aforementioned
regional models.

In the Dutch coastal zone, observed gradients of nu-
trients, algal biomass and suspended matter are very
steep; even a concentration difference by a factor of 10
over a distance of only 10 km is not uncommon (http://
www.waterbase.nl). In addition, the Rhine-Meuse river
system is the major fresh water source of the North Sea. Its
impact is not confined to the Dutch coastal zone, but
extends much further i.e. to the German Bight. The Dutch
continental waters stretch as far as 400 km north of the
Wadden Islands and include important regions such as the
Oystergrounds and Dogger Bank. Observed horizontal
gradients in these waters are less pronounced compared to
the coastal zone. In order to consider both the coastal
waters and off shore regions, previously two different
schematizations were developed: CSM-NZB covering a
wide area including the Dutch coastal zone with a coarse
18x18kmgrid and DCM-NZB including onlythecoastal
zoneuptill 70kmusing a grid sizein the order of 1x1 km.
In both cases the same ecological modules were applied
(North Sea BLOOM,; see also Table 1). In recent years,
these two model applications have been merged into a
single one using a variable grid size with a minimum
of about 1x1 km in the coastal zone and a maximum of
about 20x20 km in the most north westerly part of the
model domain. In order to match the rounded shape of
the Dutch coastline the model uses curve-linear ele-
ments. The ecological processes are based on those of its
predecessors.

Comparing the present North Sea application of
BLOOM/GEM to these other models, it should be noted
that the modelled area is intermediate: for instance
NORWECON and POL3dERSEM consider a larger
area, but Elise and MIRO consider a much smaller area.
All other models use rectangular grids; no other model
uses a curve-linear grid. The obvious advantage is that
the grid can be better adapted to spatial gradients using a
fine resolution where necessary and a much coarser
resolution elsewhere. Hence the spatial resolution in the
coastal zone of BLOOM/GEM is considerably more
refined than in any other model (approximately 1x1 km)
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Table 1
The evolution of the BLOOM/GEM ecological modelling for the North sea
Project name/Year Area Schematisation Hydrodynamics No. hor. Wind River loads  Ecology
elements processes
MANS/1989-1993 N.S. GENO 2D tidal ave. 1395 uniform SW4.5ms’ 1985 DYNAMO
MANS/1989-1993 N.S. GENO+ 2D+1Dv tidal ~ 1395+3  uniform 1985— ECOLUMN/
NZSTRAT average. SW 4.5 m s”+actual DYNAMO BLOOM
MANS/1989-1993 N.S. Zunowak 2D tidal ave. approx.  uniform SW4.5ms’ 1990 NZBLOOM
12,000
KSENOS/1993-1995 Dutch CZ  Kuststrook 3D tidal ave*. 2153 daily average 1990; 1990 NZBLOOM
interpolated hydrody-
namics, wind depend-
ent dispersion
KSENOS/1993-1995 N.S. CSM 2D tidal ave. 3915 uniform SW 7 m s-' 1990 NZBLOOM
Impact high river discharge/1996 N.S. CSM 2D tidal ave. 3915 uniform SW 7 m s™ 1990 NZBLOOM
Trend analysis Dutch CZ  Kauststrook 1 3D* tidal ave. 2153 daily average 1990; 1975-1994 NZBLOOM
KSENOS/1996-1997 interpolated hydrody-
namics, wind depend-
ent dispersion
WL Profile/1998 Dutch CZ Kuststrook 2 3D* tidal ave. 3150 uniform SW 7 ms™ 1990 NZBLOOM
Application of GEM to Dutch Dutch CZ Kuststrook 3 3D* tidal ave. 1154 uniform SW 7 m's™ 1990 BLOOM/
coastal waters/1997-1998 GEM
GEM coastal zone and Dutch CZ Kuststrook 3 3D* tidal ave. 1154 uniform SW 7 m s™ 1975-1996  BLOOM/
indicators/1999 GEM
Rotterdam Harbour Dutch CZ Kuststrook4 ~ 3D* actual 2457 uniform SW 7 ms™ 1990 BLOOM/
extension/1999 tides 4 layers GEM
Combined impact management Dutch CZ Kuststrook 4 ~ 3D* actual 2457 uniform SW 7 m s™ 1990 BLOOM/
measures/1999 tides 4 layers GEM
Screening impacts Dutch CZ Kuststrook 2 3D* tidal 3150 uniform SW 7 m s™ 1990 BLOOM/
airport North Sea ave. 10 layers GEM
Flyland: future airport N.S. Zunogrof and ~ 3D* actual 4350 historic wind field 1989-1998  BLOOM/
North Sea/2000-2002 Zunofine tides 10 layers GEM
Further validation North N.S. Zunogrof 3D actual 4350 historic wind field 1989 BLOOM/
Sea model/2003-2004 tides 10 layers GEM
Application of GEM for Water ~ N.S. Zunogrof 3D* actual 4350 historic wind field 1989, 1998, BLOOM/
Framework Directive/2004 tides 10 layers average year GEM
EIA Rotterdam Harbour N.S. Zuno-DD 3D* actual 10892 historic wind field 1989-1998  BLOOM/
extension/2005 tides 10 layers GEM
EIA Sand mining Rotterdam N.S. Zunogrof 3D* actual 4350 historic wind field: 1989-2003 BLOOM/
Harbour extension/ tides 10 layers 1989, 1995-2003 GEM
2005-2006

N.S.: North Sea.
Dutch CZ: Dutch coastal zone.

CSM: Continental Shelf Model Schematisation.
GENO: Schematisation of the southern North Sea (1395 elements).

ZUNOWAK: Schematisation of the southern North Sea (approx. 12,000 elements).

Kuststrook: Various schematisations of the Dutch coastal zone (approx. 70 km wide).

Zunogrof: Schematisation southern North Sea (4350 horizontal elements, 10 layers).

Zunofine: Schematisation southern North Sea (app. 12,000 horizontal elements, 10 layers).

Zuno-DD: Special 10 domain version of Zunogrof (refined in coastal areas; approx. 40,000 horizontal elements, 10 layers; aggregated to 10892

elements for BLOOM/GEM).

NZBLOOM: DELWAQ-BLOOM model.

GEM: Generic Ecological Model.

3D*: In these calculations, 3D hydrodynamics were calculated and then aggregated to 2D for the ecological model.
3D: Both 3D hydrodynamics and ecological processes were calculated.

while in the central North Sea the resolution is similar to most extensive as it includes several functional groups
those of the other non-regional models. and types. ERSEM also considers several functional

With respect to the level of detail of the ecological groups, but these are defined with respect to the trophic
modules the phytoplankton module (BLOOM) is the web while types in BLOOM are primarily defined with
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respect to resource competition. MIRO and BLOOM
are the only two phytoplankton modules in which the
nuisance species Phaeocystis is explicitly considered.
BLOOM/GEM includes complete cycles for all three
nutrients (N, P and Si) and for oxygen, which is not
always the case in the other models. It also includes a
simple benthic module for organic nutrients but not
nearly as complex as the one included in ERSEM. From
the review by Moll and Radach (2003) it is obvious that
there is little consistency in the way existing models deal
with grazing by zooplankton and zoobenthos. Some
models do not include grazing at all, some use a forcing
function approach, and some models include grazers as
state variables. Although the BLOOM/GEM model code
includes a number of grazing algorithms, including the
one from ERSEM, zooplankton grazing is not explicitly
taken into account in the standard version of BLOOM/
GEM presented in this paper.

In summary, it can be stated that the main purpose is to
demonstrate that BLOOM/GEM is sufficiently well valid-
ated according to objective criteria to simulate primary
production and nutrients in the southern North Sea area
under historic as well as under future conditions. This
requires a specific level of spatial and ecological resolution.

2. Modelling instrument BLOOM/GEM

BLOOM/GEM is a generic ecological modelling in-
strument that can be applied to any water systems (fresh,
transitional or coastal water) to calculate the primary
production, chlorophyll-a concentration and phytoplank-
ton species composition.We define a ‘generic model’ here
as a computer code comprising a consistent set of formu-
lations of processes that together describe (part of) eco-
system functioning which can be applied to those wa-
ter bodies that satisfy those ecosystem characteristics.
BLOOM/GEM is part of the Delft3D integrated model-
ling system of WL | Delft Hydraulics, which includes
separate modules for hydrodynamics as well as for waves,
morphology, and suspended sediments. In this chapter the
general set upof BLOOM/GEM is described. The specific
application of this generic model to the North Sea is
described in the next chapter.

The ecological modelling instrument BLOOM/GEM
has two main tasks:

1. Tt calculates the transport of model substances (state
variables) in the water column as a function of advec-
tive and dispersive transport (provided by a hydro-
dynamic model, such as Delft3D-FLOW (Lesser et al.,
2004; WL | Delft Hydraulics, 2005), Telemac (EDF-
DER, 1998, 2000) or others).
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2. Tt calculates the water quality and ecological processes
affecting the concentrations of the state variables.
These processes are defined as ‘reactions’ that causes
one or more state variables of the model to appear, to
disappear or to change into another state. Within the
advection-dispersion equation (below), the processes
are included in the source and sink term (S).

2.1. Transport of substances
The transport of dissolved or suspended matter in a

fluid is commonly described by the advection-disper-
sion equation in Cartesian coordinates (Crank, 1975):

ac __,9c_ ac_ ac @ ac
at dx dy dz Jdx " ox
ad aC ) aC
2o, S+ L.y s+ P
+8y( 4 8y)+az( Zaz)+ "
where:
C concentration (kg m™)

u,v,w  components of the velocity vector (ms™)

Dy, Dy, D, components of the dispersion tensor (m2 s'])

X,y,z  coordinates in three spatial dimensions (m)

S source or sink of mass due to physical, chemical
and biological processes (kg m™ s

t time (s)

In BLOOM/GEM, this equation is the basis for trans-
port of substances. This equation states that the change of
the concentration in time is caused by advective transport
due to translation with the velocity vector (u,v,w) and by
diffusive and/or dispersive transport, plus addition or
extraction of mass (source/sink).

The source and sink term ‘S’ on the right hand side
represents waste loads as well as various (kinetic) water
quality and ecological processes. The coefficients terms in
this equation are the three components of the velocity
vector, the dispersion coefficients Dy, Dy and D, as well as
the source and sink term S. In order to solve the equation,
these coefficient terms must be known. The structure of
the source/sink term S must also be known. The reactions
or other processes which represent S can be 0-order, first-
order, or second-order reactions. At the open boundaries
of the model domain, suitable boundary conditions for C
need to be prescribed. These area dependent conditions
determine the uniqueness and physical correctness of the
solution of Eq. (1).

The advection-dispersion Eq. (1) can be solved ana-
Iytically for relatively simple problems. For most prac-
tical applications, numerical simulation techniques are
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required due to the complexity of the geometry, the
coefficients and the boundary conditions. A number of
options for the numerical solution scheme are provided
by BLOOM/GEM. In view of these practical applica-
tions, BLOOM/GEM has been designed with the aim of
flexibility:

* it supports 1D, 2D and 3D model schematisations
with a complex and irregular geometry;

it is equipped with different finite difference solution
methods, for both stationary and time varying prob-
lems; and

the input of the geometry and the model coefficients
can be done in various ways and the programme
supports interfacing with other hydrodynamic mod-
els through files.

In addition to transport, concentrations of substances
are determined by various physical, chemical and bio-
logical reactions, which are referred to as ‘water quality
and ecological processes’.

N2 denitrification

2.2. Water quality and ecological processes

Included in BLOOM/GEM are physical, biological
and/or chemical reactions that cause one or more state
variables of the model to appear, to disappear or to change
into another state variable. These processes are related to
algae growth and mortality, mineralization of organic
matter, nutrient uptake and release, and oxygen production
and consumption. The BLOOM/GEM modelling instru-
ment considers three nutrient cycles: nitrogen, phosphorus
and silica. The carbon cycle is partially modelled, and a
mass-balance of organic carbon is made. The model
assumes that the availabilityof inorganic carbon for uptake
by algae is unlimited. Furthermore, different groups of
algae are considered, either phytoplankton (e.g. diatoms,
flagellates, dinoflagellates, Phaeocystis) or macroalgae
(Ulva ‘attached’ or Ulva ‘suspended’), oxygen, suspended
detritus, and inorganic particulate matter. Light availability
for phytoplankton growth is calculated based on the light
irradiance and extinction, due to suspended sediment as
well as phytoplankton and other organic matter. Different
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formulations are available for characterisation of grazers,
microphytobenthos, bottom sediment and sediment-water
exchange. The formulations can range from simple func-
tions (e.g. grazing) to fully dynamical processes (e.g.
algae growth and mortality). The full set of possible
processes is illustrated schematically in Fig. 1 and the
most standardly used ones are described briefly below.
Depending on the objective of the application, a decision
as to which ones to include must be made for each model
application. In addition it should be noted that not all
processes have been equally tested and validated (e.g.
microphytobenthos). More detailed description of the
processes, including model formulations and process
coefficients are given in WL | Delft Hydraulics (2002,
2003a) and Los and Wijsman (2007).

2.2.1. Nutrient cycling processes

There is a closed mass balance of all nutrients (P, N and
Si) and the processes included for the three nutrients are
generally similar. Processes include the uptake of inorganic
nutrients by algae and by benthic algae (microphyto-
benthos). Algae mortality produces detritus and inorganic
nutrients (via autolysis). Mineralization of detritus in the
water column and in the bottom sediment produces inor-
ganic nutrients, in water and sediment, respectively. Dif-
ferent sediment water formulations are available to define
how inorganic nutrients in the sediment are released back
into the water column (see 2.2.5 sediment—water interac-
tion, below). Nutrients in detritus can be sedimented and
resuspended, in a similar manner to inorganic suspended
sediment. Nutrients in benthic detritus (sediment) can also
become buried, and essentially removed from the system.
Specific processes for nitrogen are nitrification and denitri-
fication. Specific processes for phosphorus are sedimenta-
tion of adsorbed inorganic phosphorus (AIP), creating a
pool of AIP in the sediment, and adsorption/desorption of
orthophosphate. There is no explicit microbial loop — the
mineralization of algae and detritus is modelled with decay
coefficients, which vary with the stoichiometry of the dead
organic matter (WL | delft Hydraulics, 2003a).

2.2.2. Phytoplankton growth and mortality processes
BLOOM/GEM calculates the growth of algae as a
function of nutrient and light conditions. Phytoplankton
mortality and grazing produces detritus and releases
inorganic nutrients (autolysis) in the water column, while
mortality of benthic algae produces benthic detritus and
releases inorganic nutrients (autolysis) ineither the bottom
sediment or directly into the overlying water depending
on the sediment formulation chosen. Benthic algae can
also be buried and removed from the system if there is
significant sedimentation. Pelagic algae can sediment to
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the bottom and benthic algae can be resuspended into the
water column. Zooplankton and benthic grazers can be
explicitly modelled or may be represented by a grazing
function or as part of the total (‘natural’) mortality (Loucks
and Van Beek, 2005; Los and Wijsman, 2007).

2.2.3. Oxygen related processes

BLOOM/GEM solves the mass balance for oxygen, in
which several oxygen producing and oxygen consuming
processes are considered. Oxygen is produced by algae
(primary production) and is consumed by algal respiration,
by mineralization of detritus and other organic material (in
the water column and bottom sediment), and by nitrifi-
cation. Exchange of oxygen with the atmosphere (e.g.
reaeration) can result in either a gain or loss of oxygen in the
water column (WL | delft Hydraulics, 2003a).

2.2.4. Light attenuation

Since primary production is strongly influenced by
light availability and can even become limited if there is
too little light, the correct calculation of light conditions in
the water column is essential. The availability of light is a
function of the solar irradiation within a certain wave
length range (photosynthetically available radiation:
PAR) and of the extinction due to absorption and scat-
tering of the light inside the water column. The extinction
of light underwater is described by the Lambert-Beer
law, the empirical relationship between the absorption of
light and the concentration of absorbing species in water:

I, =l*™

In this equation I, is the underwater light intensity at
depth z, I, is the surface irradiance, k is the extinction
coefficient, which can be related to the absorption and
scattering properties of the water constituents.

In BLOOM/GEM, the light extinction coefficient (k) is
calculated with an empirical model as the sum of the
extinction by inorganic suspended solids, labile organic
matter, phytoplankton and other organic substances which
is taken as a function of the amount of fresh water. Each of
the substances, including different phytoplankton species,
is characterized by a specific extinction coefficient (Los
and Bokhorst, 1997; Van Gils and Tatman, 2003). A
detailed description of the equation used in BLOOM/GEM
is presented by Los and Wijsman (2007). Inorganic sus-
pended sediment can be modelled as a state variable
(Delft3D-WAQ, WL | Delft Hydraulics, 2003a), or con-
centrations canbeprovidedas aforcing function. Recently,
methods for obtaining suspended sediment concentrations
from remote sensing data are being developed (WL | Delft
Hydraulics, 2003b).
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2.2.5. Sediment-water interaction
BLOOM/GEM provides several options for modelling

bottom sediment processes and sediment-water interac-
tions. These vary in complexity and ease of use. Using the
simplest description, the sediment serves as a temporary
storage of detritus and adsorbed phosphate just below the
lowest water segments. The sediment pool can accumu-
late inorganic and organic particulate matter due to sedi-
mentation from the water column. As the organic matter
mineralises in the bottom, related nutrients are released
directly back into the overlying water column. In the event
of erosion, the bottom particulate matter is resuspended
back into the water column. Burial or more generically
‘inactivation’ permanently removes nutrients from the
sediment (WL | Delft Hydraulics, 2002; See also Fig. 1).
This approach is often sufficiently accurate, but proves to
be inadequate in shallow areas in which a more intense
exchange of material between water and sediment pre-
vails. For these type of systems, more complicated mod-
ules have been designed. Among these are a four layer
biochemical model called SWITCH (Smits and Van der
Molen, 1993), GEMSED a special version of the benthic
nutrient model in ERSEM (Ruardij and Van Raaphorst,
1995), and a new, n-layer model (WL | Delft Hydraulics,
2002). Potentially these models provide a more accurate
description, but they are complex and in many cases there
is a lack of data from sediments to validate them.

2.2.6. BLOOM concept of optimisation

The total algal biomass usually consists of various
species of phytoplankton belonging to different taxo-
nomic or functional groups such as diatoms, flagellates,
green algae and cyanobacteria, commonly referred to as
blue-green algae. This is true for both fresh-water as well
as for marine systems. They have different requirements
for resources (e.g. nutrients, light) and they have different
ecological properties. Some species are considered to be
objectionable due to their effect on the turbidity of the
water, the formation of scums or the production of toxins.
For example, Oscillatoria can achieve very high biomass
levels in shallow lakes causing a very low transparency
(Zevenboom et al., 1982; Berger and Bij de Vaate, 1983;
Berger 1984), and Microcystis is notorious for the for-
mation of scums and has been reported to produce toxins
that are harmful to animals (e.g. cattle) and men (Chorus
et al., 2000; Atkins et al., 2001). In the marine environ-
ment, Phaeocystis is responsible for foam on beaches
(Lancelot et al., 1987) and mass mortality of shellfish due
to the settlement of a bloom in sheltered areas and subse-
quent depletion of oxygen (Rogers and Lockwood 1990).
To deal with these phenomena, it is necessary to distin-
guish between different types of phytoplankton in amodel.

The phytoplankton module BLOOM isbased upon the
principle of competition between different species (Los
et al., 1984; Los and Brinkman, 1988; Los, 1991; Van der
Molen et al., 1994; Loucks and Van Beek, 2005; Los and
Wijsman, 2007). Two basic units are distinguished by the
model: The first unit is that of functional groups which we
refer to as ‘species groups’ or simply ‘species’. A model
species may be equivalent to a biological species, or it can
be representative for larger taxonomic units, which are
supposed to have similar ecological characteristics. The
second unit is that of ‘types’. Model species usually con-
sist of several types. A type represents the physiological
state of the model species under various possible condi-
tions of limitation. Model species are usually divided into
three different types: an N-type representing the eco-
physiological condition of a species under nitrogen limi-
tation, a P-type for phosphorus limitation and an E-type,
representing the state of a species under low light con-
ditions.

The solution algorithm of the model considers all po-
tentially limiting factors in terms of the available amounts
and the requirements by each type of phytoplankton, i.e.
the equations are solved under optimisation constraints.
The optimisation algorithm selects the resource that is
most likely to become limiting and the best adapted type
under the prevailing conditions. The suitability of a type
(its fitness) is determined by the ratio of its requirement and
its growth rate. This means that a type can either become
dominant because it needs a comparatively small amount
of a limiting resource (it is efficient) or because it grows
rapidly (it is opportunistic).

Subsequently, the algorithm considers the next poten-
tially limiting factor and again selects the best adapted
phytoplankton type. This procedure is repeated until it is
impossible to select a new pair of phytoplankton type and
limiting factor without violating (i.e. over-exhausting)
one of the resources. Thus the model seeks the optimum
solution consisting of n types and n limiting factors.

As a further refinement, BLOOM takes the existing
biomasses of all phytoplankton types into account. Be-
cause the phytoplankton types represent different pheno-
types of the same species, the transition of one type to
another occurs at the time scale of a cell division, which is
in the order of one day. Due to this characteristic time scale
(i.e. Chapter 5 of Harris, 1986), the simulation time step for
the BLOOM phytoplankton processes is usually chosen to
be 24 h. A transition between different species is a much
slower process as it depends on mortality and net growth
rates of different species. In the model, therefore, tran-
sitions between types can occur with each BLOOM time
step, which is thus more rapid than the transition be-
tween species, which may require weeks. It can be shown
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mathematically that the principle by which each phyto-
plankton type maximizes its own benefit, effectively
means that the total net production of the phytoplankton
community is maximized. This makes it possible to use the
computationally efficient Linear Programming technique
(Danzig, 1963) to compute the phytoplankton biomasses
according to the competition rules formulated for the
module.

Note: The BLOOM/GEM model allows a ‘variable
timestep’ to be used for efficient computer run time. For
transport, typically a time step between 1 and 30 min is
required depending on the grid and numerical method
that is being used. For calculation of ecological pro-
cesses within BLOOM/GEM, a time step of 24 h is
usually short enough to provide sufficiently accurate
results for most biological and chemical processes. Two
exceptions are the calculation of the primary production
rate and the dissolved oxygen concentration, both of
which are calculated with the same time step as transport
(i.e. in the order of minutes) to account for the diurnal
cycle in the light intensity. To this purpose, the measured
daily solar radiation is distributed over the known day
length according to a predetermined cosine function.
Thus the diurnal cycle of dissolved oxygen is simulated
at a 30 min time step. The result for primary production is
integrated over 24 h to generate the daily growth rate of
phytoplankton taking other fluxes (i.e. mortality, respira-
tion and nutrient uptake) into account. Hence in a typical
simulation, transport and a small number of processes are
simulated with a short time step (i.e. 30 min or less) while
the majority of the processes are simulated using a much
longer time step of 24 h. Comparative simulations have
shown that results of simulations with a 30 min time step
for all processes are similar to those with the variable
time-steps.

The number and the characteristics of the phytoplank-
ton species are inputs to the model. Data for about 20
different marine and fresh-water species have been
collected over the years based on literature, laboratory
experiments (Zevenboom and Mur, 1981; Zevenboom
et al., 1983; Zevenboom and Mur, 1984; Post et al., 1985;
Jahnke, 1989; Riegman et al., 1992, 1996; Riegman,
1996) and previous model applications. Depending on the
problem and the water system being modelled (specific
model application to either fresh, transitional or coastal
water), sometimes only major groups are included such as
diatoms, greens and blue-greens, and sometimes indivi-
dual genera are modelled such as Ulva or Phaeocystis.
For each species and species type, there is a different
factor for converting biomass to chlorophyll-a concentra-
tion. This factor is variable depending on the limiting
factor (light; nutrients) and ranges from 0.0067 to
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0.0533 mg Chla per mg C. A complete overview is
given in Los and Wijsman (2007).

3. Model application to the North Sea: calibration
and validation

3.1. Concepts of validation

3.1.1. Definitions

Although model validation receives much attention in
the literature (e.g. Los andGerritsen, 1995; Scholten etal.,
2000; Refsgaard and Henriksen, 2004), the concept of
validation and calibration is ill-defined, and is interpreted
differently by different modellers. Often validation is
considered as proving that the model behaves like reality
for the processes of interest. Mankin et al. (1975) postu-
lates that “a valid model has no behaviour which does not
correspond to system behaviour and that a useful model
predicts some system behaviour correctly. Since no model
is perfect, available ecosystem models may be described
as invalid but usefil models. ” Following this concept, this
means that in fact all “validated” ecosystem models that
are presented in literature are invalid. Therefore it makes
more sense to focus validation procedures on the use-
fulness of the model for processes of interest rather than at
the disqualification of the model. Clearly, if it turns out
that the model is invalid and not useful at all, the model
should not be used for system analysis or predictions. The
criteria for the ‘usefulness’ of a model depend strongly on
the specific processes and goal(s) of the modelling study
(e.g. importance of global vs. local results; or of long term
mass balances and fluxes vs. instantaneous concentrations
and short term mass fluxes). It is crucial to have an
agreement beforehand as to the specific goal(s) of a model
application and the choice of focus in order to conduct a
successful study.

Based on the work of Schlesinger et al. (1979),
Refsgaard and Henriksen (2004) propose the following
terminology for calibration and validation:

Model calibration: The procedure of adjustment of
parameter values of a model to reproduce the response
of reality within the range of accuracy specified in the
performance criteria.

Model validation: Substantiation that a model within
its domain of applicability possesses a satisfactory
range of accuracy consistent with the intended appli-
cation of the model.

In this sense, validation means testing the usefulness
of the model related to specific objectives, as postulated
by Mankin et al. (1975), rather than proving that the
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model is good or false. In fact this terminology de-
scribes the approach we have followed in the devel-
opment of the BLOOM/GEM North Sea model dur-
ing the last two decades. A similar definition by
Lynch and Davies (1995) describes validation of a
computational model as the process of formulating
and substantiating explicit claims about the applica-
bility and accuracy of computational results, with ref-
erence to the intended purposes of the model as well
as to the natural system it represents. One component
of model validation regards the correctness of coding,
also referred to as model verification: checking that the
mathematical equations are being solved numerically
correctly. This is done in many ecological models by
budget calculations, where conservation of mass is
taken as confirming that the numerical methods and
coding are correct.

3.1.2. Cost functions

For many modellers, validation is performed by
measuring the ‘goodness’ of the simulations. This is
often done by graphically presenting data for ob-
served and simulated parameters and visually assessing
the goodness of fit. Even if Box-Whisker plots, data
ranges or other similar statistics are used when graphi-
cally presenting the performance of the model vs. ob-
servations, the assessment and comparison remains
subjective.

One objective method that can be used is that of
the ‘cost function’. The cost function is a mathemati-
cal function which provides a means of comparing data
from two different sources. The cost function gives a
non-dimensional number which is indicative of the
‘goodness of fit” between two sets of data. For model
validation it can objectively quantify the difference
between model results and measurement data. Dur-
ing the ASMO Eutrophication modelling workshop
(Ospar et al., 1998) different cost-functions were de-
fined for comparing the ‘goodness of fit” of several
North Sea ecological models, with respect to a com-
mon data set. In general, the cost function is the sum
of the absolute deviations of the model values from
the observations, normalized by the deviations of the
observations for the chosen temporal and spatial
range. Thus it is a standardized, relative mean error.
The normalised deviation between model results and
observations (C,,) for defined areas (x) and time in-
tervals (2) is calculated as:

Mx,t - Dx.t
CoE T

Xt

where Cy, is the normalised (in sd units) deviation
between model and data for area x and time interval
t, My, is the mean value of the model results within

area x and time interval t, D, is the mean value of the
in situ data within area x and time interval t, and sdy,
is the standard deviation of the in situ data within area
x and time interval t.

In the ASMO workshop, different cost functions
were defined to make the comparison between model
and data on different spatial and temporal scales, in-
cluding:

1. large scale, synoptic, long-term seasonal averaged,
2. large scale, specific regions (boxes), time resolving,
3. regional scale, specific stations, time resolving.

These cost functions were based on temporal and
spatial means, calculated from both observations and
model results in the same way. Radach and Moll
(2006) also present results of this validation compari-
son and propose to make the cost function approach a
standard method of model validation. This recom-
mendation has been followed and cost function re-
sults for BLOOM/ GEM have been calculated for the
regional scale (at specific stations and time resolv-
ing), calculated as:

¢ - 2M.=Din (=) +e(l-r,)

X de X
where C, is the normalised deviation per station, an-
nual value, M, is mean value of the model results per
station per month, Dy, is mean value of the in situ
data per station per month, sd, is standard deviation of
the annual mean based on the monthly means of the
in situ data (df=11), n is 12 months, c is 0.5 and 1y is
the correlation between My, and D, over the time pe-
riod considered (in this case one year).

Results are presented in Section 4. The sharpened
ratings criteria proposed by of Radach and Moll for
the cost functions (cf; below) have also been
adopted.

Rating Condition

Very good 0<cf<l Standard deviations
Good I<cf2 Standard deviations
Reasonable 2<cf3 Standard deviations
Poor 3>cf Standard deviations

3.1.3. Objectives of modelling

Every modelling instrument and every model ap-
plication is made for a specific purpose and certain
modelling objective. It is important that this objec-
tive is clearly stated, as the interpretation of the
model results and the evaluation of the model perform-
ance (validation) must be made with respect to the
modelling objectives.

Considering BLOOM/GEM and its applications to
the North Sea, the ability of the model to simulate
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the ecological status of the Dutch coastal waters and
the southern North Sea and support relevant manage-
ment issues for the Dutch Government are of impor-
tance. The model should first of all be able to describe
the existing status of the system, with respect to the
assumed key process of primary production, species
composition, as well as nutrient and oxygen concentra-
tions. Furthermore, it should also be able to predict the
impacts of future situations, for instance, changes in
anthropogenic nutrient loadings, climatic changes, sand
mining, fisheries, windmill parks, harmful algae
blooms, etc., on these key processes.

With these broad objectives, the adequate predictive
management model needs to be based on a multi-disci-
plinary approach taking the key hydrodynamical, chemi-
cal and biological processes into account. The ideal model
for these is 3-dimensional, it has historical forcing by
weather, discharges and concentrationsat the open bound-
aries. The chemical and biological processes are repre-
sented in detail with respect to space, time and internal
structure. Specific modelling goals are to successfully
describe long-term changes to the system (trends) as well
as short-term events (e.g. harmful algal blooms, calami-
ties), the latter being of increasing importance in recent
years. In principle, the same modelling instrument can be
used for both objectives, though the specific application,
model inputs, and evaluation of model results may differ.

3.2. History of GEM/BLOOM applications for the
North Sea — repeated validations

Conceptual and mathematical ecological models have
played a central role in marine biology and ecology as
tools for synthesis, prediction, and understanding. It is
clear that significant progress has been made over the last
20 years in the development of numerical process models
of the marine environment (Moll and Radach, 2003;
Prandle et al., 2005).

In the Netherlands, ecological modelling and model
development occurred in several different groups, each
with a different geographic and biological focus, e.g.
primary production and macrobenthos in the Wadden
Sea (ECOWASP, Brinkman, 1993) carbon flows and
macrobenthos in the Eastern Scheldt Estuary (SMOES,
Klepper et al., 1994; Scholten and Van der Tol, 1994) and
benthic processes in the Western Scheldt (Soetaert et al.,
1994; Soetaert and Herman, 1995a,b). There was also a
considerable Dutch contribution to the development of
the ERSEM ecological model (Baretta-Bekker, 1995;
Baretta-Bekker and Baretta, 1997). WL | Delft Hydrau-
lics together with the Netherlands Institute for Coastal
and Marine Management/RIKZ have focused coupled
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on hydrodynamic-water quality-ecology models and
applications for the North Sea as a whole. This work
began in the early 1980s when one of the main issues was
to describe, understand and predict the development and
abatement of eutrophication in the Dutch coastal zone
(Van Pagee et al., 1988; Glas and Nauta, 1989; Nauta
etal., 1992).

At that time, the transport modelling was based on 2D
hydrodynamical calculations for average conditions (one
representative day). As a compromise between computa-
tional performance and accuracy, a uniform grid size of
16x16 km was selected for the southern North Sea sche-
matisation (up to 57 degrees N) totalling 1395 computa-
tional elements. The coupled water quality modelling
instrument “DYNAMO” provided reasonable results on a
seasonal basis for total algal biomass expressed as chlo-
rophyll and nutrients in areas where the grid size was not
too large to represent important horizontal gradients.
DYNAMO considered only 2 algae types ‘diatoms’ and
‘others’, the first requiring silica as a nutrient.

The next big step in the Dutch North Sea ecological
modelling was the implementation of the phytoplankton
optimisation module BLOOM, first as a vertical water
column application (De Groodt et al., 1991; Peeters et al.,
1995), then as part of a coupled 2D hydrodynamic-water
quality-ecology model (Los and Bokhorst, 1997; Ospar
et al., 1998), followed by the model application to a new,
curve-linear model grid of the Dutch North Sea coast.
This coastline-following grid allowed transport to follow
the coastal contours. Seasonal variations in flow condi-
tions were mimicked by correcting the dispersive flow
rates of the representative daily flow as a function of the
historic wind direction and speed during a simulation of
the water quality-ecology part of the model. The appli-
cation, called North Sea Bloom, was used for several
management evaluations (e.g. Boon and Bokhorst, 1995;
Los and Bokhorst, 1997; Ospar et al., 1998). For the first
applications, extensive comparison of model results and
measurements was made to obtain the optimal set of
model coefficients given the objective of the modelling
and the application area. Subsequent advancements and
improvements in this line of North Sea ecological mod-
elling consisted of only minor changes in the ecological
model formulations and process coefficients. More sig-
nificant, were step-wise increases in the spatial resolution
of the model. Developments in hydrodynamic modelling
and increasing computational facilities also allowed more
time-specific transport to be modelled, progressing from
an ‘average’ daily residual flow (De Ruyter et al., 1987),
to a representative spring-neap cycle (WL / Delft Hy-
draulicsMARE, 2001a,c), to ‘historic’ hydrodynamics
based on spatially varying, daily wind and atmospheric
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pressure conditions (Ta b 1e 1). These improvements were Additional improvements in the model applications
driven in part by the need for more accurate model results primarily concerned abiotic conditions that affect the
in regions where steep gradients for nutrients exists, as is ecology (suspended solids concentrations and light con-
the case in the Dutch coastal zone, the main region of ditions), as well as the river nutrient loads. Since 1994,

interest. with cooperationof the leading Dutch ecological institutes,
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a number of generic ecological model formulations have
been implemented, such as those for macrophytobenthos
and other benthic processes. These specific formulations
have been combined with BLOOM/GEM (WL | Delft
Hydraulics, 2003a), but not all of these have yet been
extensively tested. Further modifications in the ecological
modules have been with respect to phytoplankton kinetics
(WL / Delft Hydraulicss MARE, 2001a) and some coef-
ficients for the extinction computation (Van Gils and
Tatman, 2003). Ongoing developments include deriving
forcing functions for suspended sediment concentrations
from optical remote sensing data. The BLOOM/GEM
model applications throughout this period have been
primarily 2-dimensional (vertically mixed), due to gen-
erally well-mixed conditions in the area of interest, i.e. the
Dutch coastal zone.

As a typical illustration of the performance of previous
2-D model simulations Fig. 2 shows the seasonal cycles
for chlorophyll-a, nitrate, ortho-phosphate and dissolved
silicate at the coastal station Terschelling 4 for a 20 year
period, from 1975 till 1995 (Los and Bokhorst, 1997; De

P
\ Terschelling 370 km
%
!

Vries et al., 1998). The model reproduces not only the
seasonal concentration pattern of the four substances, but
also the concentration variations from year to year. This
simulation was based on a calibration of the model for the
year 1990. The location of this station and the other
sampling locations in the Dutch coastal monitoring
programme are shown in Fig. 3.

3.2.1. Selected model options for North Sea application
As described in Section 2.2 on the modelling ins-
trument, optional process descriptions are available for
several processes, and each specific model application
must make a decision as to which ecological processes to
include. For reasons of robustness and predictive per-
formance, as a general principle the simplest formulation
that can still result in an overall model behaviour in
accordance to the general objective of our model appli-
cation is selected.

3.2.1.1. Benthic processes. The ‘simple bottom’ mod-
ule for benthic mineralization has been adopted because in
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Fig. 3. Location of coastal water quality and ecology monitoring stations from the Dutch national (MWTL) monitoring programmes. All stations
indicated by a circle were monitored in 1989, results are presented for stations mentioned by name. Stations marked by x were monitored in some but
not all years between 1975 and 1989 and considered during the validation of earlier model versions.
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the main areas of interest in the Dutch region of the North
Sea, most organic matter mineralization occurs in the
water column as opposed to the sediment. In the model,
on average 77% of the mineralization of C occurs in the
water and only 23% in the sediment. Numbers for nu-
trients are similar. The only areas of interest where these
conditions are violated, is in shallow areas such as the
Wadden Sea. For these areas, mineralization rates of water
and sediment are equal and at the most shallow locations
(less than 3 m) mineralization rates in the sediment exceed
those of the water. Furthermore, microphytobenthos is not
included in the North Sea applications. Consequently
while the Wadden Sea is included in our model domain,
its results in this area should be considered as indicative
only.

3.2.1.2. Grazing. In the North Sea applications, the
impact of grazing is included as an enhanced mortality
term only. Because the mortality rate constant varies
between the phytoplankton types included in the model,
the effective mortality usually increases at the peak of
the spring bloom when E-types with a low mortality are
replaced by N- or P-types with high mortality and high
sedimentation rates. This enhanced mortality therefore
coincides with the period at which the grazing pressure
is supposed to be large and to some extend mimics the
impact of zooplankton grazing after the spring bloom.

3.2.2. Conclusion for this section

Since the early 1980s, the long-term process of re-
peated applications of the BLOOM/GEM instrument
including repeated validations has resulted in a fixed
(consistent and robust) set of ecological model process
coefficients that produce good results for different years
and for different areas within the North Sea, including
good reproduction of spatial and temporal variations.
This set of ecological equations and parameter values
was already used for the Dutch Coastal zone North Sea
BLOOM model (Los and Bokhorst, 1997) and have been
kept nearly the same for more than five years (from 1996
through 2002). Through this development process, the
main problems identified, (i.e. discrepancies between
model results and data), have been shown to be caused
primarily by inadequacies in the model forcing: hydro-
dynamics, suspended sediment concentrations and river
loads. Improvements in these forcing factors have con-
sistently led to improved results.

3.3. 3D application for the North Sea

To follow-up on the results provided by the 2D model
applications (above), a 3D application of BLOOM/GEM

was prepared, as a final step in the validation of more
local ecological model processes and a robust parameter
set for this. The 3D application can locally give improve-
ments compared to the 2D application, in terms of ver-
tical gradients in the coastal zone due to the fresh-water
Rhine plume as well as stratification in the north-central
North Sea. The 3D application has been made without
changes to the ecological process coefficients. The 3D
model application to the southern North Sea is described
below, and summarised in Table 2. In this example, the
year 1989 was modelled (more precisely: November
1988-November 1989).

3.3.1. Schematisation

The hydrodynamic model application used the part
of the North Sea included in the original ‘“Zuidelijke
NoordZee (‘ZUNO’) model” supplied by the Dutch
Ministry of Public Works. The specific schematisation
used is the so-called ‘coarse ZUNO-model’ (Fig. 4). Its
horizontal resolution is relatively high in the coastal areas
of interest, notably the Dutch coastal zone (approximately
1x1 km). The grid is much coarser in the northern part
of the area included in the model (approximately 20 x
20 km). In the vertical direction, the model has 10 sigma
layers. Near the bed and near the surface, the layer
thickness is about 4% of the local water depth. At mid-
depth, the layer thickness is approximately 20% of the
local water depth (Table 3).

3.3.2. Hydrodynamics

Along the open boundaries of the hydrodynamic
model water levels are prescribed based on astronomic
tidal water level components. These boundary condi-
tions originate from simulations with a large scale model
covering the entire Continental Shelf (Gerritsen and
Bijlsma, 1988). The eighteen main sources of fresh water
are specified separately. Discharges from Dutch rivers
are included on a decadal (10 day) basis for the actual
simulation period, for the German rivers on a monthly
basis for an average year and for all other rivers as an
annual average. The initial conditions and boundary
forcing of the salinity field are given in WL | Delft Hy-
draulicssMARE (2001c,d).

Earlier modelling studies, such as NOMADS and
PROMISE (Boon et al., 1996, Gerritsen et al., 2000)
revealed that varying wind conditions have a large
impact on the long-shore and cross-shore currents, espe-
cially for those in the coastal areas. At the sea surface, the
hydrodynamic model is forced by time and spatially
varying wind and pressure fields originating from the
NOMADS?2 project (Proctor et al., 2002; Delhez et al.,
2004) as well as the associated relative humidity, air
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Table 2
Specifications of the BLOOM/GEM 3D model application

Characteristics Model application: Delft3D-GEM

Spatial resolution
Ah (km)
Vertical resolution

Variable (curve-linear grid) ranging from
~1 km (smallest) to 20 km (largest)
Hydrodynamics D3D-FLOW is 3D (10 layers)
Ecology BLOOM/GEM is also 3D
Longitude (degree)  -2.0, 10
Latitude (degree) 49.2,57.0
Spatial extent (km) 950 from north to south
Temporal resolution  Transport time step (from D3D-FLOW) 1 h
At (s) (3600 s) Ecological processes time step:
24 h Output written every 24 h or 7 days
Pelagic matter cycle N, P, Si, O
No. of pelagic state  C: 4 major phytoplankton groups
variables (comprising a total of 12 types), DetC
N: NH4, NO3, DetN
P: PO4, DetP
Si: Si, DetSi
O: Oxy
Optional: Zooplankton or mussels
Total: 21-22

Pelagic nutrients Explicit (NOs, NH, DetN, PO,,

(bulk or explicit) ~ DetP, Si, DetSi)
Phytoplankton 4 major functional groups: dinoflagellates,
diatoms, flagellates, Phaeocystis
(comprising a total of 12 types)
Zooplankton Optional (Dynamically modeled
or grazing function)
Benthic matter C,N, P, Si,
cycle
No. of benthic state  DetC, DetN, DetP, DetSi
variables Total: 4
Benthic nutrients Explicit
(bulk or explicit)
Zoobenthos Optional
DOM Optional
Bacteria No (modelled as mineralization)
Detritus/POM Yes (DetC, DetN, DetP, DetSi)
Spin up time 1 year (The model is first run for 1 year

and then these end results are used for
the initial conditions of the real run)
Meteo: real data or ~ Historic data for wind, atmospheric pressure,

climatological solar radiation, air temperature
Hydrodynamic Delft3D-FLOW (fully 3D, 10 layers), Real
Model forcings of wind and atmospheric pressure
SPM Suspended particulate matter (SPM, sometimes

also referred to as TSM) is either modeled
or provided as a forcing function based on
remote sensing data (For the OSPAR work-
we used remote sensing)

Light Light is a function of: inorganic suspended
matter, yellow substances (freshwater), detritus,
and phytoplankton SPM

temperature and cloudiness needed to compute the ex-
change of heat with the atmosphere. The exchange of
heat with the atmosphere is included by means of for
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mulations originating from Lane (1989). In the vertical
direction, a k-epsilon turbulence closure scheme is
applied to compute the exchange of momentum, salinity
and temperature.

Prior to application of BLOOM/GEM, an extensive
calibration of the hydrodynamic model was carried out.
The calibration mainly focused on reproducing large and
small scale transport patterns. Computational results were
compared with measurements of, or general knowledge
on: residual fluxes through the English Channel, the
temperature distribution in the entire Southern North Sea,
the horizontal and vertical salinity distribution within the
Dutch Coastal River, residual flow velocities derived from
measured velocities at a measurement location 10 km
offshore the Dutch Coast (‘Noordwijk 10”), and tidal and
residual fluxes through the inlets to the Dutch Wadden
Sea. An example of the model skill is given in Fig. 5,
showing a comparison of computed and measured salinity
values. Further details on the calibration and verification
of the hydrodynamic model are given in Lesser et al.
(2004); WL | Delft Hydraulics (2005); WL | Delft Hy-
draulics MARE (2001a,b). Following a spin-up period of
several months, the hydrodynamic results for the period
November 1988 till November 1989 are stored in a
database at an hourly interval, and form the basis for the
BLOOM/GEM model simulations.

3.3.3. 3D GEM calculations

The primary production and nutrient model uses the
same vertical and horizontal grid as the hydrodynamic
model. For the substance transport, a time-step of 30 min
is used, which means that the hourly hydrodynamic
results for the advective transport component are divided
into two equal steps of 30 min. Primary production and
oxygen dynamics are also simulated at a 30 min time
step, all other biological and chemical processes are
simulated using a 24 h time step. A second order nume-
rical integration scheme is used. Mass balance is checked
as an initial validation of the simulations.

3.3.3.1. Meteorological forcing. The meteorological
conditions are not constant over the area included in the
model. In the case of the water temperature variations are
considered to be significant. The input of BLOOM/GEM
is therefore directly taken from the 3D temperature model,
which is part of the Delft3D-Flow hydrodynamic model.
Spatial variations in other meteorological forcings are not
directly measured or otherwise readily available. There-
fore the day length, solar irradiance and wind speed are
adopted from historic measurements by the Royal Dutch
Meteorological Institute at a single land-based station “de
Kooy” near Den Helder in the north western part of the
Netherlands. In the case of the total irradiance there are no
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Fig. 4. Model grid and bathymetry of the Southern North Sea used in the hydrodynamic and BLOOM/GEM simulations (known as the ‘coarse ZUNO
grid”). Total number of cells in the horizontal schematisation is 8710 (m=65, n=134). Number of active cells in the horizontal schematisation=4350.
Vertically, the grid has 10 sigma layers. The BLOOM/GEM calculations are made on the full model grid (no aggregation). Top: full model grid,
Bottom: zoom of the Dutch coast.
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Table 3
Specifications of the Zuno model grid

Horizontal dimensions 65 x 134 (hydrodynamics)

No. active horizontal grid cells 4350

Vertical distribution layer 1 (top): 4%
layer 2: 5.9%
layer 3: 8.7%
layer 4: 12.7%
layer 5: 18.7%
layer 6: 18.7%
layer 7: 12.7%
layer 8: 8.7%
layer 9: 5.9%
layer 10 (bottom): 4%

indications that spatial variations in different parts of the
North Sea are significant on a seasonal basis. The day
length varies as a function of the latitude, but in the model
this is only used to distribute the measured, non-spatially
variable daily irradiance on a 30 min basis. Using a
slightly longer or shorter light period does not affect the
simulated rate of primary production significantly. More-
over during the spring bloom, which usually occurs at the
end of March or beginning of April, the day length is
approximately 12 h irrespective of the latitude. From
simultaneous measurements at sea and at the land it is
known that the wind speed at sea is systematically higher
than on the land. The wind speed in the model is scaled
with respect to the land-based measurements to compen-
sate for this effect.

3.3.3.2. Boundary conditions. The exchange of water
masses through the English Channel and at the northern
boundary (57 degrees N) are adopted from the hydro-
dynamic simulation. The concentrations of substances at
these boundaries are based on the work of Laane et al.
(1993). In the model, the northern boundary concentra-
tions are constant in time. Data for the English Channel
boundary concentrations are specified as a monthly time
series. These same data have regularly been used pre-
viously (e.g. Los and Bokhorst, 1997).

3.3.3.3. Rivers and other nutrient sources. The model
application contains the point sources of nutrients and
fresh water, from the main Dutch, German, French and
UK rivers. For the Dutch rivers, substance loads were
derived from measured discharges and concentrations
in rivers at decadal (10 day) intervals for the period
November 1988 through November 1989 (http://www.
waterbase.nl). Modelled substances that were not mea-
sured have been derived from measured data of other
substances, using stoichiometric ratios and other knowl-
edge rules that have been developed and proved
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successful in previous modelling (e.g. Los and Wijsman,
2007). For other rivers, less frequent data were available,
but their contribution to the total loading hence their
significance is smaller. Fig. 6 shows the location of these
river discharges as well as the less significant ones, which
have not been taken into account at all.

3.3.3.4. Inorganic suspended matter. Light is an im-
portant limiting factor for phytoplankton in the North
Sea particularly in the Dutch coastal zone. In contrast to
variations in the surface irradiances, spatial and temporal
variations in inorganic suspended matter, hence in the
under water light climate, are considerable. In the model
presented in this paper the steady state result from a 3D
suspended matter simulation model is used as input for
BLOOM/GEM. The overall seasonal variation is simu-
lated by means of a cosine function with relative high
values in winter and low values in summer. Its amplitude
is based upon the level of variation in the measurements.
This same method was applied previously during other
modelling studies (Los and Bokhorst, 1997). Using this
cosine function, the spring bloom in the model tends to
be rather late because in reality short periods of quite

Salinity (ppt) at surface

Fig. 5. Validation result for 3D hydrodynamic calculation (salinity) for
the surface layer for March 1989. Coloured patterns are the model results,
filled circles are measurements from the NERC cruise (NERC, 1992).
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Fig. 6. Location of the northern (Atlantic) and southern (Channel) boundary of the model domain (dashed lines). Location of the major river
discharges of the southern North Sea (squares). The ones specified by name are explicitly taken into account by the model. The others have been

included in the latest model version (not presented here).

conditions with relatively low levels of suspended matter
play an important role in triggering the onset of the spring
bloom (unpublished results). To account for these short-
term variations, we have assumed a relationship between
the SPM concentration and the average wind speed to
further adjust the cosine signal. The amplitude of this
short term fluctuation is a multiplication factor varying
between 0.3 and 1.7 depending on the difference between
the actual and average wind speed (5.5 m s™). Again,
these factors were determined empirically in such a way
that the observed variability range could be reproduced
sufficiently well. Sensitivity studies showed that in fact,
any type of short-term fluctuation in the suspended matter
concentration, even if it was purely random, was suffi-
cient to trigger the reactions and improve the timing of
the spring bloom in the model at those location where it
is controlled by light (Fig. 7). In the autumn the grow-
ing season is extended in these simulated relative to the
base case.

4. Results

Although an extensive data set for the North Sea and
Dutch coastal zone is available for validation (locations

shown in Fig. 3) the number of locations is much smaller
than the number of computational elements of the model.
Moreover most of this data is confined to the water
surface. Samples at the middle of the water column and
just above the bottom are, however, available for a limited
number of stations for the years 1987 through 1989.
During recent years, more non-surface data have been
collected which will be used for future model validation.
In this section, model results are presented for valida-
tion in several different formats:

- Tables of cost function results for 27 specific loca-
tions, for six ecological parameters;

- Concentrations trends in time, for specific (repre-
sentative) locations; and

- Interpolated concentration fields at one time, shown
either (i) spatially or (ii) as a transect.

The cost function values present an objective com-
parison of model results with the available monitoring
data, while the graphs and spatial plots provide more
qualitative insight into the functioning of the model
(spatially and temporarily) and hence allow a more
subjective assessment of model performance.
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Fig. 7. Comparison of chlorophyll-a (mg m™) model simulations with seasonal variation of suspended matter determined by a cosine function (base)
or by four different random functions superimposed upon this function at the location Walcheren 2. Also shown are the mean, median and error bars

for the 90 percentile of measurements for the years 1981-1994.

At most of the Dutch monitoring locations, samples
are only collected near the surface, within the top meter.
These monitoring data are compared with the model
results from the top layer (top 4% of the water column).

The national Dutch monitoring program started in
1975. Some stations were temporarily or permanently
added in 1987 along the Terschelling transact (i.e.
Opystergrounds; Dogger bank), others were only sampled
during a limited number of years (i.e. 1975-1981 or
1987-1989; see also Fig. 3). Analysis of the data (De
Vries et al., 1998) shows that even in the coastal zone
systematic trends over a period of 10 or 15 years are not
obvious except for phosphate which shows some re-
sponse in reaction to changes in management reflected by
river loads. Hence the observations mainly reflect the
natural variation which is why we have used all available
data for the period of 1981 through 1994 in the cost
function calculations and as an indication of the back-
ground variations for the error bars in the graphs showing
model results and measurements.

4.1. Cost function results

The cost function values have been calculated for 27
specific locations, comparing the model results with the
monitoring data for the period 1981-1994 (or a shorter
period if less data were available). At each location, the
cost function has been calculated for six substances:
chlorophyll-a, NO;, POy, SiO,, salinity and suspended
matter (SPM), for a total of 162 cost function results. For
each substance, the result is classified as poor, reason-
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able, good or very good based on the cost function value
according to the criteria proposed by Radach and Moll
(2006).

In Table 4, the number of results in each class, for
each of the 27 locations is presented. In all, 80% of the
calculated cost functions can be classified as good or
very good. Only 7% are classified as poor. In Table 5,
these same results are presented, but organised per
substance. From these results it can be seen that for SPM
and SiO,, the cost function results at all 27 locations can
be classified as good or very good. For salinity and
chlorophyll-a, this is 24 and 21 locations, respectively.

4.2. Concentration trends in time, showing seasonal
variation at different representative locations

Concentration trends in time are critical for many
substances. In this paper the modelling results for a
number of state variables are compared to the observa-
tions for four selected sampling stations (Figs. 8-11):
Noordwijk 10, Schouwen 10, Terschelling 4, and Ter-
schelling 235. These sampling stations are in four dif-
ferent areas of the Dutch coastal waters, each having
specific characteristics that influence the ecological
quality locally. Noordwijk 10 is situated 10 km offshore,
in the near-coastal region influenced by the plume of the
river Rhine, which has a low salinity, high turbidity and
high nutrient concentrations. As regional concentration
gradients for many substances tend to be steep from on-
shore to off-shore. Schouwen 10 is located 10 km off-
shore in the Delta region of the Netherlands and is
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Table 4
Cost function results (goodness of fit) for 3D BLOOM/GEM model
application at 27 stations for 6 substances chlorophyll-a, NOs, PO,,
SiO,, salinity and suspended matter (surface measurements and model
results)

Station Very good Good Reasonable Poor
(0-1) (1-2) (2-3) >3

Walcheren 2 km 3 1 2

Walcheren 30 km

Walcheren 50 km

Walcheren 70 km

Schouwen 10 km
Goeree 20 km
Noordwijk 2 km
Noordwijk 4 km
Noordwijk 10 km
Noordwijk 20 km
Noordwijk 30 km
Noordwijk 50 km
Noordwijk 70 km
Egmond 10 km
Calandsoog 2 km
Calandsoog 30 km
Calandsoog 50 km
Calandsoog 70 km
Marsdiep

Doove Balg West
Terschelling 4 km
Terschelling 10 km
Terschelling 100 km
Terschelling 135 km
Terschelling 175 km
Terschelling 235 km
Terschelling 370 km
Total 79 (49%)

R WW— AW WARRDARNDWLRDWENWWLWWWAWLW

0
3 0
2 0
2 0
3 0
2 0
2 0
1 2
2 0
3 0
1 0
2 0
2 0
3 0
2 0
2 0
0 2
3 0
3 0
2 1
2 0
0 0
3 2
1 0
1 0
1 2
2 2
5 1

NO— NN —~OONO =~ NN~ —=0O —=—00 —0O

I (31%) 21 (13%) 1. (7%)

Model results and data are for the period November 1988—November
1989.

characterised by moderately high nutrient levels and
very high concentrations of suspended matter. Terschel-
ling 4 is 4 km offshore, in the coastal zone north of the
Wadden Sea. With respect to salinity and nutrients this
station is still clearly influenced by the river discharges,
but not nearly to the same extend as Noordwijk 10.
Suspended matter concentrations are lower compared to
the other two coastal stations. Terschelling 235 is in the
centre of the Dogger Bank, 235 km north of the island of
Terschelling, This is located in deeper (33 m), but still
well mixed waters. The salinity is nearly constant, nu-
trients are mainly determined by the background con-
centrations of the northern inflow. Suspended matter
concentrations are very low. As such, the combination
of these four stations can be considered as representative
for a wide range of conditions in the Dutch part of the
North Sea.

Each graph shows the model result November 1988—
November 1989 (drawn line), the observations for

November 1988-November 1989 (solid circle), the
monthly average (open circle), median (open square) and
error bar (90% confidence interval) for all measurements
collected between 1981 and 1994. Thus the figures give
an impression of the ability of the model to specifically
reproduce 1989 conditions, as well as the overall pattern
of each state variable at each station. Not all stations were
monitored during this entire period. Each figure first
shows salinity and suspended matter, which are not
simulated by BLOOM/GEM, but are important inputs/
forcings. The salinity is calculated by the hydrodynamic
model while suspended matter is derived from a steady
state model result (see Section 3.3.3.4). If either of these
parameters deviates consistently from the observations,
errors in the simulated ecological state variables should
also be expected. Figures further show the model results
forNO3, PO4, SiO2 and chlorophyll-a. The terminology
used in the description of the graphs is based on the cost
function results for a particular substance at a particular
location, i.e. “very well’ means a cost function results less
than 1, ‘well” a value between 1 and 2 etc. (see table in
Section 3.1).

Fig. 8 shows the results for the Noordwijk 10 loca-
tion, which has the highest sampling frequency of all
stations (bi-weekly almost all year round). In general, the
characteristic seasonal cycles between the model and the
observations agree well or very well, particularly for the
nutrients. The spring chlorophyll-a bloom is very well
reproduced both in term of timing as well as peak
value, but the summer chlorophyll-a levels exceed the
measurements. The salinity simulation result is only
reasonable which is mainly the result of a deviation
between model and observations during the winter
months hence it has little effect on the simulation of
chlorophyll-a.

Table 5

Cost function results (goodness of fit) for the BLOOM/GEM application
for 6 substances: chlorophyll-a, NOs, PO;, SiO,, salinity and suspended
matter

Substance Very good  Good Reasonable ~ Poor
(0-1) (1-2) (2-3) >3

Salinity 4 17 5 1

SPM 20 5 1 1

NO; 6 11 6 4

PO, 2 15 5 5

Si0, 25 1 1 1
Chlorophyll-a 22 2 3 0

Total 79 (49%) 51(31%) 21 (13%) 11 (7%)

The number of cost function results in each class are given for 27 sampling
stations in the Dutch region of North Sea (surface measurements and
model results). See Tab 1 ¢ 4 and Fig. 3 for the names and locations of the 27
sampling stations.
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Fig. 8. Validation result for 3D BLOOM/GEM simulation at station Noordwijk 10: Salinity (A) (gl"), suspended matter (B), NO; (C), PO4 (D), SiO, (E)
(mg I'') and chlorophyll-a (F) (mg m™). Circles are measurements for 1989, bars indicate 90 percentile of measurements for the years 1981-1994.

Fig. 9 shows the results for the location Schouwen
10. The calculated salinity and the suspended matter
(forcing function) correspond well respectively very
well with the measurements, which is essential for an
accurate calculation of the ecologic parameters. As such,
the simulated nutrient concentrations and chlorophyll-a
agree well or very well with the measured values, and
hence give a good representation of the characteristic
seasonal cycles. Calculated winter and spring concen-
trations of NOs, and SiO, are somewhat lower than
measurements for 1989, but are in almost all cases
within the range of measurements of 1981-94.

176

At the location Terschelling 4 (Fig. 10) the salinity, and
PO, agree well with the data while the results for sus-
pended matter, NOs, SiO, and chlorophyll-a all agree
very well with the data. Forcing by suspended matter is
below the measurements during summer, but since this
deviation occurs in a period of nutrient limitation, the
chlorophyll-a simulations are not affected. Calculated
summer values of PO, are lower than observed, which is a
common model characteristic in shallow areas due to the
simple description of the sediment (see also Section 5).

Conditions are completely different at location Ter-
schelling 235, the Dogger Bank (Fig. 11). Here the
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Fig. 9. Validation result for 3D BLOOM/GEM simulation at station at station Schouwen 10: Salinity (A) (gl), suspended matter (B), NO; (C), PO4(D),
SiO; (E) (mg I") and chlorophyll-a (F) (mg m™). Circles are measurements for 1989, bars indicate 90 percentile of measurements for the years 1981—

1994.

salinity is nearly constant at about 35 indicating that
there is hardly any influence from fresh water discharges
by the rivers. Moreover, according to the model, the
marine water here is of northern origin, whereas the salt
water of the locations discussed so far originates from
the Channel. Suspended matter and chlorophyll-a agree
well or very well with the data, the result for NOjs is
reasonable. Notice in particular that the model repro-
duces the very early spring bloom, which in this part of
the North Sea already starts in January. Levels of PO,
again are too low during summer. The overall cost
function score for this variable is poor. The same holds

for the simulation result of SiO,: unlike at most other
locations, summer SiO, levels at Terschelling 235 are
under predicted by the model. In the model, some dia-
toms are present during summer and take up the avail-
able silicate. This may not have been the case in reality
(there is no data).

4.3. Spatial distribution — transects and maps
To give some information of the spatial performance

of the model, some results in the form of transects and
spatial maps are given in Figs. 12—15. The two most
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Fig. 10. Validation result for 3D BLOOM/GEM simulation at station Terschelling 4: Salinity (A) (g1"), suspended matter (B), NO; (C), PO, (D), SiO; (E)
(mg I'') and chlorophyll-a (F) (mg m™). Circles are measurements for 1989, bars indicate 90 percentile of measurements for the years 1981-1994.

frequently sampled transects in the Dutch coast are at
Noordwijk and Terschelling (Fig. 3). One of the best
data sets showing spatial concentration distribution for
many parameters for a large area of the North Sea was
collected during the so-called NERC cruises (NERC,
1992). These data cover a vast area, but unfortunately
the number of samples is relatively small in the Dutch
coastal area, where the sharpest gradients exist.

Fig. 12 illustrates the ability of the model to reproduce
spatial gradients, based on the data from the Noordwijk
and Terschelling transects. The upper two graphs are for
the Noordwijk transect with monitoring stations at 2, 4,
10, 20, 30, 50 and 70 km offshore, during May 1989.
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Model results represent the mean value for the month.
Results for NO; agree very well with the measurements,
chlorophyll-a results are less precise but still capture the
overall gradient in an adequate way. The lower 4 graphs
represent results for the Terschelling transect, with mon-
itoring stations at 4, 10, 50, 70, 100 135, 170 and 235 km
offshore. Figures are included for February (middle
panel) and June (lower panel). During winter, NO; levels
near the coast (from 0 to 50 km) are relatively high due to
river discharges. Further offshore, beyond the influence
of the Rhine plume, the concentrations are consistently
low, on the order of 0.1 pg I"'. Chlorophyll-a in the
winter shows an interesting distribution, with the highest
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Fig. 11. Validation result for 3D BLOOM/GEM simulation station Terschelling 235 (Doggersbank): Salinity (A) (gI"), suspended matter (B),
NO; (C), PO, (D), SiO, (E) (mg I'") and chlorophyll-a (F) (mg m™). Circles are measurements for 1989, bars indicate 90 percentile of measurements for

the years 1987-1994.

levels near the coast and at the Dogger Bank (approxi-
mately 235 km offshore). This area is relatively shallow,
receives enough sunlight and has enough nutrients for
winter phytoplankton growth. The model describes this
gradient correctly. The summer concentrations at this
transect are quite different. The summer NOj; levels are
almost exhausted everywhere due to uptake by phyto-
plankton, with the exception of Terschelling 100 (Oyster-
grounds). Modelled values are within the observed range
at all but this station. Chlorophyll-a gradually declines
from the shore to the central North Sea. Simulated values
agree with the average observations, but are low relative to

the 1989 data, which are exceptionally highin comparison
to the observations for other years at about half the
stations. As for NO; modelled results deviate from the
measurements at Terschelling 100. It seems that in the
model there is too little transport of nutrients from the
hypolimnion to the epilimnion which also causes an under
prediction of chlorophyll-a due to nutrient limitation.
Fig. 13 shows model results at the Noordwijk transect
for the total extinction coefficient. Simulations results at
four different times of the year agree very well with the
measurements. The offshore gradients are much stronger
in winter than in summer, both in the model and in the
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Fig. 12. Validation result for 3D BLOOM/GEM simulation for NO; (mg I'") (left panel) and chlorophyll-a (mg m™) (right panel). Model results are
from the top layer. Circles are measurements for 1989, bars indicate 90 percentile of measurements for the years 1981-1994. Top row: Noordwijk
transect in spring (May); Middle row: Terschelling transect in winter (February); Bottom row: Terschelling transect in summer(June).

data. This is because in winter suspend matter and the
amount of fresh water are relatively high near the coast.
In summer these terms contribute less, but phytoplank-
ton contributes more to the extinction.

The model also seems fit to reproduce spatial patterns
on a larger scale. Fig. 14 shows that under-saturation of
DO occurred in bottom waters on a fairly large scale in
1989 in model and measurements. The simulated oxy-
gen concentrations for September 1989 (mean values
for the month) are compared with the NERC data
(NERC, 1992) near the surface and in the lower part of
the water column. Near the surface, measured concen-
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trations are all in the range of 7-9 mg I"', which the
model is generally able to reproduce. Only in the Dutch
coastal region, does the model predict slightly lower
concentrations of 6-7 mg I, which is due to a rela-
tively low saturation values caused by relatively high
temperatures and because in September local consump-
tion exceeds production of. With respect to concentrations
in the bottom waters, the model simulates concentration
levels below saturation (4-7 mg I"") in many northern
regions of the North Sea, agreeing fairly well with the
observations. Simulated value are too low (by about 1
mg ") in the German Bight and near the coast of
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Fig. 13. Validation result for 3D BLOOM/GEM for total extinction coefficient (m™) at the Noordwijk transect in February (A), April (B), June (C)
and August (D). Model results are from the top layer. Circles are measurements for 1989, bars indicate 90 percentile of measurements for the years

1987-1994.

Scotland. In the Northern German Bight, two measure-
ments show a localized oxygen depletion with concentra-
tions of 3-5 mg 1", which is not reproduced by the
model. Earlier in the year in July both measured and
simulated values were in the range of 7 to 7.5 mg I'".
Most probably the model overestimates the vertical
exchange in this area in September. The model does
calculate a similar depletion further to the North in deeper
waters.

Fig. 15 shows similar spatial maps of chlorophyll-a,
NO;, PO, and SiO,, comparing simulated and measured
concentrations near the surface of the water column for
the period April-May 1989 (no bottom data were
available). Model results represent the mean value over
this period. Although the modelled results do not per-
fectly match the concentration range of every single
monitoring, there is a good general agreement of the
model results and data, considering the main spatial
variations over the southern North Sea. For chlorophyll-
a, a large region of the north and central North Sea has
concentrations b2.5 pg I"'. The model reproduces this
to a large extent, except in the northwest, which is
strongly influenced by the model boundary conditions.
Monitoring results show that the concentrations near the
Belgium and Dutch coasts and in the German Bight are

significantly higher, at some locations in the range of
25-50 pg I"'. The model also calculates similar ele-
vated concentrations in these coastal areas. For nitrate,
the monitoring data shows a more complex spatial
distribution of concentrations, with the highest values
(0.25-0.5 mg N I"") being measured in the coastal wa-
ters of the UK, the Netherlands and Germany. The
modelled results also represent this complex spatial
distribution and the measured range of values. This
illustrates the ability of the model application to simulate
spatial variability and gradients of the key ecological
parameters for the southern North Sea.

The validated 3D model application can give addi-
tional information on the vertical distribution of other
model variables, such as chlorophyll-a and species
composition. As an example, Fig. 16 shows the vertical
profile of phytoplankton at four representative time
periods at the location Terschelling 175, between the
Oystergrounds and the Dogger Bank. These are model
results only because no data were collected on the spe-
cies composition of the phytoplankton community in
1989, however, results are in agreement with general
expectations. During the spring bloom (April) there is no
stratification, hence there is a more or less uniform
distribution over the depth. Diatoms and Phaeocystis
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DO (mg/1) surface layer

DO (mg/I) bottom layer

Fig. 14. Validation result for 3D BLOOM/GEM simulation. Simulated (coloured areas) and measured (circles) concentrations of Dissolved Oxygen
(mg 1) in September 1989 are shown at the surface (left panel) and near the bottom (right panel). Data from the NERC cruises (NERC, 1992).

dominate the species composition at this time. The sit-
uation has completely changed by July, during a period
of stratification. The model now simulates a peak of
dinoflagellates just below the thermocline. It is interest-
ing that this peak occurs simply because of the gradients
of nutrients and light in the model; the dinoflagellates in
the model are not positively buoyant. Due to the sum-
mer stratification, significant amounts of nutrients are
trapped below the thermocline. These nutrients are
derived from the decomposition of detritus which sinks
to the lower part of the water column after the spring
bloom. Since the water is very transparent in this area, a
sufficient amount of light penetrates through the water
column to allow growth of phytoplankton below the
thermocline, which gives this interesting result. Above
the thermocline light intensities are more favourable,
but there are insufficient nutrients. Further below the
thermocline even more nutrients are available, but light
gets limiting. These phenomena are well known (Holligan
et al., 1984; Peeters et al., 1995), but are sometimes
attributed to the ability of dinoflagellates to actively
regulate their vertical position. This simulation demon-
strates that physical gradients are a sufficient condition to
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generate these sub-surface phytoplankton peaks. In
September the stratification is less pronounced and the
irradiance levels are lower. Under these conditions, the
model simulates a distribution pattern with highest con-
centrations in the upper part of the water column. Finally,
in October, the stratification has disappeared and the
phytoplankton distribution is uniform again, though at
lower concentrations than in April. The species composi-
tion is dominated by dinoflagellates.

Until 1989 no data were collected on the species
composition of the phytoplankton community so it is not
possible to compare model simulations of individual
species or function groups to measurements. Phaeocystis
data are available for recent years, however. Fig. 17 shows
the simulation results for the year 1998 (so not 1989) and
compares them with the measurements for that particular
year (1998) and the range for the years 1994-1998. For
five out of six stations the model agrees sufficiently well
with the measurements, specifically in terms of the
seasonal dynamics. The only obvious difference occurs at
station Noordwijk 2 where the observed levels are un-
derestimated although it may also be noted that the
observed level of variation as indicated by the 90
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Fig. 15. Validation result for 3D BLOOM/GEM simulation. Simulated (coloured areas) and measured (circles) concentrations of chlorophyll-a, NOs,
PO, and SiO, for April-May 1989 at the surface (no bottom data available). Data from the NERC cruises (NERC, 1992).
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percentile is exceptionally large indicating that the inter-
annual variations are extremely large at this location.

5. Discussion
5.1. Validation results

The 2D applications of BLOOM/GEM for the North
Sea have over many years provided a representation of
the seasonal cycles and spatial gradients of interest,
which were consistent with the available data, consider-
ing the objectives of the modelling. Although most of
the comparisons were made on the basis of visual com-
parison between model results and data, these subjective
analyses gave sufficient confidence that the model was
validated. The purpose of the 3D model application was
to (i) provide a further validation of the BLOOM/GEM
modelling instrument and (ii) assess if there is additional
value in making 3D applications, with respect to the
modelling objectives.

While there are limited data available for validation of
the vertical profiles simulated by the model, a number of
different presentations of the 3D application results
together with data have been made and have provided
satisfactory results. The cost function has been applied
for station specific, time varying comparison and has
confirmed that a large majority of model results for key
parameters can objectively be classified as ‘good’ and
‘very good’. This can be considered the main ‘proof’ of
the model validation. Additional, but more subjective
confirmation of the model validation is given by plotted

results which are considered sufficiently accurate in
terms of the predicted seasonal concentration patterns for
the main ecological variables (Figs. 8—11) as well as the
variations along transects (Figs. 12 and 13) and spatial
distribution over the southern North Sea (Figs. 14 and
15). The model application also reproduces the meas-
urements of low summer oxygen levels below the
thermocline (Fig. 19H), for example in the Oyster-
grounds, a pelagic area in the central North Sea that is
regularly stratified in the summer. In almost all cases, the
model was able to reproduce observations of the state
variables correctly, in that the simulated time-series fall
into the range of observed variability. These combined
results were achieved without any additional tuning of
model process parameters and give further confirmation
that the BLOOM/GEM model is well validated for
simulating the seasonal cycles in the North Sea and
notably the coastal zone, for the ecological processes of
interest, in both 2D and 3D applications.

It is interesting but not very easy to compare the
performance of the various North Sea models. Radach
and Moll (2006) provide cost function results on the
performance of several models, but these results were
mainly obtained for relatively old model versions i.e.
those presented during the Asmo modelling workshop
in 1996. Probably models have been improved during
the last decade. Lancelot et al. (2007) present low cost
function numbers for a comparison between a recent
version of MIRO and a single monitoring station off the
Belgian coast. It should be noted though that these
published cost function results are usually obtained for
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Fig. 16. Depth profiles of phytoplankton in mg C I'' at Terschelling 175, between the Oystergrounds and the Dogger bank, in April (A), July (B),
September (C) and October (D) of 1989. The sequence shows not only the total concentration but also the species composition in terms of
dinoflagellates (red), diatoms (orange), flagellates (yellow) and Phaeocystis (grey). The concentration depth profiles and composition changes are in

agreement with general expectations.
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Fig. 17. Simulated and observed Phaeocystis (mg Cl ) at the Noordwijk transect (A=2 km, B = 10 km, C = 20 km, D = 70 km) and at stations
Terschelling 4 km (E) and Walcheren 2 km (F). Model results are for 1998 and monitoring data are for the period 1995-1998. This BLOOM/GEM
model application was made with ‘average’ spring-neap hydrodynamic conditions, using average nutrient loads for the period 1995-1998.

large areas (boxes) rather than for individual stations.
The cost function results presented in this paper were
obtained for 27 individual stations, many of which are
located in areas where gradients are steep. Cost function
results of BLOOM/GEM computed for larger areas are
consistently smaller indicating a better fit than those for
individual stations. This is because in the larger boxes,
existing spatial gradients which present a big challenge
to the model, have largely been removed due to aver-
aging. A score of 80% of results to be classified as either
good or very good indicates that the application of

BLOOM/GEM to areas with steep gradients can be
regarded as generally well validated.

5.2. Choice of ecological processes and spatial
resolution

Because nature is complicated, it is tempting to aim
for the construction and application of comprehensive
3D models with many vertical layers and a fine hori-
zontal resolution that further include many biological
and chemical processes. Although these kinds of models
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indisputably are a more detailed approximation of real-
ity, they have several serious disadvantages as well:
they require huge simulation times posing an upper limit
on the amount of runs to be conducted within a certain
time frame, it is increasingly difficult to analyse their
results and there is a limited amount of (3D) data,
hampering their validation (Beck, 1987). In the devel-
opment of the BLOOM/GEM modelling instrument and
its applications, explicit choices have been made with
respect to the spatial and ecological resolution, given the
modelling objectives.

5.2.1. Model domain (area) and spatial resolution
Choosing an appropriate spatial resolution involves (1)
the area of the model, (2) the horizontal grid layout
and (3) the number of vertical layers. If the area of the
model is too small, its results will strongly depend on the
boundary conditions, which may be a serious obstacle
for the prediction of the future. Using a rectangular grid
with elements of 10x10 km or even more may be ade-
quate for a model application targeted towards the cen-
tral North Sea, but is inappropriate for the simulation of
gradients in the first 30 km of the Dutch coastal zone
where the measurements show that steep gradients exist
for depth, nutrients and suspended solids. To account for
these gradients, grid cells should be in the order of 1x1
km. Moreover the grid layout should be able to follow
the coast line, which is much easier with a curve-linear
or finite element grid than with a rectangular grid. For
most of the recent assessments using BLOOM/ GEM,
the area and grid layout shown in Fig. 4 proved to be
adequate as it satisfies the aforementioned require-
ments. Occasionally, a higher spatial resolution has been
adopted for the Dutch coastal zone or the Wadden Sea in
those cases where the representation of extremely lo-
calised ecological changes was anobjectiveofthe study.
With respect to the vertical resolution, there is not a
generic approach suitable for all purposes. The additional
vertical variation in 3D hydrodynamics and suspend
matter is essential for ecological modelling so these
modules are always run in 3D mode for reasons of
accuracy. The same is not true for the simulation of
nutrients and primary production. When compared to the
14-day monitoring data, the 2D results of BLOOM/GEM
are very similar to the surface layer results (upper 4% of
the water column), as well as to the bottom layer results
(bottom 4% of the water column) from the 3D model
application at the coastal locations (at least up to ap-
proximately 30-50 km offshore), as shown in Fig. 18 for
location Noordwijk 20. The measurement data at this
location indicate that there is little or no difference in the
salinity values for surface and bottom waters, and that
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nitrate, ortho-phosphate and chlorophyll-a concentrations
show only minor differences with depth. This gives
justification for a 2D approach in the well-mixed coastal
region. Furthermore, extensive sensitivity runs have
shown that in the Dutch coastal waters up to 30 km
offshore, a sufficiently refined horizontal resolution and a
correct forcing of the light regime by suspended matter
concentrations are more important to the overall model
representation than the addition of the third dimension.
Hence, for long-term historic ‘trend’” modelling, scenario
simulations of the potential impacts of infrastructural
works or for the assessment of measures undertaken for
the Water Framework Directive, it is often justified to
use the 2D version of BLOOM/GEM. The net gain is
flexibility and efficiency during sensitivity analyses.

On the other hand, if the area of interest includes those
parts of the North Sea that are regularly stratified in
summer, such as the Oystergrounds, or the area north of
the Dogger Bank, 3D simulations are essential for
modelling key variables. This is illustrated in Fig. 19,
showing 2D and 3D model results as well as data for the
Oystergounds (Stations Terschelling 100 and Terschel-
ling 135 km) where the depth is about 48 m. Due to the
meteorological conditions, there was a relatively strong
and long lasting stratification in this area in 1989 (Peeters
et al., 1995). Hence the data show clear differences
between surface and bottom layers for the parameters
nitrate, ortho-phosphate, chlorophyll-a and oxygen.
Although insufficient data were available to justify a
cost function analyses, a visual comparison of by means
of the graphs clearly demonstrate that the 3D model
agrees better with the data than the 2D model (Fig. 19).
This is true in particular for ortho-phosphate at the sur-
face and for nitrate and oxygen in the bottom segment.
For oxygen observed levels were lower than in the
previous two years for which data had been collected.
Measured and simulated concentrations in the bottom
waters were less than 6 mg 1" in late August (Fig. 19H).

The need for 3D ecological simulations is also appar-
ent inthe case of short term, operational model predictions
of harmful algal blooms in coastal waters (‘event’
modelling). Particularly north of the Rhine River mouth,
continuous monitoring indicates there is a band of fre-
quently stratified water due to the salinity difference
between North Sea water and the Rhine River plume.
These temporary stratifications significantly affect short-
lived bloom phenomena (primary production and trans-
port) and hence should be explicitly modelled to assess
bloom events even though these are quite localised in
space and time. The ability of a 3D model application to
resolve these very localised and possibly short-term
stratification still needs to be further reviewed and
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Fig. 18. Comparison of 3D (solid line) and 2D (hatched line) simulation results with measurements at station Noordwijk 20 km (Dutch coastal zone)
for surface layer (left panel) and bottom layer (right panel). Salinity (A and B) (g I'"), NO; (C and D), PO, (E and F), (mg 1) and chlorophyll-a (G
and H) (mg m™). Circles are measurements for 1989, bars indicate 90 percentile of measurements for the years 1987-1989.
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Fig. 19. Comparison of 3D (solid line) and 2D (hatched line) simulation results with measurements at the Oysterground (Central North Sea) for
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validated. Detailed monitoring data is necessary for such a
comparison, for example from the “smartbuoy” results
(Mills et al., 2003).

It is concluded that the choice of the domain area, the
horizontal resolution and the application of a 2D versus
a 3D model, are of key importance and should always be
based on the specific objective of the modelling study.

5.2.2. Ecological resolution

BLOOM/GEM was developed with the purpose of
providing a generic and robust predictive modelling in-
strument, applicable to many different water systems
under a range of variable conditions without the necessity
for “fine-tuning’ to local conditions for every single ap-
plication. In terms of the number of ecological processes
included, BLOOM/GEM is moderately complex (e.g. no
microbial loop, no explicit grazing or higher trophic
levels, simple benthic processes, but full nutrient cycles,
advanced extinction module and complex phytoplankton
kinetics). Given the objectives of the coastal water man-
agement issues and related modelling studies in the
Netherlands, this choice of processes is appropriate. From
an application point of view, it makes no sense to apply an
over-dimensioned model system, as long as a simpler
modelling approach meets the essential requirements.

Furthermore, identification of parameters in a model of
high ecological complexity is problematic (Beck, 1987).
Different combinations of parameter settings may seem to
give acceptable calibration and validation results, but lack
robustness. Dealing with such a model requires a thor-
ough analysis of its predictive uncertainty as was done
for instance for the prediction of the future filter feeder
biomass in the Eastern Scheldt as a result of decreasing
nutrient loads (Van der Tol and Scholten, 1998). They
show that with a slightly more complex ecosystem
model and a small computational grid, despite a relatively
large dataset, the uncertainty in the predictions of their
model, expressed by a set of 10 different but equally
acceptable calibration results, can be very high. Because
it is not feasible to perform such an analysis for a 2D let
alone 3D computational grid for the North Sea, the choice
was made for a more general ecological model rather
than a detailed ecological model that would require more
fine-tuning and increase the risk of generating unrealistic
model results by using a specific, non-generic calibration
result.

Nevertheless one should always be aware of the
possible limitations of the model set-up. If the model is
too simple ecologically because it ignores some pro-
cesses which are essential to understand and describe the
dynamics of the future ecosystem, the complexity of the
model should be enhanced (Scholten and Van der Tol,

1993) even if these enhancements cannot be checked
directly by comparison with the actual data. The ulti-
mate test is the evaluation of the model results with
respect to the available data.

5.3. Overall conclusion and continuing improvements

Many management questions can be addressed ade-
quately by making justified simplifications in the model
set-up, depending on the specific objective of the study.
So, for each application, the appropriate spatial and eco-
logical resolution has to be chosen carefully. There is an
optimal balance between the required accuracy, pre-
dictability or robustness and operational aspects. The
selection of processes presented in this paper is considered
the minimum set with which a sufficient level of accuracy
can be obtained both in the coastal areas as well in central
parts of the North Sea such as the Dogger Bank and
Opystergrouds. As such, this model application can be used
as a tool to evaluate different policy scenarios, for exam-
ple, those relevant to OSPAR and the EU Water Frame-
work Directive.

With respect to further improvements of the model, a
number of options will be explored in the near future.
Recently the loads and boundaries of the model have
been revised. Current and more accurate data have been
gathered on German, French and UK rivers. Moreover
the number of river loads has been tripled and now also
includes many of the smaller point sources. Since the
load of the major rivers for the Dutch part of the North
Sea have not changed, the impact on the overall model
behaviour will be limited. Simulation results for other
areas may show moderate differences. Available litera-
ture data confirm the validity of the Channel boundary,
but the North Atlantic boundary will be modified based
on recent information (WL | Delft Hydraulics, 2006).
Preliminary simulations suggest an impact in the results
for the northern part of the model domain. This is also a
region in which stratification is a regular phenomenon
and for which additional 3D data have been collected
since 1990. Hence in the near future there will be a
stronger focus on validating the model for recent years
for this part of the North Sea. New simulations will
include both years with a strong stratification as well as
years in which the stratification was less pronounced.

Since most BLOOM/GEM model applications in
recent years were targetted towards the coastal zone, the
model performance in this part of the North Sea is better
than for other areas (i.e. Ta ble 4). Recently interest in
those off shore regions is definitely increasing (Marine
Strategy; Ospar). Hence future validation exercises
will concentrate on improving the model performance in
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these areas to bring it up to the same level as in the coastal
zone.

Since the beginning of 1991, biomass estimates of
individual phytoplankton species have been collected at
about a dozen stations. This data set has recently become
available and will be used for a quantitative rather than
qualitative validation of the predicted species composition
of BLOOM. In order to improve the model's behaviour in
very shallow areas such as the Wadden Sea, new model
concepts have been formulated and implemented for
benthic primary production, grazing and the sediment—
water exchange. Validation of these new processes has
recently started.
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Abstract

The construction of validated biogeochemical model applications to be used as prognostic
tools for the marine environment involves a large number of choices particularly with respect
to the level of details of the physical, chemical and biological aspects. In theory, enhanced
complexity should promote enhanced realism, accuracy and credibility as well. Unfortunately,
with growing complexity, simulation times increase drastically and may become prohibitive
in practice. The amount of data necessary to force the model increases and the spatial and
temporal coverage of monitoring data is usually poor relative to the outputs produced by even
moderately complex models. In this paper we show the results of comparative modelling
applications varying in spatial resolution (from coarse to fine), in vertical resolution (2D
versus 3D), in forcing of transport, in turbidity forcing and in the number of phytoplankton
species. Included models range from 15 years old relatively simple models to a relatively
advanced 3D model. Results are compared to each other and to monitoring data for the Dutch
part of the North Sea using different goodness of fit criteria as well as time series plots.

It is concluded that recent models are more consistent and have a smaller bias. From a
graphical inspection the level of variability looks more realistic, but whether this is a real
improvement cannot be judged by comparison to traditional monitoring data due to the low
frequency of sampling. More specifically the overall results for chlorophyll-a are rather
consistent throughout all models, but regionally recent models are better; resolution is crucial
for the accuracy of transport and more important than the degree of realism in hydrodynamic
forcing; SPM strongly affects the biomass simulation and species composition, but even the
most recent SPM models do not yet obtain a good overall score; organic matter (CDOM) should
be included in the calculation of the light regime; more complexity in the phytoplankton
model improves the chlorophyll-a simulation, but the simulated species composition needs
further improvement for some of the functional groups. From a technical point of view we
propose using formal goodness of fit criteria which strongly discriminate between different
simulations.

1. Introduction

The first eco-hydrodynamic models for aquatic systems were developed more than thirty
years ago. Examples of these first generation models are found in DiToro et al. (1971; 1977).
At present, many models exist, some with a relatively long history, while development of
others has started more recently, but of course these also include many features from older
models. Many papers describe the status i.e. the present version of a model application,
demonstrating its strong points and discussing some of its weaker points. While these papers
are certainly meaningful, it is often hard to determine which characteristics are of major
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importance and which characteristics actually do not contribute much to the quality of a
particular model.

One could argue that the 'best' model by definition is the most advanced and complex model
that can be constructed and operated at a certain moment of time. While more knowledge and
computation power become available, the model could be extended further. However, in Los
et al. (2008) we have pointed out that adding more complexity not necessarily improves the
quality of the model's results in terms of realism or applicability. In stead we have argued that
there should be a balance between ecological and physical resolution in relation to the specific
question that should be addressed by a specific model application. For example, an
appropriate model for assessing the impacts of sand mining in a coastal area is not necessarily
adequate to assess the impacts of nutrient reduction or the probability of low oxygen
conditions in an offshore area or the occurrence of undesirable blooms of Phaeocystis during
the spring bloom.

In this paper, a comparison is made between several generations of the eco-hydrodynamic
model applications developed for the North Sea at Deltares (formerly WL | Delft Hydraulics)
during the last 15 years. There are many differences between these applications with respect
to their forcing, resolution, complexity and parameterization. In order to find out how much
each modification contributes to changes in model behaviour, we need to make a systematic
comparison in terms of the spatial and ecological resolution of these models. To that purpose
we have revitalized several distinguishable model versions, and run all of these alongside
using forcings for a single, recent year (2003). Thus, the central question is: which factors
matter most and which might look important, but actually contribute less to improvements in
model behaviour? A secondary question is if, and if so how, we can quantify progress in
model skill. Notice that progress does not necessarily occur in a linear fashion, so whereas the
overall behaviour may improve relative to the measurements, results for some variables or at
some locations or in parts of the year might actually deteriorate simultaneously. The
following factors were considered during this study:

the resolution of the grid,

degree of realism in forcing of transport,
forcing of the light climate by SPM and CDOM,
the level of detail of the phytoplankton model.

Unlike the inter model comparison by Moll and Radach (2003) and Radach and Moll (2006),
all of the applications presented in the present paper belong to the same model family and
their set-up and forcing could be standardized to a large extend. Generalization of the results
will be discussed at the end of this paper.

2. Main features of models

Our current model is called BLOOM/GEM. This is a generic model code with a long history,
which in its current mode is applied to many different water systems such as the North Sea, a
number of Dutch water bodies i.e. the saline lakes Grevelingen, and Veere, The Eastern
Scheldt Estuary, and the future saline Lake Volkerak - Zoom. International applications
include the Lagoon of Venice, the Sea of Marmara and the future saline Marina Reservoir in
Singapore. An extensive description of the main features of the model is provided by Blauw
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et al. (2009); its application to the North Sea is described by Los et al. (2008). A more
detailed description of the phytoplankton module (BLOOM) is presented by Los et al. (2007)
and in Loucks and van Beek (2005).

2.1 General principle and similarities

Each of the models discussed here was originally applied to explain observed phenomena and
to predict some future conditions. Later model versions were usually run with some new
processes, parameters settings and forcings for a more recent period of time. Simply
comparing the existing output of previous model simulations therefore leaves many questions
open on how to explain the differences between them. For this study many differences were
eliminated in order to be able to concentrate on those modifications that matter most.
Occasionally different combinations of forcings were run to check their impacts one at a time.
For instance the latest models were also run using the suspended matter (SPM) field of the
oldest models to force the under water light climate. We did not try to do a full recalibration
of all of these models by harmonizing their parameter values because we assume these models
had been validated during their previous applications.

Year specific forcings i.e. nutrient loads from rivers and climatology were adopted from data
for a single, recent year, 2003, for all simulations by all models. At the time this study was
performed, (almost) complete datasets for forcing and monitoring were available for the entire
period 1996 - 2003. This last year was chosen not just because it is the most recent one, but
also because it is an a-typical year with a wet spring and a dry, warm summer and autumn.
We expected that such a year would be more suitable for finding differences between models
than a more average year. Notice that consequently all of the pre-2003 models were actually
run for a set of conditions for which they had never been validated in the past. An overview of
the differences between the models as they were applied here is given in Table 1. There also a
key to the codes that indicate the different application variants is given. An extensive
overview of historic model versions is given by Los et al. (2008). The grids are shown in Fig.

().
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Table 1 Description of model runs and explanation of codes
D Application Grid Hydrodyn. Boundary 1 turbidity Sea water Eco model
transport & condition field temperature
dispersion
GDGSD GENO- 16 km southern | repeated single climatology Based on SPM from Spatially Michaelis-Menten
DYNAMO North Sea tidal cycle + 1980s, Channel observations, space uniform time kinetics, 2
rectilinear; wind-driven annual cycle, dependent, stationary | series (2003) functional groups
1395 elements residual (SW Atlantic constant annual mean from station (diatoms and
wind 4.5 m/s) in time, constant Noordwijk 10 ‘green’), 12 state
in space variables
GDGSB GENO-NZB As above, but BLOOMY96:
modulated with 4 species, 12
seasonal cycle types, 26 state
variables
CDGSB CSM 8-16 km entire | repeated single Channel as above; | as GDGSB Spatially BLOOMY6:
North Sea tidal cycle + Atlantic: uniform time 4 species, 12
rectilinear; wind-driven recomputed from series (2003) types, 26 state
irregular; 3915 | residual (SW GENO-NZB, from station variables
elements wind 9 m/s) constant in time Noordwijk 10
and space.
KSKCB COAST 1-10 km Dutch | as CSM but with derived from spatial pattern from
coast <70 km, additional, measurements at separate SPM model;
curvilinear; seasonal near-boundary harmonic annual
2153 elements | upwelling monitoring cycle; also CDOM
parameterization stations parameterised as
in horizontal function of fresh
dispersion water fraction
coefficient based
on 30-year
average wind
data
KSGCB as GDGSB
ZNZCB ZUNO-2D 2-20 km repeated spring- Channel and WL | Delft as GDGSB BLOOM with
southern NS, neap cycle Atlantic: As Hydraulics/ MARE., Further refined
curvilinear; Full year, 2DH GENO-NZB and ZQOI. Seasonal cycle, . algal par@mctcrs
ZRZCB 4350 elements GENO- wind dependent Spatially (lab studies, see
DYNAMO noise Va{yillig, ’ text)
ZRZCD calculate -
from Delft3D BLO,OM Wlth 2
. species: diatom
hydrodynamic d flagellates
ZRGCB model and Hagetates
as GDGSB As ZNZCB
Z37ZCB ZUNO-3D as ZUNO 2D Full year, 3D as ZNZCB
10 layers;
43500
Z3VCB elements From new SPM
model (Van Kessel et
al., 2008)

Loads are all consistent since they are all based on the same data set Blauw et al. (2006) with data for the major rivers in the domains for

2003.
Description of runids

First letter:
Second letter:

Third letter:

Fourth letter:
Fifth letter:
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Grid.
Forcing.

SPM.

Extinction
Algal model

G =GENO, C =CSM, K = COAST, Z = ZUNO

D = average day, S

spring — neap, R = realistic (actual), 3 = realistic (actual) 3D mode.

G = GENO, K = COAST, Z = ZUNO steady state + seasonal harmonic + noise,

V = ZUNO dynamic
S = only SPM, no CDOM, C = SPM + Salinity as proxy for CDOM
D = Dynamo, B=BLOOM

= average day, seasonal correction dispersion, N = characteristic
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Figure 1 Grid of models: GENO (upper left), Coastal zone (upper right), CSM (lower left) and ZUNO
(lower right).

Meteorological forcing: The day length and solar irradiance for 2003 are adopted from
historic measurements by the Royal Dutch Meteorological Institute at a single land-based
station (De Kooy) near Den Helder in the north western part of the Netherlands. In the GENO,
CSM(CDGSB) and Coastal zone models a spatially uniform, seasonally varying sea water
temperature was adopted based on measurements at station Noordwijk 10 km (see Fig. 2) for
2003. In both ZUNO models temperature is specified by a spatially varying temperature field
taken from the simulations by the hydrodynamic model Delft3D-Flow (Lesser et al., 2004;
WL | Delft Hydraulics, 2005).

Rivers and other nutrient sources: The nutrient loads of all models are basically the same.
The model input contains the point sources of nutrients and fresh water from the main
Belgian, Dutch, German, French and UK rivers in as far as they are part of the model domain.
In the Coastal zone model only the Dutch rivers are explicitly included. For the Dutch rivers,
substance loads were derived from measured discharges per day and concentrations in rivers
at 10-day intervals for the year 2003. Data for the other main rivers is usually also available
per decade (Blauw wt al., 2006). Modelled substances that were not measured have been
derived from measured data of other substances, using stoichiometric ratios and other
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knowledge rules that have been developed and proven successful in previous studies (e.g. Los
and Wijsman, 2007).

Boundary conditions: There is considerable overlap between the domains included in most
of the models presented here. The position of the Southern boundary is the same for GENO,
CSM and ZUNO. The concentrations of substances at this boundary are based on the work of
Laane et al. (1993) and are the same for each of these models. Concentrations are specified as
a monthly time series, uniformly distributed over the cross section. The north boundary of the
GENO and ZUNO grids is at 57 degrees N and the substance concentrations are assumed to be
constant during the year. The north boundary of CSM and all boundaries of COAST(KSKCB)
were constructed in a different way and will be described below.

2.2 SPM forcing

Light is the main limiting factor of phytoplankton for most of the time during the winter half
year in the southern North Sea. Also the onset of the spring bloom is controlled by the
availability of light at many locations. Light availability depends on irradiance, the mixing
depth and the turbidity (the extinction coefficient). The irradiance and depth are the same in
all of the models discussed here and so is the vertical mixing in all but the ZUNO-3D(Z3ZCB)
model. In all models the attenuation of light is computed according to the well known
Lambert - Beer equation relating the overall absorption to substance concentrations, ignoring
scattering, but the substance fractions taken into account and their contribution to the vertical
extinction are not the same in all models. In particular the contribution of yellow substance
(CDOM) is only taken into account in later models (see Table 1). In offshore North Sea waters,
SPM usually does not contribute much to the light attenuation, but in the continental coastal
waters, typically 25 to 75 percent of the light extinction is caused by SPM. The distribution of
SPM in the North Sea is determined by coastal erosion, sea-bed resuspension by waves and
tides and by the residual transport due to tidal, wind-driven, and density-driven currents (see
e.g., Eisma and Kalf 1987, Eleveld et al, 2004). Because the spatial and temporal distribution
of SPM varies, the SPM fields of all models discussed are adopted from SPM submodels, which
are different for different versions of the primary production models. To assess the sensitivity
of the modelling results to differences in SPM fields, all models have also been run using the
oldest (although less accurate) SPM field. The later ones are forced by more realistic SPM
values, which should be reflected in their ability to correctly model phytoplankton.

2.3 Initial conditions

For the sake of intercomparison of the model results, all runs have been spun up to statistical
equilibrium by repeated recycling of the forcing conditions of 2003. Since 2003 is not an
average year, conditions at the end of a the simulation do not exactly match those at the start.
This means that some discrepancies between model and observation could occur at the
beginning of the time series of output, but considering the relationship between the models,
there is no reason to assume that this will cause systematic differences between various
models.
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2.4 Set up of individual models

GENO-DYNAMO(GDGSD): The development of GENO-DYNAMO(GDGSD) began in the middle
of the 1980s when one of the main issues was to describe, understand and predict the
development and abatement of eutrophication in the Dutch coastal zone (Van Pagee et al.,
1988; Glas and Nauta, 1989; Nauta et al., 1992; Los et al., 1994; Peeters et al., 1995).
Transport modelling is based on 2D hydrodynamic calculations for average conditions (one
representative day). The GENO (Generic North Sea) grid has a uniform 16x16 km mesh size
covering the southern North Sea (up to 57 degrees N), totaling 1395 computational elements
(see Fig. 1). A constant SW wind of 4.5m.s™ is applied to force the transport in addition to the
semidiurnal tide.

In this model a linear light model is assumed including terms for back ground extinction,
suspended matter (SPM), detritus and phytoplankton. The background extinction is constant in
time and space, but SPM varies spatially. The SPM field was simulated by a steady state model
(Los et al., 1994).

GENO-DYNAMO(GDGSD) considers closed nutrient cycles for N, P and Si and two functional
groups of phytoplankton: 'diatoms' and 'others', the first requiring silica as a nutrient. The
model includes only twelve state variables and includes a simple sediment module and
processes such as mineralization, nitrification and denitrification.

GENO-NZB(GDGSB):  This may be considered as an extended version of GENO-
DYNAMO(GDGSD). There are two differences between these models. First: in GENO-
NZB(GDGSB) the constant SPM field is transformed into a time variable field. The overall
seasonal variation is simulated by means of a harmonic function with relative high values in
winter and low values in summer. Its amplitude is based upon the observed level of variation
for several years. This method was first described by Los and Bokhorst (1997). Second, the
simple algal module was replaced by the much more advanced BLOOM module. This module
considers 12 phytoplankton types grouped into 4 functional groups: diatoms, (micro)
flagellates, dinoflagellates and Phaeocystis. BLOOM had already been applied to many fresh
water systems since the end of the 1970s and as a 1Dv model to the North Sea (Peeters et al.
1995), but GENO-NZB(GDGSB) was the first extensive marine application of this model. For
each species and species type, there is a different factor for converting biomass to chlorophyll
concentration. This factor is depending on the limiting condition (light; nutrients) and ranges
from 0.0067 to 0.0533 mg chlorophyll-a per mg C. A complete overview is given in Los and
Wijsman (2007).

The original set of phytoplankton model coefficients was determined using preliminary results
from laboratory experiments by Roel Riegman at the Netherlands Institute of Sea Research
(NIOZ), which were later published in revised form. These are not used for the simulations
presented here, however. During later model applications these coefficients were adapted
based on work by Riegman et al., 1992; Riegman et al., 1996; Riegman, 1996; Jahnke, 1989)
and simulation results of the model. This set of coefficients, which was originally used for the
CSM(CDGSB) and COAST(KSKCB) model applications (see below), has also been used for
GENO-NZB(GDGSB) in the present study in order to allow for a direct comparison between
these models. Regarding all other aspects (hydrodynamics, forcings, non-algal model
coefficients etc.), GENO-DYNAMO(GDGSD) and GENO-NZB(GDGSB) are identical.
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CSM(CDGSB): During the mid 1990s two new model applications were developed: the large
area Continental Shelf Model (CSM(CDGSB)) and a near coastal application COAST(KSKCB),
see Fig. 1. The domain of CSM(CDGSB) extends much further to the north in comparison to
GENO-NZB(GDGSB). These models were used for the OSPAR international model
intercomparison (Villars and De Vries et al., 1998). In CSM two grid resolutions are used. In
the northern part of the domain the grid is similar to GENO-NZB(GDGSB), but in the southern
part, the elements are four times smaller (i.e. 8x8 km). Several combinations of transport
fields, dispersion coefficients and wind speeds have been tested, but the most realistic results
in transport were obtained by simply forcing the model with a constant SW wind of 9ms™!
without an additional dispersion coefficient. The total amount of computational elements of
CSM(CDGSB) is 3915.

The Channel boundary of CSM(CDGSB) is at the same position as for GENO and the same
concentrations are used. Notice that differences in residual flows could still lead to different
fluxes of for instance nutrients though. The (new) north boundary was constructed by an
iterative procedure in such a way that concentrations of total nutrients along the transect at 57
degrees north are similar to those specified as north boundary for GENO-NZB(GDGSB). In the
CSM model the exchange with the Baltic through the Kattegat is specified as an additional
discharge with a constant flow rate of about 14000 m’ s and concentrations similar to those
of the Channel boundary.

The light model is the same as in GENO-NZB(GDGSB), the same SPM field is used but the
specific extinction coefficient of SPM was increased. During the construction of the GENO
models only a small number of light extinction measurements had been available. In later
years, when these numbers started to be collected more regularly, it became obvious that the
contribution by SPM to the extinction had been underestimated in the earlier models.
Consequently: in CSM(CDGSB) a larger portion of the incident radiation is absorbed by the
SPM compared to GENO-NZB(GDGSB) even though the same SPM forcing is imposed as forcing.

With respect to the other model equations and parameters, differences with GENO-
NZB(GDGSB) are minute. The set-up of the phytoplankton model of CSM(CDGSB) is the same
as in GENO-NZB(GDGSB).

COAST(KSKCB): COAST(KSKCB) is the first model application using a curve-linear, fine
resolution grid along the Dutch North Sea coast. This coastline-following grid allows
transport to follow the coastal contours (De Kok et al., 2001). The original hydrodynamic
model grid was aggregated resulting in a total number of 2153 computational elements used
for the ecological simulations (Fig. 1). Seasonal variations in flow conditions are not
explicitly modelled, but mimicked by correcting the dispersive flow rates of a single
representative daily flow as a function of the 30 year averaged historic wind direction and
speed. The horizontal dispersion is relatively small when the average wind is from the south
west and largest for winds from the north west (March and April). This application, originally
called ‘North Sea Bloom’, was extensively calibrated to obtain the optimal set of model
coefficients given the objective of the modelling and the application area (Los & Bokhorst,
1997; De Vries et al, 1998; Blauw et al.; 2009). It was also used for many management
evaluations (e.g. Boon and Bokhorst, 1995; Los and Bokhorst, 1997; Villars and de Vries et
al., 1998).
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In comparison to all other applications presented here, the boundaries of COAST(KSKCB) are
situated much closer to the continental coast. The model domain has open boundaries to the
south, west and north (See Fig. 1). Since the prevailing transport direction along the Dutch
coast is from south west to north east, the southern boundary the most important. For the
original model application concentration values for all substances were adopted from the long
year averaged measurements at the nearby Appelzak transect (Fig. 2) between 1975 and 1985.
In the simulation results presented here, the PO4 concentrations at this boundary were reduced
by 35 percent to account for the about 50 percent PO, reduction of river discharges, which has
been achieved since the mid 1980s. Using this correction factor simulated winter POy4 values
along the Dutch coast agreed well with the observations for 2003 (Rijkswaterstaat, 2003).

Values for computational boundary elements in which no monitoring stations are located,
were obtained by fitting an exponential curve through the observations. Little variations are
observed along the western boundary. Therefore concentration values here were obtained by
simply taking the average of all observations at all stations 70 kilometres off the coast.
Concentrations at the northern boundary were obtained from measurements at the Rottum
transact. Notice that this is by far the least important boundary due to the prevailing direction
of the currents. Substances which are not measured directly (i.e. detritus) were computed
according to same procedure that was used for the boundaries of the other models (see Los et
al., 2007 for more details).

For the application of the COAST(KSKCB) model, a new SPM field was generated (De Kok et
al., 1995). In general the agreement with observed SPM values has improved, although this is
not the case at all stations. To distinguish between differences due to changes in
hydrodynamics and those due to changes in SPM an additional simulation was performed with
the COAST(KSKCB) model using the SPM field from GENO-NZB(GDGSB) (see Table 1). Time
series plots of these additional runs are not shown in this paper, but the overall results are
included in the Goodness of Fit scores (GOFs) presented below.

In the coastal zone coloured dissolved organic matter (CDOM) from riverrine sources
contributes significantly to the attenuation of light. To first order, the CDOM concentration can
be approximated as a linear function of the fresh water content (Peters et al., 1991; Los et al.,
1997; Van Gils and Tatman, 2003; Los et al., 2007). In COAST(KSKCB) therefore a salinity
dependent term was added to the extinction model, resulting in improved simulation results of
the extinction coefficient (see Los et al. 1997 for more details). With respect to all other
model equations and coefficient values, COAST(KSKCB) and CSM(CDGSB) are identical.

ZUNO-2D(ZNZCB): The ZUNO (Zuidelijke Noordzee, i.e. Southern North Sea) grid was
developed as a follow-up of both the CSM and COAST grid. This is a curve-linear grid with a
moderately high resolution in the Dutch coastal zone of ca. 2x2km and a lower resolution of
up to 20x20km in the most north westerly part of the domain. The version of ZUNO presented
here consists of 4350 active elements horizontally and 10 vertical sigma layers. The transport
fields applied in this paper all stem from 3D hydrodynamic simulations using the Delft3D
flow code ((Lesser et al., 2004; WL | Delft Hydraulics, 2005). Depending on the specific
question to be addressed, the BLOOM/GEM transport model is either run in 2D or in 3D mode.
Unless stated otherwise ZUNO-2D(ZNZCB) simulation results presented in this paper are based
on a single spring - neap cycle forcing. Besides, additional results are shown in which the
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climatological forcing of the 2D model is the same as for the 3D results shown here. This
model will be denoted by ZUNO-2DR(ZRZCB).

The Channel boundary of ZUNO-2D(ZNZCB) is the same as for GENO and CSM. Although
concentration values at the north Atlantic boundary have recently been updated based on an
extensive literature study (Blauw et al., 2006), these new boundary conditions have not been
used during the simulations reported here for the sake of comparison to the older models.
Hence, the same northern boundary was used for all simulations by all models (except
COAST(KSKCB)).

The SPM forcing of ZUNO is based on simulation results of an improved steady state model
(WL|Delft Hydraulics, 2001). Simulations were performed on the 4x4 refined version of the
ZUNO grid in 3D mode and projected on the coarser grid used here. In comparison to the
previously used SPM fields, locally the agreement with the measurements has improved. This
is particularly true in the Dutch Coastal zone due to the refined resolution. As in the other
models the overall seasonal variation is simulated by means of a harmonic function with
relative high values in winter and low values in summer. However, using this function, the
spring bloom in the model tends to be rather late because in reality short periods of quiet
conditions with relatively low levels of suspended matter play an important role in triggering
the onset of the spring bloom. To account for these short-term variations, we have assumed a
relationship between the SPM concentration and the average wind speed to further adjust the
harmonic signal. The amplitude of this short term fluctuation is a multiplication factor varying
between 0.3 and 1.7 depending on the difference between the actual and average wind speed
(5.5ms™. Again, these factors were determined empirically in such a way that the observed
interannual variability could be reproduced sufficiently well (see Los et al. 2008 for more
details). To distinguish between effects of changes in resolution and in SPM field, an
additional simulation was also performed by which the ZUNO 2D model was forced by the
same SPM field as the two GENO models and CSM(CDGSB). This simulation is denoted by
ZUNO-2D(ZRGCB).

As for the previously discussed models, sea water temperature in the default ZUNO-2D(ZNZCB)
applications is derived from measurements from station Noordwijk 10. In the simulations
using actual transport fields (i.e. ZUNO-2DR(ZRZCB)), however, the temperatures are adopted
from the Delft3D-Flow hydrodynamic model (spatially and temporarily varying).

The model set-up is basically the same as in COAST(KSKCB), but some model parameters were
modified according to recent insights. Some coefficients of the light model were adjusted
based on an extensive data analysis (van Gils & Tatman 2003). Several phytoplankton related
parameter of the BLOOM module were updated to accommodate new experimental results on
the functional groups in the model. Particularly for nutrient-stressed species the stoichiometric
ratios of the model were modified (less nutrients per unit of biomass) (Riegman unpublished
results). The optimum light intensity of several species was reduced (Jahnke, 1989; Ferris et
al. 1991; Garcia et al., 1992) meaning enhanced growth rates at low light intensities.

ZUNO-3D(Z3ZCB): The main difference between ZUNO-3D(Z3ZCB) and ZUNO-2D(ZNZCB) is the
vertical resolution. Furthermore historic atmospheric data force the transport in ZUNO-
3D(Z3ZCB), while ZUNO-2D(ZNZCB) is forced by an average spring - neap cycle in the
simulations reported here. Because the 3D model takes stratification into account, temperature
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adopted from the Delft3D Flow hydrodynamic model is specified as a 3D, time variable
forcing to BLOOM/GEM. Other forcings and model parameters are the same as in ZUNO-
2D(ZNZCB). To investigate the impact of advances in SPM modelling, an additional simulation
(ZUNO-3D(Z3VCB)) was performed using results from a dynamic, fine resolution sediment
transport model (Van Kessel et al, 2008).

2.5 Monitoring program

Half way the 1970s the Dutch national government initiated an extensive monitoring network
covering all national waters including the North Sea which was rather unique at that time. The
network covers sampling stations in river branches, estuaries and marine waters. For the
present study only the marine stations are considered. These stations are visited by survey
vessels every 2 to 4 weeks that collect water samples from the surface layer (nominally 1 m
below sea surface level). Visits to the stations are randomly timed with respect to the tidal
phase but are always carried out under relatively calm weather conditions (wind strength less
than 7 Bft).

Terschelling 235

Figure 2. Location of coastal water quality and ecology monitoring stations from the Dutch national (MWTL)
monitoring programmes in the Southern North Sea. All stations indicated by a circle were
monitored in 2003, results are presented for stations mentioned by name. Stations marked by +
were monitored in some but not all years between 1975 and 2003 and considered during the
calibration and validation of the original model applications. Bathymetry of ZUNO models is
included for indication, contour lines start a 10 m depth, interval 15 m
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Unfortunately, the original network was stepwise minimized rather than maintained or
extended in later years. Hence, for 2003, 12 variables at 17 stations have been considered for
direct comparison with model results (Rijkswaterstaat, 2003). Besides, all relatively recent
(less than 10 years old) data that were available for about a dozen additional stations have
been used as supporting evidence to evaluate the performance of the various model versions.
An overview of the locations is shown in Fig. 2. The relevant substances for the present paper
are listed in Table (2).

Table 2 Monitoring information on substances used in this paper.
Substance Unit Remark
Chlorophyll-a Chlorophyll-a mgm>
NO; nitrate NO5~ gNm? NO, is measured seperately but
ignored
PO, ortho phosphate PO, gP m?
totN total dissolved Nitrogen gNm> NO,+NO;+NH,+organic N No
refractory N in model
totP total dissolved Phosphorus ~ gP m™ PO4 + particulate organic and
inorganic. No refractory P in model
SiO, dissolved silica SiO, gSim? after filtration
SPM suspended particulate gm’ filter residue, anorganic
matter
Ext extinction coefficient of m!
visible light
Phaeocystis biomass of Phaeocystis gCm? Cell counts converted to biovolume
globosa converted to gC
Diatoms biomass of all diatom gCm? Cell counts converted to biovolume
species converted to gC
micro flagellates biomass of all pico ¢Cm? Cell counts converted to biovolume
phytoplankton and micro converted to gC
flagellate species
Dinoflagellates biomass of all dino ¢Cm’ Cell counts converted to biovolume
flagellate species converted to gC

2.6 Calibration procedure original models

For the setup and calibration of the original models, the following procedure has been
followed in general. First, salinity and tracer simulations were performed to check the main
transport characteristics. Next calculated concentrations of chlorophyll-a and nutrients have
been compared with measurements in the following manner: (1) The most important measure
for phytoplankton biomass chlorophyll-a was compared graphically with measurements.
Usually this was done using observations for several years plotted as a single set of data
points. (2) The analysis of limiting factors and phytoplankton species and types was made.
For phytoplankton only a qualitative analysis was possible. (3) The calculated dissolved
nutrients were compared graphically with measurements. In this comparison it is important to
know if a nutrient is (sometimes) limiting or not (see step 2). (4) The calculated total nutrients
were compared graphically with measurements. In case of discrepancies with measurements,
the comparison of individual terms (phytoplankton and dissolved species) also had to be
reconsidered. (5) The calculated light extinction was compared graphically with
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measurements (only for later model versions as little data were available when the oldest
models were calibrated).

2.7 Validation and model intercomparison: goodness of fit criteria

Apart from calibration, which, as outlined above, tended to focus on reproducing the multi-
year mean, spatial and seasonal patterns, past validations have been carried out for particular
years. Typical validation years were 1985 (GENO models), 1990 (CSM(CDGSB) and
COAST(KSKCB)) and 1988 - 1989 (ZUNO-2D(ZNZCB) and ZUNO-3D(Z3ZCB)). In this paper, we
will discuss the various model applications by comparing their results to the in situ
monitoring data in the Dutch coastal zone by Rijkswaterstaat for 2003 (Rijkswaterstaat 2003).

Traditionally, the validation consisted of visual inspection of time series output and spatial
maps of model results. Over time, however, more formal, quantitative validation methods
gained attention. This became more common practice in particular due to the 1996 OSPAR
ASMO Eutrophication modelling workshop (Villars and De Vries et al., 1998). Since then, the
so-called OSPAR cost function has been applied to quantify the performance or skill of coastal
biogeochemical models, see e.g. Los et al., 2008 and Blauw et al, 2009 for a discussion on the
BLOOM-GEM model, but also Radach and Moll (2006).

The OSPAR cost function CF is one of the options. It is in fact the normalized mean absolute
error (MAE) between model and observation, defined here as

. MVI _Dﬂ

1
CF—N; o

(M

where the average over discrete time » spans an annual interval is determined for observations
D, at each individual station and model output M, at its matching model grid cell; op is the
annual standard deviation of the observational data.

The normalization has been chosen to express the goodness of fit in terms of multiples of the
standard deviation, with CF<I being classified as ‘very good’, 1<CF<2 as ‘good’, 2<CF<3 as
‘reasonable’ and any CF beyond this upper limit as ‘poor’. Note that the upper limit of 3 is
chosen according to Radach and Moll, 2006, whereas Villars and the Vries adopted a limit of
5 to separate ‘reasonable’ from ‘poor’.

Selection of GOF score criterion: As a first step in the analysis, cost function results have
been computed for a number of substances and stations. Fig. 3 shows a typical example for
chlorophyll-a at a number of representative stations. Based on the criteria proposed by
Radach and Moll (2006), almost all model results at almost all stations could be qualified as
'very good' or ‘good’. Moreover, scores for different models per station are often rather
similar. In contrast, if we plot the model results against the measurements, there are
sometimes clear and consistent differences between individual models which we think should
be reflected by the GOF scores. Clearly, the OSPAR Cost Function has little distinctive power.
For scrutinous model performance evaluation the OSPAR Cost Function seems hardly suitable.
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Figure 3 OSPAR Costfunction (CF, see eq. (1)) results all 6 base 2003 model cases at 9 representative
monitoring stations for Chlorophyll-a using the observational data of 2003. Bars correspond to the
scores for the individual stations (from left to right: Walcheren 2; Noordwijk 2, 10, 20, 70;
Terschelling 10, 135, 175, 235). Not all stations are represented in all applications. Dashed lines
indicate the class limits (see text).

The issue of defining appropriate measures to quantify model skill and aid model
intercomparison has received increasing attention in recent publications. Following the
atmospheric modelling community (e.g. Taylor, 2001), the biogeochemical modelling
community is entering a phase of growing need and possibility of quantifying model skill due
to the increasing interest in operational model applications and the growing amount of
observational data. Allen et al (2007), pointed out the issue of matching the traditional visual
inspection of time series to skill measures and explores a range of measures. In subsequent
studies by Jolliff et al. (2008), Friedrichs et al. (2008), Stow et al. (2008), various measures
have been applied more extensively. From these, we adopted the target diagram as presented
by Jolliff et al. (2008) as it turned out to best convey the message otherwise extracted from
the comparison of model and observation time series.

The target diagram displays the difference between data sets in terms of both the bias B and
the unbiased root-mean-squared difference RMSD .
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where the overbar denotes averaging in the same sense as in (1) and primes denote the
residue, e.g. for M

M'=%ZV:(MW—M) @)

n=1

The bias B is indicative of the match between model and observations in the annual mean
sense, the unbiased root-mean-squared difference RMSD’ is a measure for the match between
the residues of both time series after removal of the bias. As discussed by Jolliff et al. (2008)
in more detail, RMSD’ is a measure of the overall agreement in both phase and amplitude of
the variability of the compared time series.

Upon plotting both measures in a single graph, the overall root-mean-square difference
(RMSD) is indicated by the radial distance from the origin. Since, by definition, the following
holds for RMSD:

RMSD’ = B> + RMSD" 5)

Following Jolliff et al. 2008, we adopted the convention to normalize B and RMSD’ by the
standard deviation of the observations gp and to multiply RMSD’ by the sign of the standard
deviation difference sgn(oy - op). Due to the normalization, both B and RMSD’ are non-
dimensional and readily interpreted with respect to the variability within a given signal. The
use of the signum (sgn) function adds information on whether the model over- or
underpredicts the observed variability to RMSD’ which is positive definite.

In summary, the normalized bias will be shown on the ordinate of the target diagram:

M—D
B*= (6)
O-D
And the normalized, signed, unbiased root-mean-square difference on the abscissa:
_ — -2
RMSD'* = Sgn(O-M O-D)[(M'*D')z:l (7)
O-I)

As discussed by Taylor (2001), and reiterated by Jolliff et al, (2008), there is a relation
between the linear correlation coefficient R and the unbiased RMSD’ which is helpful in
defining additional goodness of fit criteria. Following equation (4), a circle with radius 1 on
the target diagram corresponds to a total normalized RMSD equal to the standard deviation of
the observations. A model that would merely reproduce the annual mean of the observations
would score RMSD*=1 and zero bias. Hence any model result outside this circle with RMSD*=1
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can be considered as poor. Moreover, any result on the target diagram with total RMSD*<1,
cannot be negatively correlated to the observations (see Jolliff et al, 2008 for more details).

Because RMSD*’ is related to the correlation coefficient R by
RMSD'"*=+/1+c* 20 *R (8)

where o*=0,,/0,and R=M'D'/ 0,0, , RMSD* attains a minimum when ¢*=R. Since this

is also the minimum total RMSD*, a circle with radius M,, =+/1—R; denotes the minimum

total RMSD* possible for a given Ry and all points between this circle and the origin
correspond to R>R. This leads to the definition of a second, relative rather than absolute,
criterion. Since Ry =0.67 (i.e. Mg, = 0.74) matches the 15% percentile of all model
chlorophyll-a scores at all stations, we identify model results with RMSD*< Mg, as ‘good’.
Any score with Mg, <RMSD*<1 we refer to as ‘reasonable’ The choice for chlorophyll-a is
motivated by the fact that this is the main objective variable for which the models have been
developed. For the other variables the same classification has been adopted.

2.8 Illustration

Fig. 4 below illustrates the use of the Target Diagram for a particular station (Walcheren 02)
for chlorophyll-a in comparison to the time series plot. Evaluating the time series in Fig. 4a
leads to the impression that for example the COAST model applications do not capture the
temporal pattern which leads to overprediction in summer and autumn. On the other hand,
GENO-DYNAMO(GDGSD) and GENO-NZB(GDGSB) show an undeprediction of the signal and
also a mismatch in timing. Relatively speaking, the 3D ZUNO models appear to perform best,
as they exhibit a distinct spring autumn blooms, albeit that the timing could still be improved.

These general statements are reflected in Fig. 4b. Clearly COAST(KSGCB) (with SPM from
GENO) is an outlier and performs poorest in relative sense. It is the only result with RMSD *>0,
i.e. where the model standard deviation exceeds the standard deviation of observations. Both
the normalized bias and unbiased RMSD are larger than one. The bias of the base
COAST(KSKCB) model is remarkably smaller, but it is clear that the capture of variations is still
poor. COAST(KSKCB) in this case is more or less comparable to a model merely describing the
annual mean. The DYNAMO and GENO-NZB models also perform poorly and exhibit a
relatively large negative bias (underprediction). The 3D ZUNO model (Z3VGB) performs best,
whereas ZUNO (z3ZCB) suffers somewhat from a larger underprediction of the mean and of the
variability.
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(A) Time series of Chlorophyll-a at station Walcheren 02 for all model runs discussed in this paper. Lines are
shown to aid distinguishing the time series; they connect data at various intervals (models weekly,
observations at least 2-weekly), but ignore actual shorter-term variability. (B) Corresponding target diagram,
showing the normalised bias and signed, normalised, unbiased root-mean square difference of the model
results with respect to the observations. Results within the drawn circle with overall RMSD*=1 score at least
‘reasonable’, results within the dashed circle RMSD*= Mg, = 0.74, score ‘good’ (see text for further details).

211



Chapter 8

3. Results

This series of model applications is intended to compare the model versions with each other
and with the observations. First the overall model performance is assessed based on the Target
Diagrams as a formal goodness of fit criterion using clustered results for all monitoring
stations sampled in 2003 (see also Fig. 2). Notice that by considering all stations
simultaneously, discrepancies in model behaviour might be obscured for instance due to
compensating errors at different locations. Findings will be illustrated by some graphs for one
representative monitoring location. Next, time series simulation results are presented for some
typical stations in order to demonstrate the importance of various factors i.e. resolution,
historic forcing, SPM forcing etc.

3.1 Overall model performance

Chlorophyll-a and species composition: As explained in ‘Calibration procedure original
models’ during the calibration of all models an attempt was made to optimize the overall
result for chlorophyll-a at a number of representative stations. Fig. 5 shows the results for the
present application of the models. Indeed the overall score for all models shows little
variation. Almost all models have a reasonable RMSD score and the differences within are
rather small. The typical bias B* of the models is between -0.2 and 0.2, which is much smaller
than the unbiased RMSD scores which are typically between -1 and +1. In other words: in all
models the annual average is close to the measurement, but the level of variation shows
stronger discrepancies and is typically smaller than observed. This result is in agreement with
the method of calibration, which focused on reproducing seasonally averaged results. Notice
that even the RMSD score of the oldest, least advanced DYNAMO(GDGSD) (black circle) model
does not differ much from the score of the latest ZUNO-3D(Z3ZCB) (white star). It should be
pointed out, however, that for many individual stations, the overall RMSD score of
chlorophyll-a did improve in later model versions. The singular position of the ZUNO-
3D(Z3VCB) model in the target diagram indicates that the results are sensitive to the forcing by
SPM: its overall RMSD is comparable its the companion ZUNO-3D(Z3ZCB), but its variability
exceeds the observed.

For diatoms (Fig. 6a) the bias between model results and biomass estimates from cell counts
is typically between 0 and 1. The ability of the models to reproduce the variability of the data
is considerably smaller. The absolute value of all RMSD scores are larger than 1.0. There are
two clusters with models. The RMSD * score is negative for all models which are forced with
the SPM field from GENO and positive for all other models. So the SPM field, hence the light
climate, is a crucial factor for the simulation of diatoms. Resolution and forcing of transport
are less important considering the clustering of models.

The biases for Phaeocystis (Fig. 6b) are usually less than 0.5, which is considerably smaller
than for diatoms. The RMSD’* scores are also smaller. The differences within the model results
are rather small; interestingly enough the oldest and coarsest GENO-NZB(GDGSB) model has
the best overall RMSD’ score.
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Figure 5 Target diagram for Chlorophyll-a, all stations in all applications.

Biases for flagellates (Fig. 6¢) are usually positive and range from 0 to about 2, moreover all
RMSD* scores are larger than 2. So there is a tendency to overpredict the overall biomasses
and the level of variation produced by the models by far exceeds the level of variation of the
data.

In the case of dinoflagellates (Fig. 6d) all biases are positive and always greater than 0.5. The
RMSD’* scores are positive and greater than 1.5, indicating that the models strongly
overpredict the level of variation for this group.

So while the overall scores for diatoms and Phaeocystis could still be called reasonable or
good, the score for flagellates and dinoflagellates are poor. This means that for all models the
overall scores for chlorophyll-a are much better than for individual species groups. This issue
will later be addressed in the discussion of this paper.
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Figure 6 Target diagram for biomass of Diatoms (A), Phaeocystis (B), Flagellates (C) and Dinoflagellates
(D), all stations in all applications.

Total nutrients: Often a comparison between the simulated and observed salinity is adopted
to demonstrate the level of accuracy of the transport modelling. However, because in some of
the older models salinity is not prognostically computed, we choose to show total nitrogen
(TotN) and total phosphorus (TotP), which are included in all models, as proxies.
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Figure 7 Target diagram for total Nitrogen (A) and total Phosphorus (B) concentration, all stations in all
applications.

Fig. 7b shows the target plot for TotP. In comparison to TotN, the scores of individual models
vary less. There is a negative bias for all models ranging from -0.8 for GENO-NZB(GDGSB) to
less than -0.5 for COAST(KSKCB) and most of the ZUNO based models. This negative bias
might be caused by an underestimation of the external P-inputs (loads and boundaries), or by
an underestimation of the P release from the sediment. All models were rerun until they had
achieved equilibrium for all state variables, but in reality sediments in the coastal regions
might still contain significant amounts of reactive P stored during the 1970s and 1980s, when
the external loads were considerably higher than in 2003. In comparison to TotN, the RMSD’
scores are larger and all of them are negative, indicating that there is less variation in all of
these models in comparison to the data. The overall score for the two 3D ZUNO models, the
COAST models, and one of the 2D ZUNO(ZRZCD) models are reasonable

The ranking of the models clearly reflects the level of detail in resolution of the grids so this
seems to be a critical factor for the accuracy of the overall transport model. Whether the
model is 2D or 3D or what forcing is imposed does affect the results, but seems less critical
on an annual basis when all stations are taken into account. For instance the score of
COAST(KSKCB) with a daily forcing is on a par with the score of ZUNO-3D(Z3ZCB).
Furthermore the scores of the ZUNO 2D model with historic forcing (ZUNO-2DR(ZRZCB)) and
with a representative spring neap cycle (ZUNO-2D(ZNZCB)) are also about the same.

Notice that the RMSD score of the total nutrients is better for later models, but this has not
resulted in a similar improvement of the overall score for chlorophyll-a.
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SPM and total extinction: Fig. 8a shows the target diagram for the SPM forcing of the
models. On average all models overestimate SPM and the average bias was hardly reduced
during development of the SPM models up till the ones used here. Only the latest ZUNO-
3D(Z3VCB) model using results from a new, dynamic SPM model (Van Kessel et al, 2008),
shows an improvement in the overall bias. With the exception of the COAST(KSKCB) model
the residues are larger than observed for all models. Two additional remarks need to be made.
First, high-frequency OBS measurements indicate that the level a variation and the average
value in SPM is underestimated by traditional monitoring (Blaas et al., 2007). Second, the SPM
scores of some models, which are forced by the same SPM field, are not exactly identical as
they should be in theory. This is caused by small imperfections in the procedures to project
the SPM field from one grid onto another.

The total extinction is one of the most complex outputs from the models because it is
influenced by both forcings (i.e. SPM) as well as by output variables (i.e. the phytoplankton
biomass). Moreover, the individual terms are negatively correlated i.e. an overestimation of
the contribution of SPM may be compensated by an underestimation of the amount of
phytoplankton in case of light limitation.

The bias of the total extinction (Fig. 8b) has been reduced from 0.8 in the two GENO models
to less than 0.1 in the latest ZUNO models. Two factors contribute to this improvement: (1)
more recent models take the salinity as an approximation for dissolved organic matter (CDOM)
into account and (2) new values for parameters of the light module were obtained from a
statistical analysis of all available data (v. Gils et al., 2003). The RMSD’ score has also been
reduced, but not to the same extent as the bias. In the latest models the level of variation
exceeds the measurements. This is caused by an exceedance of the level of variation of SPM,
which has already been mentioned in the previous section. Nevertheless, the overall RMSD
score has improved from poor to good over time.
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Figure 8 Target diagram for SPM (A) and vertical extinction (B), all stations in all applications.

Dissolved nutrients: The location of the models in the target diagrams for NO3 and SiO,
(Fig. 9a and 9b) are quite similar in terms of clustering of results, but both the biases and
unbiased RMS-differences for most models are slightly smaller for NOs. For NO; the score of
all models except GENO-NZB is good, for SiO,, most scores are reasonable, or marginally
good. For both variables the sign of RMSD* is positive for the two ZUNO-3D and the two
COAST models. The 3D model and the high resolution 2D model generate more variability by
nature. There is no significant difference between the 2D ZUNO model with spring neap
forcing (ZUNO-2D(ZNZCB)) and with actual forcing (ZUNO-2DR(ZRZCB)) so we may conclude
that indeed the 3D transport phenomena cause the increase in variation of ZUNO-3D(Z3ZCB). It
is less obvious why the unbiased RMSD for COAST(KSKCB) is similar to the one for ZUNO-
3D(Z3ZCB). Most probably this is due to the seasonal correction of the horizontal dispersion,
which was intended to mimic 3D phenomena. For SiO, one of the ZUNO 2D models has a
positive RMS difference as well. Here, the simulated result for diatoms is different because a
different SPM field was used as forcing which affects the development of the spring bloom.

For POy (Fig. 9¢) the overall RMSD scores are higher and only the GENO-NZB and DYNAMO
models have a negative score. The high scores are not caused by a large bias, but by a
relatively large value of the unbiased RMS difference. It is known from all these models that
they tend to underpredict the PO, release from the sediment during summer which causes
seasonal deviations relative to the observations (Los et al., 2008).

In spite of the obvious differences between the models, all scores for NOs are good, for SiO,

one half ranks as good, the other half as reasonable and for PO4 only GENO-DYNAMO(GDGSD)
marginally passes the good criterion, while all others are reasonable or marginally poor.
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Figure 9 Target diagram for total NO3(A), SiO, (B) and PO, (C) concentration, all stations in all applications.

3.2 Simulation results characteristic stations

As an illustration of the performances of the individual models at a typical location, results
are presented here for three typical stations: Terschelling 10km, Walcheren 2km and
Terschelling 235km (Dogger bank) (See Fig. 2). In all graphs the simulation results of some
models are plotted against the measurements for 2003. Also included is the monthly mean,
median and 90 percentile of the measurements for the years 1996 - 2002. These give an
impression of the long term typical values for a particular station. Given the advances in the
models, one might expect a gradual shift in model behaviour with an improved fit of later

models with respect to the actual 2003 measurements.
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Terschelling 10km: Terschelling 10km was selected for two reasons. First it is situated
10km offshore hence also the coarser models could still produce reasonable results here.
Second it is more than 100 km north of the river Rhine outflow so observed nutrient levels are
still clearly elevated in comparison to offshore locations, but the water is nearly always
vertically mixed and horizontal gradients are not as strong as along the Noordwijk transect.

Fig. 10 shows the results of chlorophyll-a for all models. Although simulated chlorophyll-a
levels of the two GENO based models are mostly below the 2003 observations, all models
results are usually within the range of the long term observations. So if the purpose of the
model application is to produce a multi-year mean result, chlorophyll-a simulations from all
models should be regarded as reasonable or good. A closer inspection of the results does show
some differences in the ability of the models to reproduce seasonality. The variability of the
results tends to increase in later model versions. The spring peak gets more pronounced and
while in the GENO based models chlorophyll-a declines almost monotonously following the
spring bloom, elevated chlorophyll-a levels later in the year are simulated by some of the
other models in particular by COAST(KSKCB) and the ZUNO models. This improves their visual
appearance relative to the measurements.

Fig. 11 shows the results for total nitrogen and total phosphorus for all models at this station.
Obviously the January observation differs considerably from the one in December.
Remembering that all models were run with initial conditions taken from the end of the
simulation, so the January measurements can hardly be reproduced by any of the models and
should be ignored. In the case of total nitrogen, simulation results for the two GENO models
and for CSM(CDGSB) are consistently below the measurements (Fig. 11a). Results of ZUNO-
2D(ZNZCB) are also below the measurements, but the difference is smaller. ZUNO-3D(Z3ZCB)
and COAST(KSKCB) clearly show the best performance (Fig. 11c). Notice that there is an
exceptionally large river outflow at the beginning of the year, which is accounted for in the
load of all models, but only in the residual transport due to density distributions and
corresponding atmospheric conditions of ZUNO-3D(Z3ZCB). This explains why ZUNO-
2D(ZNZCB) with its average spring - neap forcing doest not match the high observations in
March and April, which ZUNO-3D(Z3ZCB) does. In spite of its daily forcing, COAST(KSKCB)
does reproduce these peaks values and as a matter of fact even seems to do better than the
ZUNO-3D(Z3ZCB) model.

For total phosphorus differences between models are smaller than for total nitrogen. The most
plausible explanation for this is a difference in the relative importance of the nutrient sources.
In the case of nitrogen, there is still a dominant contribution by the rivers. In contrast,
phosphorus reductions in the river basin of the Rhine since the end of the 1980s have
diminished the concentration differences with the Channel boundary. Hence TotN, with its
larger spatial gradients, will be more susceptible to imperfections in the transport modelling
along the Dutch coast than TotP. The underestimation by all models during the summer is
caused by imperfections of the relatively simple sediment-bed model adopted in all these
simulations.

219



Chapter 8

[mg/m’] NZR9TS010 Chlorophyll A
25 4
O Mean o Median e 0bs2003 ‘
DYNAMO — —GENO
[mg/m’] NZR9TS010 Chlorophyll B
25 4
20 4
15
10
54
o [Ys] a
j f m a m j j a s o n d
‘ O Mean o Median ® 0bs2003 ‘
Coast — =CSM
3,
[mg/m’] NZR9TS010 Chlorophyll c
25 4
20 4
\
L)
15
10 A [
\
. .
L]
51 A =L U
TR TN
7 ¢ N &
0 . - - - - - - - - - ;
j f m a m j j a s o n d
O Mean o Median ® 0bs2003
Zuno2D — =Zuno3D

Figure 10 Comparison of model results for chlorophyll (mg.m™) for different model versions at station
Terschelling 10km. Circles are measurements for 2003, bars indicate 90 percentile of
measurements for the years 1996 — 2002.
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Figure 11~ Comparison of model results for TOTN (mg.I"") and TOTP (mg.I"") for different model versions at
station Terschelling 10km. Dots are measurements for 2003. Notice that the first measurement
should be disregarded due to the spin-up procedure.

Fig. 12 shows the SPM forcing and the simulated vertical extinction coefficient. In the non-
ZUNO based models, the SPM forcing at this location systematically exceeds the observations.
Nevertheless the simulated extinction coefficients of these models are typically lower than
observed. The main reason is that the contribution by CDOM (approximated by salinity) was
not taken into account in these models. Average results for the ZUNO based models agree
much better with the observations. The wind-based seasonal variation (See ‘Main features of
models’) is similar in amplitude to the long term observed variation at this station. The
simulated vertical extinction coefficients by COAST(KSKCB) and the two ZUNO models agree
better with the observations compared to those of the previous models. The enhanced
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Figure 12
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Comparison of model forcing by suspended matter (mg.1") (A) and the resulting vertical extinction
coefficient (m™) for the two GENO based models and CSM (B) and for the Coastal zone model and
the two ZUNO based models (C) at station Terschelling 10km. Forcings for DYNAMO and CSM
(not shown) are the same as for GENO. Circles are measurements for 2003, bars indicate 90
percentile of measurements for the years 1996 — 2002.

variability of SPM is also reflected in an enhanced variability of the extinction relative to
COAST(KSKCB). Notice that the relatively high value of SPM of the COAST(KSKCB) model does
not result in an overprediction of the extinction coefficient. This is because during the
calibration of this model a lower specific extinction was adopted which compensates for high
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SPM values. The specific extinction coefficient of the ZUNO models is based on a statistical
analysis (Van Gils et al., 2003) and should be considered as more realistic.

From a visual inspection of the results for this station it may be concluded that they are in line
with the general results of the target plots presented previously. Resolution affects the
transport hence the total nutrients, but even the coarsest model does not appear to be far off.
The same holds for chlorophyll-a. There have been clear advances in the simulation of the
vertical extinction coefficient due to improvements in the light module.

Walcheren 2km: In an area with horizontal gradients, one might expect that the grid
resolution has a clear impact on the results of the models. To investigate the importance of
resolution at a coastal station, results are shown for the location Walcheren 2. This station is
situated 2km offshore, just north of the Western Scheldt estuary (Fig. 2). It is relatively
shallow with an average depth of about 12m and is characterized by high SPM levels. Because
the residual current are towards the north east, the typical salinity is about 31 ppt, which is
high in comparison to the coastal stations on the Noordwijk transect north of the Rhine-Meuse
river mouth. Occasionally high fresh water discharges from the Rhine-Meuse system do
protrude southward, resulting in a reduction of the salinity by about 1-3 ppt.

Fig. 13 shows the results for the coarse models (DYNAMO(GDGSD), GENO (GDGSB),
CSM(CDGSB)), Fig. 14 or the fine resolution models (COAST(KSKCB), ZUNO-2D(ZNZCB) and
ZUNO-3D(Z3ZCB)) for NO;, SiO,, chlorophyll-a and the extinction coefficient. In the coarse
models, winter levels of the two nutrients are far below the measurements and should be
qualified as reasonable or poor. Summer levels of both NOs and SiO, are limiting for a long
period in all models. Consequently chlorophyll-a levels are strongly underpredicted by the
two GENO models and so is the extinction coefficient. This is not just because chlorophyll-a
(and detritus) are too low, but also because the forcing generated by the SPM sub-model on the
same coarse grid is also far below the measurements. The chlorophyll-a result for
CSM(CDGSB) is clearly better in terms of phasing, but still systematically below the
measurements.

In all three fine resolution models shown here, results for NOs, SiO, agree much better to the
observations (Fig. 14). In combination with a better forcing of the light climate by SPM, this
results in a better simulation result of chlorophyll-a in comparison to the coarse models as
well. The overall result of the ZUNO based models is better than for COAST(KSKCB) because in
the latter summer levels are overpredicted. So while for all stations together, results of
chlorophyll-a do not vary much between the different models, the differences at this coastal
station are considerable. Results for other coastal stations consistently show the same pattern.
Hence we conclude that a fine resolution is a necessary condition to adequately describe
conditions at coastal stations.
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Figure 13 Comparison of NO;(A), SiO; (B) (mg.l'l), Chlorophyll-a (C) (mg.m'3) and vertical extinction
coefficient (D) (m™) for coarse resolution models at station Walcheren 2km. Circles are
measurements for 2003, bars indicate 90 percentile of measurements for the years 1996 — 2002.

But how important is the forcing of the transport? The three fine resolution models differ
strongly with respect to their transport forcing. The COAST(KSKCB) model is basically a
residual-current-driven model with a seasonal correction term of the dispersion for the
climatological wind speed and direction, ZUNO-2D(ZNZCB) is forced by a representative spring
- neap cycle and ZUNO-3D(Z3ZCB) is driven by time and space varying historic forcing for
2003 (see the section ‘Main features of models’ for more details). The overall RMSD scores
(not shown) for NO; and SiO; for these three models are almost the same and qualify as good.
On a seasonal basis ZUNO-3D(Z3ZCB) and COAST(KSKCB) give the best results for dissolved
nutrients in spring during the period when the Rhine - Meuse discharges are extremely high,
but during the rest of the year, nutrient levels exceed the measurement and the best fit is
obtained by ZUNO-2D(ZNZCB). Due to non-linearities in the processes described by the model,
the differences in chlorophyll-a and extinction between the three fine models are even
smaller. So results are rather insensitive to the way of climatological forcing.
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Figure 14 Comparison of NO3(A), SiO, (B) (mg.I""), Chlorophyll-a (C) (mg.m™) and vertical extinction
coefficient (D) (m™) for fine resolution models at station Walcheren 2km. Circles are
measurements for 2003, bars indicate 90 percentile of measurements for the years 1996 —2002.

Dogger Bank (Terschelling 235 km): In the central North Sea, the residence times are
relatively long. In particular in the vicinity of the Dogger Bank, which is approximately 235
km north west along the Terschelling transect (Fig. 2) tracer simulations indicate that after a
year, between 50 and 80 percent of the water in this area was already within the southern and
central North Sea domain when the simulation started. Hence external sources are less
important here in comparison to the coastal zone. The Dogger Bank area is relatively shallow
(about 23 m deep) and usually well mixed. Turbidity is low and, hence, the spring bloom at
this location may occur quite early in the season and even in winter it is not uncommon to
find chlorophyll-a levels of about 1 ug I'', which in this area is a typical summer value.

225




Chapter 8

[mgf]
0.12

0.1

0.08

0.06

NZR9TS235

NO3

[mg/l NZROTS235  Si02 B
0.14

0129
0.1

0.08 {

0 3 (] ‘2 ol . Iy rﬁ T 3 . °
uj Mea; — mu M:edian — © 0bs2003 it m a m J § a s o n d
s R ==& e LR "
Img/m’] NZR9TS235  Chlorophyl c [m-1] NZROTS235  Ext b
9 035

Median e 0bs2003
- - GENO — —=CSM

Mean
Zuno3D

= Mean o Median ® 0bs2003
——Zuno3D - - - GENO — —=CSM

Comparison of three model generations for NO; (A), PO, (B), (mg.I'"), Chlorophyll-a (C)
(mg.m’3 ) and vertical extinction coefficient (D) (m™) (right pannel) at the Dogger Bank
(Terschelling 235km). Circles are measurements for 2003, bars indicate 90 percentile of
measurements for the years 1996 — 2002.

Figure 15

Given the characteristics of this location, one might expect that differences in simulation
results between the models will be mainly due to the choice, formulation and parameterization
of the ecological processes in particular with respect to the stoichiometric ratios. In Fig. 15
results are shown for three different models, one from each model generation: GENO-
NZB(GDGSB), CSM(CDGSB) and ZUNO-3D(Z3ZCB). In GENO-NZB(GDGSB) winter levels of the
two most important nutrients, NO; and SiO; are low in comparison the measurements. Winter
levels in CSM(CDGSB) are highest, ZUNO-3D(Z3ZCB) is in between. All three models correctly
indicate that NOj is limiting for a very large part of the year. All models indicate correctly
that SiO, is also an important limiting nutrient. The recovery and autumn decline is well
reproduced by ZUNO-3D(Z3ZCB). Summer levels are much more smoothed in the other models
although they correctly describe that SiO, declines again in autumn. Summer SiO; levels of
CSM(CDGSB) are much higher compared to the other two models and clearly exceed the
measurements. ZUNO-3D(Z3ZCB) gives the most accurate result for chlorophyll-a and although
its curve is much smoother, levels simulated by GENO-NZB(GDGSB) are usually close to the
measurements as well. Results by CSM(CDGSB) systematically exceed the measurements.
ZUNO-3D(Z3ZCB) gives the best simulation result for the vertical extinction coefficient;
simulated levels by the other two models are usually too low.
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In conclusion with respect to TS235, indeed improvements in the ecological model, and more
specifically in the parameterization of BLOOM and the extinction module, lead to a better
description of chlorophyll-a and the extinction coefficient. Nevertheless, some results cannot
be explained by these improvements. In particular, the seasonal patterns of NO3; and SiO,
simulated by ZUNO-3D(Z3ZCB) are better described by ZUNO-3D(Z3ZCB) than by the two other
models. Since there are no major differences with respect to resolution in the Dogger Bank
area, there must be another cause for this difference. To investigate the impact of
climatological forcing, two additional simulations were conducted with the ZUNO 2D model,
one with spring - neap cycle forcing (ZUNO-2D(ZNZCB)), one with actual climatological
forcing (ZUNO-2DR(ZRZCB)). In Fig. 16 a typical example is shown for SiO,. Obviously,
results of ZUNO-2DR(ZRZCB) closely resemble the 3D model, while results of ZUNO-2D(ZNZCB)
resemble those by CSM(CDGSB) and GENO(GDGSB). In particular the pattern of SiO, increase
towards the end of summer is replaced by a better matching of phase and amplitude once
more realistic atmospheric forcing is applied. So in addition to improved parameterization of
the model, taking more realistic forcing into account does improve the model performance as
well at this location.
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Figure 16 Comparison of SiO, (mg.I™") simulated by ZUNO-2D(ZNZCB) (spring — neap forcing), ZUNO-
2DR(ZRZCB) (historic forcing vertically averaged) and ZUNO-3D(Z3ZCB) (historic forcing in 3D
mode) at the Dogger Bank (Terschelling 235km). Circles are measurements for 2003, bars indicate
90 percentile of measurements for the years 1996 — 2002.
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4. Discussion
4.1 GOF criteria

At the beginning of our analysis, we have applied the OSPAR cost function ((Villars and De
Vries et al., 1998; Radach and Moll, 2006) to compare the scores of individual models.
Previously, we had used this function to assess the performance of the ZUNO-3D(Z3ZCB) model
as applied for the year 1989 (Los et al., 2008). However, during this model intercomparison
we noticed that the discrimination of different model results by the cost function was rather
poor. On several occasions models obtained a similar score for a particular output, although a
visual inspection of the results revealed rather large differences which we felt should be
reflected in their score. In particular for chlorophyll-a, almost all scores for all models at all
considered monitoring locations pass the 'good' criterion (Fig. 4b), in spite of obvious
differences noticed in the time series graphs. In this paper therefore, we have adopted the
target diagram by Jolliff et al. (2008) which provided a concise but more contrasted picture of
model performance on the entire model domain and for the entire period of the simulations.
As with any method that aggregates results, local nuances in time and space are lost as flaws
may obscure each other or overshadow good local performances. The evaluation of the bias in
the target diagram focused on the annual mean, whereas the variability expressed by the
unbiased RMS difference is mostly determined by the seasonal cycle. Given the limited
number of observations in the present validation dataset, we judged it was not sensible to
further refine the evaluation of the results on subseason or regional scale, although in
principle this would be advisable. For the present paper, the focus is on the overall
performance given the present data supported by a discussion of a selection of time series of
local stations in the traditional sense. A follow-up of this study might include additional
mooring and remote sensing data such that a spatial and temporal breakdown of the results is
feasible.

4.2 General observation

During model development every modeller attempts to improve the overall performance in
such a way that obvious shortcomings are corrected while maintaining the quality of those
results that already qualify as good according to the criteria adopted by the modeller. For
relatively complex models with many interactions, parameters and forcings this proofs to be
difficult, if not impossible. The most recent and most advanced model that we have used
during this comparison (ZUNO-3D(Z3ZCB)) indeed obtains the best overall scores, but it is easy
to find exceptions, locally or temporarily, where some other model showed a better match
with the observations. Several of those examples are included in this paper.

More specifically, we have noticed that the overall bias in modelling results has been reduced
more than the ability to reproduce observed levels of variation. For instance an improper
resolution at a particular region such as the Dutch coastal zone, causes biases in many
variables, which cannot be completely 'corrected' by the parameterization of the models.
Hence the bias in results of the least advanced models is relatively large and often also in one
particular direction (i.e. model results are too low throughout a large area). In general
improvements in forcings and physical representation have resulted in a decrease in bias of
the models. With respect to the level of variability assessed here by the RMSD score, we
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noticed that while early generation models usually have a negative score (too little variation),
recent models tend to have a positive score (too much variation). This increase in the level of
variation of the models is due to refinements in resolution and enhanced seasonal variations in
some of the forcings (i.e. SPM). The absolute values of these scores are remarkably similar so
the contribution to the overall GOF score is of the same order of magnitude. While a visual
inspection of the results of models with historic forcing often gives a more realistic
impression, this cannot be substantiated with data obtained by traditional low-frequency
monitoring programs. In contrast, data obtained from alternative measuring devices such as
smartmoorings and satellites suggest that the level of variability is underestimated by standard
monitoring programs. So use of these kind of data is essential to determine if the variability
generated by models with actual forcing is realistic or rather some kind of noise.

4.3 Overall model performance

The overall model performance was assessed in this paper by a comparison of the RMSD
scores of a number of variables simulated by the models at a large number of locations
simultaneously. With respect to the main output variable of the models, chlorophyll-a, the
overall scores are rather similar. This basically means that all models were rather well
calibrated with respect chlorophyll-a. From a detailed analysis of the results of different
models it also appears that this variable is well buffered due to internal compensation
mechanisms. So chlorophyll-a is also a robust model output. Scores for other substances such
as total and dissolved nutrients show more variations. More specifically, the bias clearly
declines with enhanced resolution of the grid. Thus resolution not only affects local results as
one might expect, but also the global transport throughout the model domain. From a
comparison of different combinations of resolution and forcing we also concluded that on an
annual basis an appropriate resolution is more important than the level of realism of the
transport forcing. To put it another way: in this part of the North Sea having the appropriate
residual flows is more important than a detailed simulation of historic events.

Improvements in modelling of the underwater light regime have resulted in a better RMSD
score for the total extinction coefficient in more recent models. In particular, the bias was
rather strongly reduced. This improvement would not have been possible if the salinity
dependent approximation of CDOM had not been taken into account. The importance of this
factor was also clearly demonstrated by Van Gils et al. (2003), who performed a statistical
analyses of all regular observations in the Dutch part of the North Sea. So, although the
overall score for chlorophyll-a did not improve much from one model generation to the next,
the scores for nutrients and underwater light climate improved (rather) strongly. Basically this
means that model development was particularly successful in increasing the consistency of its
various components.
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4.4 Local model performance

On a local scale, differences between models are more, sometimes much more apparent.
Particularly in regions with steep gradients in external conditions such as in the Dutch coastal
zone, a relatively fine resolution, preferably well adapted to the orientation of these gradients,
is essential. On a local scale, not only the scores for nutrients and the extinction vary with
resolution, but also the scores for chlorophyll-a. Again overall consistency increases. The
importance of this becomes apparent when the models are applied for scenario simulations
(nutrient reductions; dredging activities etc.). For instance, in the models with a coarse
resolution tested here, nutrient limitation appears to control the phytoplankton biomass in the
Dutch coastal zone too strongly. Fig. 17 shows a typical example of this type of result for the
models COAST(KSKCB) and CSM(CDGSB) at station Walcheren 2km. Remember that both
models are similar with respect to kinetic processes and parameterization. The cost function
scores of both models for chlorophyll-a is 'very good'. Using the more restrictive RMSD scores
as proposed in this paper, the result by COAST(KSKCB) is good and by CSM(CDGSB) is
reasonable. However, in CSM(CDGSB) nutrient limitation is too severe. To assess the
importance of this difference, a nutrient reduction scenario was run with both models in the
fashion of the reduction scenario studies by the OSPAR Intercessional Correspondence Group
on Eutrophication Modelling (ICG-EMO) reported by Lenhart et al. (this issue). In this example
river loads of N and P (both inorganic and organic) were reduced by 50 respectively 20
percent. Both models were restarted several times until they were sufficiently well adapted to
the new conditions. The scenario results are shown in Table 3. In both models winter levels of
NO; are reduced by almost the same percentage (between 28 and 29 percent). In the case of
CSM(CDGSB), nitrogen controls the biomass to such extent that the decline of the summer
average chlorophyll-a in the scenario is almost the same as the reduction of inorganic
nitrogen: 27 percent. So this model's response is nearly linear. In contrast in the
COAST(KSKCB) model, light rather than nitrogen is the main limiting factor and the summer
average of chlorophyll-a decreases by less than 5 percent for the reduction scenario. Given the
results for NOs, PO4 and SPM in the base case, this last result seems more realistic. This
difference in response would probably be considered as 'significant' during an actual study on
nutrient reductions.

In order to assess the adequacy of a particular model for a particular task it is therefore
insufficient to consider the GOF score(s) for only a single key output such as chlorophyll-a. To
check the consistency also the scores for controlling factors such as SPM, CDOM and nutrients
should be taken into account. A low score for a factor, which is actually controlling the model
behaviour to a large extent, means that scenarios affecting that factor will not be simulated
correctly.

230



Comparison of different biogeochemical model versions

[mgfl

[mg/}

NZR2ZWC002  NO3 A NZR2WC002 ~ OPO4 B
124 0.07
. 0.06
0.8 ° . 7/
06 ol N - I/
\ Y ; L4 o o
04 1 -
. o7
021 . % Ve - o o
0 hd \\% g1 M :
j ‘f m ; m j j a sr :) |i| ; j f m a m j j a s o n d
o Mean o _MNedin © 0bs2003 ‘ ‘ 0 Nean _©_Median ® Obs2003
[mg/]} NZR2ZWC002  Suspendmatter c Imgim’] NZR2ZWC002  Chiorophyl D
120 50
45
40 o
35
30
25
20
15
10
s s}
. ‘ ‘ 0 428==2
j f m a m j j a s o n d j f m
Ve o _teden o || [ 2t g + ove2003
Figure 17 Comparison of NOj; and PO,, suspended matter (mg.I") and Chlorophyll-a (mg.m™) for COAST -
KSKCB and CSM - CDGSB model at station Walcheren 2km. Circles are measurements for 2003,
bars indicate 90 percentile of measurements for the years 1996 — 2002.
Table 3 Impact of nutrient reduction scenario on NO; and Chlorophyll-a at station Walcheren 2km for
Coastal zone and for CSM model.
Case Base Nutrient Reduction Percent Effect
Scenario Scenario
Model NO; NO; Chl-a NO3 NO; Chl-a NO; NO; Chl-a
Winter ~ Summer  Summer Winter Summer Summer Winter Summer  Summer
COAST 0.46 0.3 16.7 0.33 0.19 159 -28.26 -36.67 -4.79
CSM 0.07 0.01 7.3 0.05 0 53 2857 -100 -27.39
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4.5 Total inorganic matter forcing of light

As explained previously, the SPM forcing is very important, particularly in determining the
onset of the spring bloom. Locally, particularly in the parts of the Dutch coastal zone, light
remains limiting to phytoplankton all year round due to high values of SPM, but the area
where this is the case has decreased recently. Due to riverrine reductions in phosphorus since
the 1980s, PO, is now often limiting during summer.

So how sensitive are the modelling results to the forcing by SPM? This question cannot easily
be answered by comparing the results of the base simulations considered here because
changes in SPM forcings coincide with other modifications notably in resolution and transport.
For the 3D model two results are available that differ only with respect to the forcing by SPM.
From Fig. 8a and Fig. 5 it may be concluded that the better RMSD score of the ZUNO-
3D(Z3VCB) simulation for SPM also results in a better score of chlorophyll-a.

The effect of SPM variations on the timing of the spring phytoplankton bloom can also be
demonstrated differently as was done in Los et al. (2008). Sensitivity studies presented in that
paper showed that any type of short-term fluctuation in the suspended matter concentration,
even if it was purely random, was sufficient to trigger an improvement in the timing of the
spring bloom in the model at those location where it is controlled by light.

We conclude that improvements in SPM modelling clearly contribute to an improvement of
the chlorophyll-a simulation.

4.6 Complex vs. simple phytoplankton modelling

Development and application of the freshwater implementation of BLOOM had already started
in the 1970s and 1980s (Los, 1982; Los et al., 1984; Los et al., 1988). Modelling several
functional groups, species and types is considered interesting for two reasons: (1) species
dominance is an important ecosystem characteristic, not in the least since a number of species
have been denoted objectionable for one reason or another and (2) it was demonstrated by for
instance Zevenboom et al. (1982) that even if one and the same species is dominant in a
particular waterbody for a prolonged period of time, its characteristics in terms of
stoichiometry, chlorophyll-a contents and maximum growth rate vary considerably in
response to changes in external conditions. For management of the North Sea, Phaeocystis is
considered to be an important species, for which separate target values have been defined e.g.,
for the EU Water Framework Directive.

With respect to the species composition it was previously concluded in this paper that the
overall, seasonally averaged performance of the models is reasonable or good for diatoms and
Phaeocystis, but poor for the other two groups. Also there is little difference between model
generations: there has not been much progress in this domain during development of the
models.

In contrast, Los (1991) demonstrated that the freshwater implementation of BLOOM

reproduced the observed phytoplankton species groups adequately in most of 30 lakes that
were modelled. Van der Molen et al. (1994) showed that the model is capable of reproducing
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a major shift in species dominance in the well investigated Lake Veluwe in the Netherlands
after a series of management measures.

A seasonal example of the species composition simulated by the models GENO-NZB(GDGSB),
COAST(KSKCB), CSM(CDGSB) and ZUNO-3D(Z3ZCB) and of the biomass estimates from cell
counts at the coastal station Noordwijk 20km is shown in Fig. 18. As for the RMSD scores of
all station, the agreement between model results and observations look reasonable or good for
diatoms and Phaeocystis, results are mixed for flagellates and timing and size of the simulated
dinoflagellates biomass is rather poor. As was previously remarked, results of different model
versions show some obvious differences, but there is not much progression.

There are several reasons why the scores for the simulated species biomasses in the North Sea
models do not yet equalize those by the freshwater model. Firstly, monitoring data were
lacking during the development of the marine models. In fact quantitative data have only
become available affer the calibration of the models presented here. Secondly, for the
freshwater species more information is available on species growth and nutrient
characteristics, both from chemostats and from field data. This is particularly true for the
cyanobacteria species, which dominate in many Dutch lakes. Thirdly, biomass estimates for
different years and locations show a lot of scatter. This in combination with a low (nominally
monthly) sampling frequency, makes it difficult for any model to faithfully reproduce these
numbers. In the example presented here, the 2003 observations for flagellates are highest in
April and May, but these values are far out of the range of observations during all other years.
In contrast the low values observed in July and August are at the very low end of the range
obtained from all other years. Fourthly, Fig. 18e shows that there is no systematic difference
between the measured and simulated total algal biomass during winter and spring, but there is
a clear difference in summer. Instead, a corresponding discrepancy is not found for
chlorophyll-a (Fig. 18f). This means that either the stoichiometric ratios adopted in all model
versions for the typical summer species are incorrect, or that biomass estimates from cell
counts and the chlorophyll-a measurements are inconsistent during the summer. This could be
due to errors in the conversions from cell numbers to biomass, or because a significant part of
the actual biomass consists of (small) species which are not observed under the microscope.
Clearly this issue needs to be further investigated to improve the BLOOM model.

Notice that with respect to the usefulness of the model, the best species scores are obtained for

what is from a management point of view considered to be the most important species:
Phaeocystis.
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Figure 18 Comparison of simulated and measured biomasses of diatoms, Phaeocystis, microflagellates and
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dinoflagellates (mgC.1") and for total biomass (mgC.I"") and chlrophyll-a (mg.m™) of four different
models at station Noordwijk 20km. Circles are measurements for 2003, bars indicate 90 percentile

of measurements for the years 1996 — 2002.
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The complexity of the phytoplankton module also affects the chlorophyll-a simulation of the
model. The 12-type BLOOM phytoplankton module has the ability to display a wider range of
variation both spatially as well as temporarily compared to a 2 species model because it
selects its composition from a wider range of possible stoichiometric ratios. A comparison of
the results of GENO-DYNAMO(GDGSD) and GENO-NZB(GDGSB) is, however, hampered by the
dominant impact of the grid resolution on the modelling results. Therefore a comparison was
made between the original ZUNO-2D(ZRZCB) and the ZUNO-2D(ZRZCB) application where the
12-type plankton model has been replaced by a 2-type model. Since this model is not valid for
the sometimes stratified Oysterground region, results for only 9 well-mixed stations could be
compared. At those stations, the overall RMSD score for chlorophyll-a of the 12 type
simulation was reasonable whereas the 2 type model version scored poor. We conclude that
the overall ability of the model to simulate chlorophyll-a improves if the more complex
BLOOM module is adopted.

4.7 One model or several related models?

Modellers usually concentrate their activities on their latest, most advanced and best
performing model version. In our case ZUNO-3D(Z3ZCB) and ZUNO-3D(Z3VCB) with improved
SPM forcing have the best overall score and hence will be the basis for further model
development. But this model intercomparison has also demonstrated that the GOF scores of
other model versions are sometimes equally good, sometimes even better and at least accurate
enough to answer specific questions. So there are a number of reasons why we intend to keep
more than one model version operational. (1) Ensemble modelling generates insight even if
the models are as closely related as those used during this study. (2) For long forecast
simulations, realistic forcings are not available so using a schematic, repetitive forcing of the
transport is often necessary. (3) Quick scans on for instance nutrient reductions in decision
support systems in the Netherlands are now usually based on expert rules. The fastest
performing deterministic model application shown here, simulates an entire year in a few
minutes and one might argue that they are more accurate than the knowledge rules. (4)
Related to the previous point, in many management studies the total number of simulations
requested by the clients makes it more practical to adopt a somewhat simplified approach (i.e.
2D in stead of 3D; limited model domain etc). (5) A formal parameter sensitivity analysis of
the complete 3D model is not very practical due to the necessity to perform a very large
number of simulations. Instead, recently an extensive analysis was completed for ZUNO-
2D(ZNZCB) (Salacinska, 2008), the results of which are also meaningful for ZUNO-3D(Z3ZCB).
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5 Overall Conclusions
During this study the following factors were considered:

the resolution of the grid,

degree of realism in forcing of transport,
influence on the light climate by SPM and CDOM,
the level of detail of the phytoplankton model.

With respect to resolution we concluded that refinement has a clear and positive effect on the
transport of substances, not just locally as might be expected but also on a global scale, taking
all measurements into account simultaneously. Results for the degree of realism in the
transports are less conclusive. In the Dutch coastal zone it appears that if the residual flow is
correct, 2D models with daily tidal forcing, or with spring—neap forcing and a steady wind
forcing do not differ much in performance compared to the 3D model with actual wind and
density forcing. It should be noted though, that validation of models with real time forcing is
hampered by the lack of high-frequency observation data. In contrast to the coastal zone, at
the Doggerbank the 2D and 3D models with actual forcing outperform the models with
schematic forcing. With respect to the underwater light climate, it is obvious that the results of
the primary production models are sensitive to this forcing in particular with respect to the
timing, size and species composition of the spring bloom. Unfortunately neither of the SPM
models considered here performs very well. The SPM modelling therefore should be
improved. The contribution of CDOM to the attenuation of light is significant. The accuracy
with which models simulate the extinction coefficient, clearly improves when CDOM
(parameterized in terms of salinity) is taken into account. Modelling 12 rather than 2 types of
phytoplankton improves the ability of the model to correctly simulate chlorophyll-a because a
wider range in nutrient and biomass to chlorophyll-a ratios is considered. This range is less
well described by a 2 species model with fixed coefficients. Using the BLOOM module, results
for Phaeocystis are good, but the match between simulation results for micro-flagellates and
dinoflagellates should be improved.

The use of objective Goodness of Fit criteria depends on the nature of the available validation
data. If only low frequency data are available, obviously a certain degree of spatial and
temporal aggregation is required in order to arrive at statistically sound results. The use of
target diagrams facilitates to discern improvements in the mean and in the variability and is
preferred over a cost function of the mean-absolute error type. Classification still remains a
partially subjective issue depending on the nature of the observations (resolution,
representativity, uncertainty) and the purpose for which a model application is developed (i.e.,
time and spatial scale, bulk quantities or species composition etc.). In that context, we
conclude that clearly the model applications discussed here have been developing from
representing multi-annual mean seasonal signals to seasonal patterns within a particular year,
but validation of further refinement is only possible with further refined observations.
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General introduction

There is a long tradition in the application of models as tools to understand the behaviour of
ecosystems and to predict their future developments based on assumptions about
environmental conditions. Results of these models must be 'credible' and 'acceptable'.
Validating the scientific quality of models is an essential activity to promote credibility. It
should be noted though that ecological models cannot be calibrated and validated in the
tradition of physical models: too many interactions exist, too many relationships cannot be
described formally. A 'calibrated' ecological model i.e. one that fits the data, is not necessarily
'valid' under a different set of conditions. Validation as described here means: proving that the
ecological model is good enough to address a specific, well defined question. In other words:
ecological models should be 'fit for purpose'. This can be achieved by applying fully
documented models taking strict rules into account regarding the way modellers deal with the
parameters.

Many management questions can be addressed adequately by making justified simplifications
in the model set-up, depending on the specific objective of the study. So, for each application,
the appropriate 'spatial' and 'ecological resolution' has to be chosen carefully. There is an
optimal balance between the required accuracy, predictability or robustness and operational
aspects. Models with relatively complex spatial resolution and (overly) simple ecology or
complex ecological models without an appropriate description of transport are bound to
produce biased results. Essentially any model application should be backed up by a thorough
description of its results demonstrating that the model does indeed capture the main features
of the natural system. This is called the 'system approach' in this thesis.

The work described in this thesis is concentrated on the interface between the abiotic
components (the physical and chemical compartments) and the lower part of the food chain.
In particular it is focused on algal biomass and algal species in relation to hydrodynamics,
suspended sediments and light, nutrients and bottom sediments. The family of models, which
has been developed for that purpose at Deltares (formerly Delft Hydraulics), is described here.
Although for historic reasons different names have been used for these models i.e. DBS, GEM,
BLOOM, DELFT3D-ECO, it should be stressed there is actually only one model code, only the
input and the mode of operation varies between different applications. Biological interactions,
such as competition with macrophytes and grazing are an integral part of many studies and
have been addressed with DELFT3D-ECO, but only one example is included here.

The aim of this thesis is the development and application of mathematical models for primary
production by phytoplankton and macro algae that are 'credible' and 'fit for purpose'.
Credibility is enhanced by using generic equations and fixed parameters as much as possible,
by adopting well defined methodologies for validation, and by demonstrating that the results
of the model fit in with other knowledge and contributes to obtaining a consistent,
comprehensive view of the natural systems for which the models are applied.
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The BLOOM module

At the heart of the eco-hydrodynamic model is the BLOOM module. The main principles and
equations of this module are described in Chapter 1. It is a model with a long history, a very
long list of both freshwater and marine applications and some unusual features.

In BLOOM each phytoplankton species is represented by various (usually three) types with
distinct characteristics definened in the input. The model can mix the mass of these types and
thus vary the average characteristics of the functional species group. This proves to be a
simple, yet robust way to deal with adaptation and intraspecific variation of characteristics.
The ratio between types is determined by the external conditions such as surplus or shortage
of nutrients, light etc. The introduction of types has definitely enhanced the model's ability to
reproduce empirical results for nutrients and chlorophyll-a.

The overall purpose of the BLOOM model may be described as: Selecting the best adapted
combination of phytoplankton types at a certain moment and at a certain location consistent
with the available resources, the existing biomass levels at the beginning of a time interval
and the potential rates of change of each type.

BLOOM differs from many existing models in that it uses a rather strict Liebig’s Law
approach: each ecotype is limited only by the resource with the lowest availability. Also,
instead of using a Monod or Droop equation to growth rates as a function of nutrient levels,
BLOOM does not let nutrient shortage reduce growth rates, other than setting growth to zero
when the concentration of a dissolved nutrient has become zero. With respect to shading
effects, all species for which light is below a fixed specific tolerance limit are set to zero. The
higher the total biomass permitted by the availability of nutrients, the higher the potential
turbidity and hence the smaller the number of species that can still maintain a positive energy
balance. Light is limiting to at most one of the species in the model.

Another difference to many other ecological models is the use of linear programming to
predict the state of the system at the next time-step. The algorithm first defines the different
possible states at which one of the nutrients or light halts growth of one of the ecotypes.
Subsequently in accordance to the general LP methodology, from those states, the one is
selected at which the the potential growth rate of all ecotypes is maximal and the requirement
for the resources is minimal. It can be shown analytically that effectively a high potential
growth capacity as well as a low requirements for nutrients and light are equally weighted in
determining the algal composition of the predicted steady state of the system.

To prevent unrealistically fast jumps towards such steady state solutions, BLOOM also
computes the biomass increment each species can potentially realize in the given time-step
from the temperature and light dependent ‘potential net growth’. If the result is smaller than
the steady state solution, the growth-limited new state is assigned. Similarly, the model
imposes a limit on mortality, to prevent unrealistically rapid declines.

All computations are made at each time-step for all phytoplankton types, and the resulting
assemblage is typically a mix of various types, some of which are resource limited, and some
of which are controlled by growth and mortality rates. Since a trade-off between resource
requirement and potential growth rate is assumed, r-selected species are predicted to dominate
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under dynamic conditions where potential growth rates are high, while K-selected species are
predicted to dominate under more stable conditions. Overall, the relative weight given to
growth rates produces some bias towards r-select species compared to traditional equilibrium
solutions. On the other hand, such equilibrium solutions may be argued to be biased towards
K-select species given that a model will typically not capture all loss processes and
environmental fluctuations well. The fact that predictions by BLOOM match observed plankton
communities so well for a wide range of systems, suggests that indeed the weighting of
growth rates in the algorithm for selecting amongst the set of potential solutions is useful for
capturing some aspects of complex reality that tend to be missed in other ways.

Although the approach in BLOOM may seem radically different from that taken in most other
competition models, comparisons between BLOOM predictions and predictions from
traditionally solved sets of equations in simple as well as complex systems illustrate that the
particular approach taken in BLOOM involving the linear programming procedure and the
strict Liebig’s approach do not result in markedly different outcomes with respect to the total
biomass. The main merits of the approach are its computational speed and stability and its
straightforward way in dealing with limiting factors and variable characteristics of members
of the plankton community, shown to produce realistic predictions of total biomass as well as
species composition over a wide range of conditions and systems.

Different modes of complexity are possible with BLOOM ranging from a straightforward 0-D
screening tool to a much more detailed 3-D eco-hydrodynamic model. Depending on the
specific questions to be addressed the kind of model application must be carefully selected. In
Chapters 2 and 3 some applications of BLOOM as a screening tool are described for both
freshwater and marine situations. For these applications the environmental conditions
(nutrients, background turbidity, irradiance and temperature) are all based upon
measurements. Applied in this way the model proves to be capable of reproducing observed
levels of chlorophyll-a very accurately. It also indicates the limiting resources and species
composition and hence can be applied to solve typical 'what if questions'. What will happen if
the concentration in the water of a particular nutrient can be reduced by 50 percent? Or a
related question: by how much should a nutrient be reduced in order to meet a specific
standard such as imposed by the EU Water Framework Directive? It appears there are large
differences in response between individual waters, some reacting more strongly to phosphorus
reductions, others to a decrease in nitrogen. Sometimes the response is nearly linear, but more
often the response with respect to simulated chlorophyll-a levels is less than proportional.

As a result of this type of application, a more detailed and focused management strategy can
be developed for a particular water body. Occasionally it might be concluded that none of the
easily controllable management options will be successful. In Chapter 3 an example is shown
for the Tagus estuary in Portugal, where phytoplankton production is so heavily controlled by
the turbidity, that even very strong nutrient reductions will have no effect at all. In such a case
more advanced modelling is not necessary from a management point of view.

Integrated modelling
In the next chapters applications are discussed in which BLOOM is integrated with modules for

transport and chemical processes. In this type of application individual sources, tributaries and
the sediment are all explicitly included. Different segments are usually distinguished with
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some predefined exchange between them. For hydrologically simple, well mixed systems, the
exchanges are often simply computed with a water balance program. Usually, however, the
complexity of the natural system requires the usage of hydrodynamic models which are run in
advance of the primary production model. Chapter 4 deals with the methodology for
validating DBS (DELWAQ - BLOOM - SWITCH). A general validation methodology is proposed,
which is applied to the complex Rijnland water network in the Netherlands. Basically model
coefficients are divided into three categories:

1. System independent, fixed coefficients, which should not be changed. Most model
coefficients fall into this category.

2. System dependent, fixed coefficients, which are known to be different in different
types of waters but should not be varied i.e. their values are taken from a table
indicating the appropriate value for a particular type of water.

3. System dependent, variable coefficients.

This methodology is used throughout the model applications presented in this thesis.

A long term hindcast simulation for the Dutch coastal zone is presented in Chapter 5. It starts
in 1975, when phosphate loads are still increasing, includes the mid 1980s, when phosphate
loads to the North Sea peaked and continues all the way up to 1994, when phosphorus loads
by rivers clearly started declining. While in many DBS applications for lakes the 'ecological
resolution' is crucial to the model result, in this case the physical schematization proved to be
very important. To obtain an appropriate 'spatial resolution' a relatively refined grid was
developed with computational elements near the coast of less than 1 square kilometer. Using
previous, much coarser models, the observed gradients in the Dutch coastal zone could not be
reproduced with sufficient accuracy.

Though it had been expected by some of the managers that chlorophyll-a levels in the coastal
zone would react strongly to the long term trends in phosphate loads by the main rivers, in
reality this was not the case. This observation was reproduced by the model and can be
explained as (1) other factors (nitrogen and light) were limiting phytoplankton most of the
time and (2) about one half of the phosphorus load originates from sources that were not
affected by the load reductions i.e. the Channel boundary. These results demonstrate that
targets formulated in terms of a concentration reduction relative to some base condition,
might be unrealistic because they overlook the contribution of uncontrollable sources. Notice
that from the results presented for the year 2003 in Chapter 8, it seems that more recently
phosphorus loads were reduced to such an extend that they do start affecting chlorophyll-a in
the coastal zone.

The successor of the model version presented in the previous Chapter is called GEM (Generic
Ecological Model for estuaries). It was created in response to the desire of the Dutch
Rijkswaterstaat to harmonize the prognostic tools for the Dutch marine waters. Indeed
operational applications of GEM now exist or will be created in the near future for all of these,
the Ems — Dollard estuary being the last. Its basic principles, characteristics, equations and
parameterization are extensively described in Chapter 6. As its name indicates, GEM is
intended to be a generic modelling framework, which can be applied to a wide range of water
systems without the need for major reformulation or recalibration. This claim is substantiated
by presenting results for four systems: the North Sea, Venice Lagoon, Lake Veere and the Sea
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of Marmara, which all challenge the abilities of the model in a very distinctive way. The
North Sea application covers a long time span, Venice Lagoon is very shallow but large and
horizontally very complex, in Lake Veere the vertical gradients are crucial and finally the Sea
of Marmara is extremely deep and hydrodynamically complex.

In Chapter 7 the first full 3D validation of GEM to the North Sea is presented. Also included in
this chapter is a historic overview of previous model applications. The concepts of the
validation procedure are discussed at length. Accuracy for a large number of variables are
statistically validated for many monitoring stations using the internationally accepted Ospar
cost function. According to this criterion, results for 80 percent of all model variables at all
monitoring locations were classified as 'good' or 'very good'. Graphically model results are
compared station wise, for transects perpendicular to the coast, for area maps and for vertical
profiles. These findings are a strong indication that results by GEM provide the Dutch North
Sea managers with a solid background for the development and implementation of
international standards and management strategies for the North Sea i.e. within OSPAR (the
Oslo Paris convention), the EU Water Framework Directive or the EU Marine Strategy or as a
tool for environmental studies on infrastructural works in the coastal zone.

Lessons learned

The construction of validated biogeochemical model applications to be used as prognostic
tools involves a large number of choices particularly with respect to the level of details of the
physical, chemical and biological aspects. In theory enhanced complexity should promote
enhanced realism, accuracy and credibility as well. Unfortunately with growing complexity,
simulation times increase drastically and may become prohibitive in practice. The amount of
data necessary to force the model increases and the spatial and temporal coverage of
monitoring data is usually poor relative to the outputs produced by even moderately complex
models, which makes it increasingly difficult to demonstrate that the model is valid. In
Chapter 8 the results of comparative modelling applications to the North Sea are presented
varying in spatial resolution (from coarse to fine), in vertical resolution (2D versus 3D), in
climatological forcing of transport, in turbidity forcing and in the number of phytoplankton
species. Included models range from 15 years old relatively simple models to the relatively
advanced 3D BLOOM/GEM model described in Chapter 7. Results are compared to each other
and to monitoring data using different goodness of fit criteria as well as seasonal plots.

This intercomparison clearly demonstrates that progression has not been linear, nor does a
single model outcompetes all others everywhere and at all times. An overall improvement in
performance or an improvement in a certain area, often comes at a price: some results become
worse. Usually this can be explained and often the reason is rather trivial such as a new
background turbidity field, which is better in most areas, but at some places is not as good as
the previous one. Without a proper explanation, both the credibility and acceptability of the
results will be aggravated by these kind of results. In general it was observed that the overall
bias (the difference between measured and simulated values) has been reduced in the latest,
more advanced models. So they perform better than older models on an annual bases. There is
also more consistency in these models. This is typically the result of an overall improvement
in obtaining a proper balance between spatial and ecological resolution. For instance old
models were too coarse to resolve the transport and consequently phytoplankton biomasses
were frequently limited by the wrong environmental condition (i.e. a nutrient in stead of
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turbidity). Improved consistency also implies improved predictive capabilities. It was
demonstrated that models with statistically acceptable base simulations could produce quite
different scenario results if one of them was originally 'right for the wrong reason'. So the
base case results of models should not be judged only by looking at a limited number of
statistics at a limited number of locations, but by their overall ability to capture the correct
driving forces as well.

While the bias has been reduced, there has been less verifiable progression in the simulation
of the temporal gradients: typically the level of variation produced by recent models exceeds
the observed level of variation. This could be a problem of the models, but also of the
monitoring data: taking water samples every 2 or 4 weeks is insufficient to correctly
determine the variability within the actual water system. High frequency measurements using
buoys or automatic sensors consistently indicate that actual variations are underestimated by
conventional monitoring. So it cannot be concluded that the level of variations in recent
models is unrealistically large.

It is interesting that chlorophyll-a is one of the most robust outputs of the models. Usually its
goodness of fit score is among the highest of any simulated parameter; often it exceeds the
score for (semi) conservative substances such as total nitrogen or salinity, which are a
measure for the accuracy of the transport simulation. These results contradict the assertion
that in general hydrodynamic models are more accurate than ecological models. From these
and many similar results it appears that the accuracy in predicting some hydrodynamic
features such as the water levels is very good indeed and clearly exceeds the accuracy of
existing ecological models for nutrients and primary production. But as a driver for ecological
and water quality models, transport is much more important than water levels. The direction
and velocity of transport depends on highly variable factors such as the vertical gradients,
waves, short term variations in climatology (wind direction and speed) etc. Given the
sensitivity of hydrodynamic models to these factors, their accuracy in predicting transport is
not necessarily better (and sometimes worse) than the accuracy with which primary
production models simulate chlorophyll-a. There is another issue, however: Why is the score
for chlorophyll-a often still (reasonably) good in models with obvious flaws in resolution or
forcing? This could be because primary production models are always judged on their ability
to reproduce this variable. Hence models are probably optimized to perform well for this
output variable. By comparing differently forced models with identical phytoplankton
kinetics, it appeared that the accuracy of the chlorophyll-a simulation remained relatively high
in all models, including those with relatively poor physical forcing. So the high goodness of
fit score for chlorophyll-a is also an intrinsic feature of the models applied here due to their
non-linearity and build in compensations.

Some remarks about the future

The modelling work presented here has contributed to understanding many aquatic systems
and has often been of help to managers in deciding what to do. The DELFT3D-ECO family of
models is particularly strong in the way it interacts with the physical system, it is robust and
generally produces reasonable or good results for primary producers, nutrients and under
water light climate whatever criteria are used to measure its performance and last but not
least: the list of worldwide applications is very long. But as indicated in the introduction:
ecosystems are complex and often an integrated judgment is required which includes
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secondary producers, fish, mammals and birds. There is no unanimity among ecologist in
general and modellers in particular how this judgment can be obtained. In models such as
ERSEM for marine systems or PCLAKE for fresh water systems, equations for at least some of
these ecosystem components are explicitly included. This is not the case in DELFT3D-ECO.
This model strictly complies with the rule of thumb that for theoretical and operational
reasons models should not simultaneously try to solve processes whose characteristic time
scales are several orders of magnitude apart. In general models that try to do so are sensitive
to the initial conditions and parameters and take a long time (many simulation years) to
achieve equilibrium after some forcing or parameter was changed. As an alternative impacts
on the upper part of the food web in our practice are usually assessed by different techniques
(i.e. habitat evaluation procedures: HEPs) that operate upon the results of the primary
production model among other. Needless to say this subject is suitable for further research
among ecological modellers.

Other aspects which should be addressed in the near future, include criteria for measuring the
goodness of fit of ecological models (Chapter 8), the species composition of the North Sea
model (Chapter 8), real time forecasting of algal blooms both for lakes (cyanobacteria scums;
toxin production) and coastal systems (Phaeocystis blooms; blooms by harmful
dinoflagellates causing shell fish poisoning) and assessing the impacts of climate change on
primary production (not just direct temperature effects but also indirect effects on transport,
loads, synchronization with grazers etc.).

Fortunately in addition to a number of management applications, some interesting R&D
oriented projects are about to start which may help in finding or improving integrated
methods for dealing with the entire ecosystem. Three of them are particularly attractive. One
project will focus on the ecosystems of Lake Marken and Lake IJssel; it includes several
research groups and half a dozen PhD students. Similar in size is a project on deep lakes in
cooperation with the National University of Singapore (NUS). The marine model will be
further advanced by the obligation to develop an ecosystem approach in support of the EU
marine strategy by the end of 2012. These major studies all build upon the work presented
here and will extend the capabilities of the modelling framework in producing credible and
acceptable results which are useful to managers and society in general.
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Algemene inleiding

Er bestaat een lange traditie in de toepassing van modellen als hulpmiddel om het huidige ge-
drag van ecosystemen te begrijpen en het toekomstige gedrag te voorspellen op basis van ver-
onderstellingen betreffende de omgevingscondities. De resultaten van deze modellen moeten
‘geloofwaardig’ en ‘acceptabel’ zijn. Validatie van de wetenschappelijke kwaliteit van model-
len is essentieel om hun geloofwaardigheid te bevorderen. Hierbij moet echter wel worden
bedacht dat ecologische modellen niet op dezelfde manier kunnen worden gekalibreerd en
gevalideerd als fysische modellen: er bestaan te veel interacties en te veel relaties kunnen niet
worden geformaliseerd. Een ‘gekalibreerd’” model, waarmee de data worden gereproduceerd,
in niet noodzakelijkerwijs ‘gevalideerd ° voor toepassingen onder andere omstandigheden.
Validatie zoals hier bedoeld betekent: aantonen dat ecologische modellen goed genoeg zijn
om een specifieke, goed gedefinieerde vraag te beantwoorden. Met andere woorden: ecologi-
sche modellen moeten geschikt zijn voor het doel van de studie. Deze geschiktheid kan wor-
den bereikt door de toepassing van volledige gedocumenteerde modellen, waarbij strikte re-
gels in acht worden genomen aangaande de manier waarop modelleurs met parameters om-
gaan.

Veel beheersvragen kunnen adequaat worden beantwoord door verantwoorde, van het doel
van de studies athankelijk vereenvoudigingen in de model opzet. Het is dan ook noodzakelijk
voor elke toepassing de juiste ‘ruimtelijke’ en ‘ecologische’ resolutie te kiezen. Er bestaat een
optimale balans tussen de noodzakelijke nauwkeurigheid, de voorspellende waarde, de ro-
buustheid en de operationele aspecten. Modellen met een relatief ingewikkelde ruimtelijke
resolutie en (te) eenvoudige ecologie of met een complexe ecologische beschrijving zonder
een goede beschrijving van het transport, kunnen gemakkelijk resultaten opleveren met sys-
tematische fouten. Het is dan ook essentieel dat elke modeltoepassing gepaard gaat met een
gedegen beschrijving van de resultaten, waarmee wordt aangetoond dat het model inderdaad
de belangrijkste eigenschappen van het natuurlijke systeem kan beschrijven. In dit proef-
schrift wordt dit de ‘systeem aanpak’ genoemd.

Het in dit proefschrift beschreven werk is vooral gericht op het grensvlak tussen de abiotische
componenten (fysisch en chemisch) en het onderste gedeelte van de voedselketen. De nadruk
ligt voornamelijk op de algen biomassa en samenstelling in relatie tot de hydrodynamica,
zwevend stof en licht, nutriénten en bodemsedimenten. De modelfamilie, die daartoe is ont-
wikkeld bij Deltares (het vroegere WL|Delft Hydraulics), wordt hier beschreven. Hoewel de
modellen om historische redenen met verschillende namen worden aangeduid (DBS, GEM,
BLOOM, DELFT3D-ECO), moet worden benadrukt dat er slechts een software versie bestaat; er
bestaan alleen verschillen in invoer en de wijze waarop het model wordt gebruikt. Biologische
interacties zoals competitie met makrofyten en graas vormen een integraal onderdeel van veel
modelstudies, waarbij DELFT3D-ECO is gebruikt, maar hiervan is slechts één voorbeeld in dit
proefschrift opgenomen.

De doelstelling van dit proefschrift is de ontwikkeling en toepassing van wiskundige model-

len ter berekening van de primaire productie van fytoplankton en macro algen, die ‘geloof-
waardig’ en geschikt zijn voor de specifieke toepassing. De geloofwaardigheid wordt bevor-
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derd door zoveel mogelijk gebruik te maken van generieke vergelijkingen en vaste parame-
terwaardes.

De BLOOM module

De BLOOM module vormt het hart van het eco-hydrodynamische model. De belangrijkste
principes en vergelijkingen van deze module worden in Hoofdstuk 1 beschreven. Het is een
model met een lange geschiedenis, een erg lange lijst van toepassingen op zowel zoete- als
marine watersystemen en een aantal ongebruikelijk eigenschappen.

Iedere fytoplanktonsoort in BLOOM wordt vertegenwoordigd door enkele (meestal drie) types
met verschillende in de invoer gespecificeerde eigenschappen. Het model kan de massa van
deze types en dus de gemiddelde eigenschappen van de functionele groepen mengen. Dit
blijkt een eenvoudig, maar robuuste manier om adaptatie en variatie binnen een soort te be-
schrijven. De verhouding tussen de types wordt bepaald door de externe omstandigheden zo-
als een overschot of juist een tekort aan voedingsstoffen, licht etc. De introductie van types
heeft zeker bijgedragen aan het vermogen van het model om de waargenomen concentraties
van voedingstoffen en chlorofyl te reproduceren.

De algemene doestelling van het BLOOM model kan worden omschreven als: Keuze van de
best aangepaste combinatie van fytoplankton types op een gegeven moment en op een gegeven
plaats, in overeenstemming met de beschikbare hulpbronnen, de bestaande biomassa en de
potentiéle groeisnelheid van elk type.

BLOOM verschilt van veel bestaande modellen in the nogal strikte toepassing van de wet van
Liebig: elk ecotype wordt slechts beperkt door de hulpbron met de laagste beschikbaarheid.
Verder wordt in BLOOM geen gebruik gemaakt van de vergelijkingen van Monod of Droop
om de groeisnelheid te beperken onder nutriént limitatie. Wel stopt de groei zodra de concen-
tratie van een nutriént nul wordt. Met betrekking tot shaduweffecten wordt voor elke soort een
drempelwaarde bepaald. Daalt het licht niveau hieronder, dan wordt de biomassa van deze
soort op nul gezet. Hoe hoger de totale biomassa op basis van de beschikbare nutriénten kan
worden, des te hoger wordt de vertroebeling en des te kleiner is het aantal soorten met een
positieve energie balans. Ten hoogste een van de soorten in het model kan ook licht beperkt
zijn.

Een ander verschil met veel andere ecologische modellen is het gebruik van lineaire pro-
grammering om de toestand van het systeem gedurende de volgende tijdstap te voorspellen.
Het algoritme bepaalt eerst de mogelijke toestanden waarbij een van de nutriénten of licht de
groei van een van de ecotypes stopt. Vervolgens wordt overeenkomstig de algemene LP me-
thodologie uit de mogelijke toestanden die gekozen, waarbij de potentiéle groei van de eco-
types maximaal en het gebruik van de hulpbronnen minimaal is. Analytisch kan worden aan-
getoond dat een hoge potenti€le groeisnelheid en een lage behoefte aan nutriénten en licht
even belangrijk zijn bij de bepaling van de voorspelde algen samenstelling van het systeem.

Om onrealistisch grote sprongen in de richting van de evenwichtsoplossingen te voorkomen
berekent BLOOM tevens voor elke soort de biomassatoename, die potentieel gerealiseerd zou
kunnen worden binnen een tijdstap gegeven de temperatuur en de licht afhankelijke potentiéle
groei. Als het resultaat beneden de evenwichtswaarde ligt, dan wordt de soort in de nieuwe
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toestand groei gelimiteerd. Op een vergelijkbare wijze legt het model ook een beperking op
een de sterfte om een onrealistische snelle afname van een soort te voorkomen.

Alle berekeningen worden voor elk tijdstip en alle fytoplankton types uitgevoerd, wat meestal
resulteert in een assemblage bestaande uit verschillende types, waarvan sommige beperkt
worden door een van de hulpbronnen en sommige door de groei- en sterftesnelheden. Omdat
een afweging plaats vindt op basis van potenti€le groei en behoefte aan elke hulpbron, zullen
r-geselecteerde soorten dominant zijn onder fluctuerende condities waarbij de potentiéle
groeisnelheden hoog zijn, terwijl dominantie van K-geselecteerde soorten voorspeld wordt
onder meer constante omstandigheden. In algemene zin veroorzaakt de relatieve betekenis die
aan de groeisnelheden wordt toegekend een verschuiving in de richting van r-geselecteerde
soorten vergeleken met de traditionele evenwichtsoplossingen. Aan de andere kant kan wor-
den beargumenteerd dat dergelijke evenwichtsoplossingen de K-geselecteerde soorten be-
voorrechten ervan uitgaand dat in een model niet alle verliesprocessen en fluctuaties in omge-
vingscondities worden beschouwd. Het gegeven dat BLOOM de waargenomen plankton ge-
meenschappen zo goed beschrijft in sterk uiteenlopende systemen, suggereert dat het algorit-
me terecht de groei snelheid meeweegt bij de keuze uit de potentiéle oplossingen en daarmee
een aantal aspecten uit de ingewikkelde werkelijkheid meebeschouwt, die anders geen rol
zouden spelen.

Hoewel de aanpak van BLOOM radicaal lijkt te verschillen van die in de meeste andere compe-
titie modellen, laat een vergelijking tussen de resultaten van BLOOM en van traditionele mo-
dellen in zowel eenvoudige als in complexe situaties zien dat de BLOOM aanpak met behulp
van lineaire programmering en de strikte toepassing van de wet van Liebig vergelijkbare re-
sultaten oplevert voor wat betreft de totale biomassa. De grootste pluspunten van de BLOOM
aanpak zijn de grote rekensnelheid en numerieke stabiliteit, de inzichtelijke wijze waarin het
model limiterende factoren bepaalt en de manier waarop het omgaat met variérende eigen-
schappen van de planktongemeenschap, waarmee het aantoonbaar zowel de totale biomassa
als soortensamenstelling op een realistische wijze reproduceert over een breed scala van con-
dities en systemen.

BLOOM kan worden gebruikt als een eenvoudig 0-D model voor verkenningen maar ook als
een veel complexer 3-D eco-hydrodynamisch model. De wijze van toepassing hangt af van de
specifieke vraagstelling en moet zorgvuldig worden gekozen. In de hoofdstukken 2 en 3 wor-
den enkele toepassingen van BLOOM als verkennend model beschreven voor zowel zoetwater
als marine omstandigheden. Bij dit soort toepassingen worden de omgevingscondities (voe-
dingsstoffen, achtergrond turbiditeit, instraling en temperatuur) allemaal gebaseerd op metin-
gen. Wanneer het model op deze wijze wordt toegepast dan blijkt het in staat de waargeno-
men hoeveelheden chlorofyl-a zeer nauwkeurig te reproduceren. Het bepaalt daarbij tevens de
beperkende factoren en soortensamenstelling en is daarmee bij uitstek geschikt voor de be-
antwoording van ‘wat als’ vragen. Wat gebeurt er de concentratie van een voedingsstof in het
water met 50 procent terugloopt? Of een aanverwante vraag: met welke hoeveelheid moet een
voedingsstof worden gereduceerd om een bepaalde doelstelling bijvoorbeeld van de Europese
Kader Richtlijn Water te halen? Het blijkt dat er aanzienlijke verschillen in reactie optreden
tussen de onderzochte watersystemen, waarbij sommige sterker reageren op reductie van fos-
faat en andere van stikstof. Soms is de verandering nagenoeg rechtlijnig, maar vaak nemen de
berekende chlorofyl-a gehaltes minder dan proportioneel af.
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Op basis van een dergelijke toepassing kan een meer gedetailleerde beheersstrategie worden
opgesteld voor een gegeven watersysteem. Soms kan al worden geconcludeerd dat geen van
de gemakkelijk controleerbare stuurvariabelen succesvol zal zijn. In Hoofdstuk 3 wordt een
voorbeeld voor het Tagus estuarium in Portugal getoond, waar het fytoplankton zo sterk be-
perkt wordt door de vertroebeling, dat zelfs zeer aanzienlijke reducties van voedingsstoffen
geen effect zullen hebben. In een dergelijk geval is een meer gedetailleerde modelstudie van-
uit de optiek van de beheerder niet nodig.

Geintegreerde modellering

Bij de toepassingen, die in de volgende hoofdstukken worden besproken, is BLOOM geinte-
greerd met modules voor transport en chemische processen. Bij dit soort toepassingen worden
individuele bronnen, instromende wateren en het sediment allemaal expliciet meegenomen.
Meestal worden hierbij individuele segmenten onderscheiden, waartussen een van te voren
bepaalde mate van uitwisseling plaatsvindt. In het geval van hydrologisch eenvoudige, goed
gemengde systemen kunnen deze uitwisselingen meestal eenvoudig worden berekend met be-
hulp van een waterbalans programma. In de meeste gevallen is het echter vanwege de com-
plexiteit van het natuurlijke systeem noodzakelijk voorafgaand aan het primaire productie
model een hydrodynamisch model toe te passen. In Hoofdstuk 4 wordt de methode besproken
om DBS (DELWAQ - BLOOM - SWITCH) te valideren. Hier wordt een algemene validatie me-
thodologie voorgesteld, die vervolgens wordt toegepast op het ingewikkelde netwerk van
Rijnland. De modelcoéfficiénten zijn in drie categorieén verdeeld:

1. Systeem onafhankelijke, vaste coéfficiénten, die niet aangepast dienen te worden. De
meeste modelcoéfficiénten vallen in deze categorie.

2. Systeem afthankelijke, vaste coéfficiénten, waarvan bekend is dat ze per watertype ver-
schillen, maar die verder niet gevarieerd worden, maar worden overgenomen uit een
tabel met karakteristicke waardes voor een bepaald type water.

3. Systeem afhankelijke, variabele coéfficiénten.

Deze methodologie wordt gebruikt tijdens de modeltoepassingen, die in dit proefschrift wor-
den gepresenteerd.

In Hoofdstuk 5 wordt een lange termijn modelsimulatie gepresenteerd en wel voor de Neder-
landse kustzone. De berekening begint in 1975, toen de fosfaatvrachten nog steeds stegen,
bestrijkt het midden van de jaren 80, toen de fosfaatvrachten van de Noordzee maximaal wa-
ren, en loopt door tot 1994, toen de fosfaatvrachten van de rivieren duidelijk begonnen te
verminderen. Anders dan in veel DBS toepassingen op meren , waarbij de ‘ecologische resolu-
tie’ cruciaal is voor het model resultaat, bleek in dit geval de fysische schematisatie erg be-
langrijk te zijn. Om een geschikte ‘ruimtelijke resolutie’ te bereiken werd een relatief fijnma-
zig rooster ontwikkeld met rekenelementen van minder dan een vierkante kilometer vlak bij
de kust. Op basis van eerder ontwikkelde, veel grovere modellen, bleek het onmogelijk om de
in de Nederlandse kustzone waargenomen gradiénten met voldoende nauwkeurigheid te re-
produceren.

Sommige beleidsmakers hadden verwacht dat de chlorofyl-a niveaus in de kustzone sterk

zouden reageren op de lange termijn trends in de fosfaatvrachten van de belangrijkste rivie-
ren, maar dit bleek in werkelijkheid niet het geval. Dit verschijnsel werd door het model gere-
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produceerd en kan worden verklaard doordat (1) andere factoren (stikstof en licht) een groot
gedeelte van de tijd beperkend waren voor het fytoplankton en (2) ongeveer de helft van de
fosfaatbelasting atkomstig was van bronnen, die niet werden beinvloed door de belastingsre-
ductie zoals het Kanaal. Dit resultaat toont aan dat doelstellingen, die worden geformuleerd
op basis van een vermindering van de concentratie onder referentiecondities, mogelijk onrea-
listisch zijn omdat ze voorbijgaan aan de bijdrage van oncontroleerbare bronnen. Merk hierbij
op dat de in Hoofdstuk 8 getoonde resultaten voor het jaar 2003 erop lijken te wijzen dat late-
re reducties in fosfaatvrachten het chlorofyl-a gehalte in de kustzone beginnen te beinvloeden.

De opvolger van het model, dat in het vorige hoofdstuk is gepresenteerd, wordt GEM (Gene-
riek Ecologisch Model voor estuaria) genoemd. Het werd ontwikkeld omdat Rijkswaterstaat
de voorspellingsmethodieken ten behoeve van de Nederlandse kustwateren wilde harmonise-
ren. Operationele applicaties van GEM zijn of komen binnenkort inderdaad beschikbaar voor
al deze wateren, waarbij de Eems — Dollard toepassing de laatste zal zijn. In Hoofdstuk 6 wor-
den de basisprincipes, karakteristieken, vergelijkingen en parameterisering uitvoerig beschre-
ven. Zoals de naam al aangeeft is GEM bedoeld als een generick modelsysteem, dat op een
breed scala van watersystemen kan worden toegepast zonder dat ingrijpende veranderingen of
herkalibraties nodig zijn. Als bewijs voor deze bewering worden resultaten getoond voor vier
systemen: de Noordzee, de Lagune van Venetig, het Veerse Meer en de zee van Marmara, die
elk het model op een uiteenlopende manier uitdagen. De Noordzeetoepassing beslaat een lan-
ge tijdsperiode, de Lagune van Venetié is erg ondiep, maar uitgebreid en ruimtelijk erg inge-
wikkeld, in het Veerse Meer zijn de verticale gradiénten cruciaal en de Zee van Marmara ten-
slotte is extreem diep en hydrodynamisch gezien complex.

In hoofdstuk 7 wordt de eerste volledige 3D validatie van GEM voor de Noordzee gepresen-
teerd. Tevens is hierin een historisch overzicht opgenomen van eerdere modeltoepassingen.
De concepten van de validatieprocedure worden uitvoerig besproken. De nauwkeurigheid van
een groot aantal variabelen wordt op statistische wijze gevalideerd door vergelijking met
waarnemingen voor een groot aantal stations met behulp van de internationaal geaccepteerde
OSPAR doelfunctie. Volgens dit criterium scoren 80 procent van de modelvariabelen op alle
monitoringsstations samen ‘goed’ of ‘erg goed’. Grafisch worden modelresultaten en metin-
gen getoond per station, voor raaien loodrecht op de kust, voor kaartbeelden en voor verticale
profielen. Deze resultaten vormen een sterke aanwijzing dat de resultaten van GEM een solide
basis bieden aan de Noordzee beheerders bij de ontwikkeling en implementatie van internati-
onale doelstellingen en beheersstrategieén ten behoeve van OSPAR (de Oslo Paris conventie),
de Kader Richtlijn Water of de Marine strategie of als hulpmiddel bij de effectbeoordeling
van infrastructurele werken in de kustzone.

Wat er geleerd is

De ontwikkeling van gevalideerde biochemische modeltoepassingen als voorspellend instru-
ment vraagt om een groot aantal keuzes met betrekking tot het niveau van detaillering van de
fysische, chemische en biologische aspecten. In theorie zou een toename van de complexiteit
tevens moeten leiden tot vergroting van het realisme, de nauwkeurigheid en geloofwaardig-
heid. Helaas geldt dat bij toenemende complexiteit de rekentijden drastisch toenemen en mo-
gelijk onacceptabel lang worden. De hoeveelheid data, die nodig is om het model te forceren,
neemt toe. De resolutie in ruimte en tijd van de waarnemingen is mager ten opzichte van de
uitvoer van zelfs maar gematigd complexe modellen, waardoor het steeds moeilijker wordt
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modellen te valideren. In Hoofdstuk 8 worden de resultaten vergeleken van een aantal Noord-
zee modellen, die variéren in ruimtelijke resolutie (van grof tot fijn), in verticale resolutie (2D
versus 3D), in klimatologische aansturing van de stroming, in forcering van het onderwater
lichtklimaat en in het aantal fytoplankton soorten. De modellen vari€ren van een relatief een-
voudig 15 jaar oud model tot het verhoudingsgewijs geavanceerde in Hoofdstuk 7 beschreven
3D BLOOM/GEM model. De resultaten worden onderling en met metingen vergeleken op basis
van verschillende beoordelingscriteria en met behulp van tijdgrafieken voor een jaar.

Uit de onderlinge vergelijking blijkt duidelijk dat vooruitgang niet rechtlijnig verloopt en dat
er niet één model is dat op alle locaties en tijdstippen als beste uit de bus komt. Een algemene
prestatieverbetering of een verbetering in een bepaald gebied, gaat vaak ten koste van iets an-
ders: sommige resultaten verslechteren. Meestal is dit verklaarbaar en is de oorzaak voor de
handliggend bijvoorbeeld doordat een nieuw turbiditeitsveld op de meeste plaatsen beter is,
maar op andere niet. Zonder een goede verklaring hebben zowel de geloofwaardigheid als ac-
ceptatie van het model hieronder te leiden. In het algemeen bleek dat de afwijking tussen me-
tingen en simulaties is verminderd in recente, meer geavanceerde modellen. Dit leidt tot een
verbetering op jaarbasis. Verder blijkt dat de consistentie toeneemt. Dit is bij uitstek het ge-
volg van een betere balans tussen de ruimtelijke en ecologische resolutie. Bijvoorbeeld de
roosters van de oude modellen waren te grof om het transport goed te beschrijven met als ge-
volg dat de fytoplankton biomassa’s vaak beperkt werden door de verkeerde omgevingsfactor
(bijvoorbeeld een voedingsstof in plaats van de turbiditeit). Verbetering van consistentie leidt
ook tot een verbeterd voorspellend vermogen. Zo is aangetoond dat verschillende modellen,
die onder de basis condities statistisch gezien acceptabel waren, duidelijke verschillen in sce-
narioresultaten opleverden als een van de modellen aanvankelijk om de verkeerde reden een
goed resultaat gaf. De conclusie is dat de basis modelberekening niet alleen beoordeeld moet
worden op grond van een beperkt aantal statistische kentallen op een beperkt aantal locaties,
maar ook op het vermogen de aansturing correct te beschrijven.

Anders dan voor de afwijking van de modellen die is verminderd, is er minder aantoonbare
progressie bij het simuleren van het verloop in de tijd: in het algemeen is de variatie van re-
cente modellen groter dan waargenomen. Dat kan aan de modellen liggen, maar ook aan de
monitoring data: een monstername elke 2 tot 4 weken is onvoldoende om de variabiliteit van
het natuurlijke systeem vast te stellen. Hoog frequente metingen met behulp van meetboeien
of automatische sensoren geven aan dat de werkelijke variatie systematisch wordt onderschat
als deze wordt gebaseerd op conventionele monitoringsprogramma’s. De conclusie dat de
temporele variabiliteit van moderne modellen irreéel groot is, kan dan ook niet worden ge-
trokken.

Het is interessant dat chlorofyl-a een van de meest robuuste uitvoergrootheden van de model-
len is. Meestal behoort de ‘goodness of fit” score tot de hoogste van alle modelparameters,
vaak overtreft deze de score van (semi) conservatieve grootheden als totaal stikstof of de sali-
niteit, die een maat zijn voor de nauwkeurigheid van de transport modellering. Dit resultaat is
strijdig met de veelgehoorde bewering dat hydrodynamische modellen in het algemeen nauw-
keuriger zijn dan ecologische modellen. Uit de hier gerapporteerde studies en uit vele anderen
blijkt dat sommige hydrodynamische verschijnselen zoals de waterstanden inderdaad met een
grotere nauwkeurigheid kunnen worden voorspeld dan voedingsstoffen of algen met behulp
van de huidige ecologische modellen. Maar transport is veel belangrijker als aansturing van
ecologische of waterkwaliteitsmodellen dan waterstanden. De richting en snelheid van het
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transport hangt af van sterk variérende factoren zoals de verticale gradiénten, hoog frequente
weersfluctuaties (windrichting en snelheid) etc. Gegeven de gevoeligheid van hydrodynami-
sche modellen voor deze factoren blijkt dat de nauwkeurigheid waarmee deze het transport
voorspellen niet noodzakelijkerwijs groter is dan de nauwkeurigheid waarmee ecologische
modellen chlorofyl-a berekenen. Er dringt zich echter nog een andere vraag op: Waarom is de
score van chlorofyl-a meestal ook (redelijk) goed van modellen met duidelijke tekortkomin-
gen in ruimtelijke resolutie of aansturing? Een mogelijke verklaring is dat primaire productie
modellen altijd worden beoordeeld op hun vermogen deze variabele te reproduceren. Model-
len zijn dus waarschijnlijk geoptimaliseerd om juist deze variabele goed te reproduceren. Uit
onderlinge vergelijking van modellen gelijk ingestelde fytoplankton kinetiek blijkt echter dat
de score van alle modellen relatief hoog blijft, inclusief van die met een matige fysische for-
cering. Dus de goede score voor chlorofyl-a is mede het gevolg van intrinsieke eigenschappen
van de hier toegepaste modellen ten gevolge van niet-lineariteiten en ingebouwde compensa-
tie mechanismen.

Enkele opmerkingen over de toekomst

Het hier gepresenteerde modellenwerk heeft bijgedragen tot het begrip van veel aquatische
systemen en heeft beheerders vaak geholpen met het nemen van beslissingen. De DELFT3D-
ECO model familie is vooral sterk op het punt van de interactie met het fysische systeem, het
is robuust en levert als regel goede resultaten op voor primaire producenten, voedingsstoffen
en het onderwaterlichtklimaat, ongeacht welke beoordelingscriteria worden gebruikt en zeker
niet onbelangrijk: het aantal wereldwijde toepassingen is bijzonder groot. Maar zoals al op-
gemerkt in de inleiding: ecosystemen zijn ingewikkeld en dikwijls moet een integraal oordeel
worden gevormd waarbij rekening wordt gehouden met secundaire producenten, vissen,
zoogdieren en vogels. Er is geen eensluidende mening onder ecologen in het algemeen en
modelleurs in het bijzonder hoe dit oordeel kan worden verkregen. In modellen zoals ERSEM
voor marine systemen of PCLAKE voor zoete wateren, zijn vergelijkingen voor ten minste een
deel van de genoemde ecosysteem componenten expliciet opgenomen. In DELFT3D-ECO is dat
niet het geval. Dit model houdt zich strikt aan de vuistregel dat modellen niet simultaan pro-
cessen moeten proberen te beschrijven met karakteristieke tijdschalen, die verschillende
grootte ordes uit elkaar liggen. In het algemeen geldt voor dergelijke modellen dat ze gevoelig
zijn voor de uitgangscondities en parameters en veel tijd (simulatiejaren) nodig hebben om
een cyclische toestand te bereiken na verandering van de aansturende grootheden of parame-
ters. Als alternatief worden in onze praktijk effecten op hogere trofie niveaus meestal beoor-
deeld op basis van andere technieken (bijvoorbeeld een Habitat geschiktheid beoordeling:
HEP), die mede gebruik maken van de resultaten van het primaire productie model. Het mag
duidelijk zijn dat dit onderwerp zich leent voor verder onderzoek door ecologische model-
leurs.

Andere aspecten, die in de naaste toekomst aandacht verdienen, zijn ondermeer de beoorde-
lingscriteria van de model geschiktheid (Hoofdstuk 8), de soortensamenstelling van het
Noordzee model (Hoofdstuk 8), operationele voorspelling van de algenbloei in zowel meren
(drijflagen van cyanobacterién; productie van toxines) en in kustwaren (Phaeocystis bloeien;
bloeien van schadelijke dinoflagellaten leidend tot vergiftiging van schelpdieren) en bepaling
van de effecten van klimaatsverandering op de primaire productie (niet alleen directe effecten
van de temperatuur, maar ook indirecte via het transport, de belastingen, de synchronisatie
met grazers etc.).
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Gelukkig zullen naast een aantal beheersgerichte projecten, binnenkort enkele interessante
R&D gerichte projecten beginnen, die wellicht bij kunnen dragen aan het vinden of verbete-
ren van geintegreerde methodieken om het ecosysteem als geheel te beschouwen. Drie projec-
ten zijn bijzonder interessant. Eén project richt zich op de ecosystemen van het Markermeer
en het IJsselmeer; hierin participeren verschillende onderzoeksgroepen en een half dozijn
promovendi. Van gelijke omvang is een project betreffende diepe meren samen met de Natio-
nale Universiteit van Singapore (NUS). Het marine model zal verder ontwikkeld worden
vanwege de verplichting eind 2012 een ecosysteem benadering te ontwikkelen met betrekking
tot de Europese marine strategie. Deze belangrijke studies zullen allemaal voortborduren op
het hier gepresenteerde werk en de mogelijkheden van het modelsysteem vergroten om ge-
loofwaardige en geaccepteerde resultaten te produceren, die bruikbaar zijn voor beheerders en
de maatschappij in het algemeen.
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In een van mijn bureaulades bevindt zich een dossier waarop in keurige IBM typemachinelet-
ters staat: "PROMOTIE DRS. LOS". Het dossier is in 1978 aangemaakt en het begint met wat
oude brieven van Rijkswaterstaat, waarin staat dat er vanuit die organisatie geen bezwaar is
tegen mijn promotie op basis van het werk, dat ik in opdracht van Rijkswaterstaat op dat mo-
ment uitvoerde. Uit de verdere inhoud blijkt dat het dossier niet erg actief is bijgehouden,
maar het is wel steeds meeverhuisd naar elk nieuwe werkplek en niet in de papiercontainer
gedeponeerd zoals veel andere stokoude dossiers.

Gevolg van zo'n lang promotietraject als het mijne is wel dat de lijst met personen, die op de
een of andere manier hebben bijgedragen, wel heel erg lang is. Ik had oorspronkelijk dan ook
als motto voor dit hoofdstuk een bekende cabaretier willen citeren, die een keer een liedje
heeft gemaakt met als refrein: "Nee, Nee, we noemen geen namen, namen noemen we niet".
Ik zal mij hier niet helemaal aanhouden, maar toch bijna.

Jim Bigelow deserves the credits for the original idea of modelling phytoplankton in an un-
conventional way and although the present BLOOM model went through a long evolution, he
is the ancestor. The sessions of the modelling groups of Delft|Hydraulics in the 1980s with
Dominic DiToro were always a delight. In the early days he had many questions on the prin-
ciples of BLOOM and with his comments have stimulated me enormously in transforming the
model into a form he firmly supported. He was also one of the first to point out to our group
that it is essential to document our models in the scientific literature. I read that message loud
and clear, but I have to admit it took a while to respond properly.

De namen van mijn vijftien co-auteurs staan elders in dit proefschrift; het zijn collega's, ex-
collega's en opdrachtgevers. Zij hebben allemaal actief bijgedragen aan de totstandkoming
van de artikelen, die in dit proefschrift zijn opgenomen, en met velen heb ik ook in andere dan
de beschreven studies intensief samengewerkt.

Buiten mijn coauteurs zijn er nog twee (ex-) collega’s, die ik apart wil noemen: mijn paranim-
fen Nico en Leo, mede pioniers uit de beginjaren van mijn loopbaan. Verder waag ik mij niet
aan een lijst met collega's die hebben bijgedragen en met wie ik samen aan projecten heb ge-
werkt: het zijn er veel te veel om apart te benoemen. Het was niet altijd makkelijk, meestal
uitdagend en de sfeer was altijd goed, de collegialiteit vanzelfsprekend en toch hartverwar-
mend.

Ik heb in de loop der jaren met veel opdrachtgevers te maken gehad; sommigen wilden slechts
een concreet antwoord en vertrouwden mij op mijn blauwe ogen, maar ook deze studies le-
verden regelmatig nieuwe inzichten op. Vanuit de Rijkswaterstaat is zeker in de beginjaren
actief bijgedragen aan de kennisontwikkeling. Sommige opdrachtgevers droegen niet inhou-
delijk bij maar cre€erden de ruimte voor innovatie door grote, op de wat langere termijn ge-
richte projecten te initi€ren. Goede ideeén komen soms in een flits, vaak na lang geploeter,
maar de uitwerking, implementatie, concretisering en toetsing kost hoe dan ook meer tijd dan
een paar weken of maanden en die ruimte moet er wel zijn.

Een van die ex-opdrachtgevers van Rijkswaterstaat, Marten, is nu mijn promotor. Toen ik je
een jaar of drie geleden benaderde met het idee om te gaan promoveren, was je meteen en-
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thousiast. We hebben toen een traject afgesproken, waarbij ik eerst voor de benodigde artike-
len zou gaan zorgen, die ik vervolgens zou bundelen. Het uiteindelijke proefschrift is toch
meer geworden dan dat en bij het realiseren van de uitbreidingen heb je heel veel waardevolle
suggesties gedaan en net zo lang vragen gesteld tot er een tekst lag die inhoudelijk correct en
toch goed leesbaar was.

De laatste groep, die ik wil noemen, zijn de wetenschappelijke collega's bij universiteiten en
onderzoeksinstituten. Soms waren de contacten intensief bijvoorbeeld tijdens samenwer-
kingsprojecten, soms waren de contacten sporadisch. We waren het niet altijd eens, maar ook
verschillen van inzicht zijn zeer inspirerend.

Mijn ouders hebben mij altijd gestimuleerd om te gaan studeren en ik betreur het dan ook
zeer, dat ze mijn promotie niet meer mogen meemaken. De keuze van de promotiedatum is
een bescheiden eerbetoon aan hen. Voor mijn naaste familie: Roos en Robin, was het afgelo-
pen jaar om meerdere redenen moeilijk. Elk van ons had met grote, soms zelfs bedreigende
problemen te maken. Mijn promotieactiviteiten waren aanvankelijk een tijd- en creativiteit-
rovend project zoals er wel meer zijn geweest. De laatste maanden is dat duidelijk veranderd
en heb ik mij regelmatig opgesloten bij een van mijn computers, mijn gezinstaken verwaar-
loosd en de volle bandbreedte van de internetverbinding opgeéist. Juist toen we dachten dat
alles zo’n beetje in kannen en kruiken was, volgde nog een extra moeilijke periode. Dank
voor jullie onmisbare steun en begrip.
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Frederik Johannes (Hans) Los werd op 13 april 1951 te Leiden geboren. Zijn kleuterjaren
bracht hij door in Canada. Hij behaalde het HBS-B diploma aan het Christelijk Lyceum W.A.
Visser 't Hooft in Leiden en wilde aanvankelijk Weg- en Waterbouwkunde studeren.
Geinspireerd door een aantal alarmerende boeken, ging hij uiteindelijk een heel andere
richting uit en studeerde van 1969 tot 1975 biologie aan de Rijksuniversiteit Leiden. Na een
kandidaats biomathematica, koos hij hoofdafstudeervakken uit de theoretische dierenecologie,
ethologie en wiskundige biologie. Na een goed jaar van vervolgonderzoek aan de Universiteit
Leiden, waar hij werkte aan populatie dynamische modellen, trad hij in 1977 in dienst van het
Waterloopkundig Laboratorium (nu opgegaan in Deltares). Hij was daarmee de eerste ecoloog
bij het instituut, dat destijds nog sterk werd gedomineerd door ingenieurs met een civiel
technische opleiding. Daarmee was de cirkel rond en kon hij zich gaan richten op de gevolgen
van waterbouwkundige ingrepen (zijn aanvankelijke keuze) op het milieu (zijn uiteindelijke
keuze). In nauwe samenwerking met de toenmalige Deltadienst van Rijkswaterstaat ging hij
zich bezighouden met de modellering van fytoplankton en kreeg daarbij als bagage het 'Algae
Bloom Model' mee, dat door Rand Corporation was ontwikkeld voor de Oosterschelde.
Eutrofiéring bleek een weerbarstig, ingewikkeld en wijd verbreid probleem, maar het besef
dat (modelmatig) onderzoek daarbij oplossingen kon bieden werd breed gedragen, hetgeen
ertoe leidde dat er veel ruimte was voor de ontwikkeling van modellen waaronder BLOOM met
name in het kader van het WABASIM project, dat bijna 15 jaar heeft bestaan. Tussentijds
moesten echter regelmatig concrete resultaten worden opgeleverd voor actuele problemen.
Eind jaren tachtig begon de ontwikkeling van de marine versie van BLOOM in het kader van
de eerste en tot nu toe enige grote Nederlandse integrale beleidsanalytische studie over de
Noordzee: MANS.

Hijj is in de loop der jaren bij zeer veel projecten betrokken geweest in uiteenlopende rollen:
als ontwikkelaar, modelleur en code ontwerper, als projectleider, als wetenschappelijk
codrdinator, als adviseur en als reviewer. De meeste projecten speelden zich af op het
grensvlak van hydrodynamica, slib, waterkwaliteit en ecologie. Watersystemen, waarvoor
regelmatig en langdurig onderzoek werd verricht zijn ondermeer het IJsselmeer gebied, de
randmeren, in het bijzonder het Veluwemeer, de Vechtplassen, de Zeeuwse Deltawateren, het
boezemstelsel en de meren van Rijnland, de Lagune van Veneti€¢ en de Noordzee. Daarnaast
is hij betrokken geweest bij honderden andere studies.

Van 1998 tot en met 2007 was hij disciplinetrekker voor de ecologie van WL. In die functie

had hij een belangrijke adviserende en sturende rol omtrent de kennisontwikkeling van het
vakgebied binnen het instituut. Momenteel is hij ecologisch specialist bij Deltares.
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