T2087

GEM, a Generic Ecological Model
for estuaries

model documentation

June 1997

delft hydraulics







GEM, a Generic Ecological Model
for estuaries

J.G.C. Smits, M. Bokhorst, A.G. Brinkman,
P.M.J. Herman, P. Ruardij
H.L.A. Sonneveldt, M.W .M. van der Tol

\I ‘I

delft hydraulics




_|J un s i
R Lol S ety
;ll.u__... i, = ’
e =

e
Bl

kg




delft hydraulics

CLIENT : National Institute for Coastal and Marine Management (RIKZ),
Rijkswaterstaat, Ministry of Public Works

TITLE : GEM, a Generic Ecological Model for estuaries

ABSTRACT : This documentation report describes the mathematical formulations of the model GEM. Following the
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The outline provides an overview of the main features of GEM, the processes included and their
coherence.
The next chapters each deal with the formulations of a (group of) state variable(s), among which
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sediment. An additional chapter discusses the numerical algorithms used in specific process modules.
Finally, the demo application of GEM for the Western Scheldt is presented and discussed.
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| Introduction

1.1 Background

The development of the Generic Ecological Model for estuaries (GEM) started in 1994 as a
joint undertaking of RIKZ, WL, NIOO-CEMO, NIOZ en IBN-DLO. RIKZ initiated the
model development in order to take away difficulties in management of estuarine water
quality and ecosystems, arising from a situation in which several models were being used
for management policy analysis (RIKZ, 1993). Models like ECOWASP, Eems-Dollard
Model, EMOWAD, ERSEM, moses, SMOES, ECOLUMN and DELWAQ (DBS, SAWES)
had been developed separately by the above institutes and are very different regarding
objectives, formulations, data requirements and capacities. Consequently, consensus on
modelling efforts was generally lacking, which troubled the incorporation of forthcoming
conclusions in policy analysis. Moreover, development and maintenance of so many
complicated models proofed to be very cumbersome and costly. Objectives and data
requirements being so diverse prevented comprehensive yet optimized field monitoring in
Dutch estuaries.

Three scientific workshops provided the foundation of the functional design of GEM that
was produced in the first stage of the project (WL et al., 1995a). Although consensus could
be established among the participants regarding state-of-the-art formulation of many parts
of GEM, some differences in scientific judgement remained. These relate to concepts and
algorithms for a) primary production and competition of algae species and b) nutrient
processes in the sediment. It was therefore decided, to provide GEM with parallel modules
for these subjects, from which a user may choose according to his needs and preferences.
Although essentially different in approach, the options would have to be tuned in order to
allow intercomparison. This implies that formulations must be conceptionally identical, if
there are no specific, important reasons for them to be different.

RIKZ committed DELFT HYDRAULICS in 1995 to construct a technical design for GEM
on the basis of the functional design, describing functionality, state variables and main
starting points and concepts for the formulation of ecological processes and mass transport
(WL, 1995b). The technical design makes a distinction between the basis of the model, that
would have to be built within the short and mid terms, and extensions, that may be
established in the long run.

Processes in GEM are meant to be formulated in a generic way. They can be implemented
in any simulation package. For practical reason it had been decided, that DELWAQ would
be the modelling framework for GEM. DELWAQ is DELFT HYDRAULICS' simulation
package for water and sediment quality (WL, 1995c/d). It has core modules for the
calculation of mass transport and mass balances in interacting compartments of a natural
aquatic system. Other processes than advection and dispersion that determine water quality
and ecosystem components can be added to the model from a so called user-defined process
routine library. The process formulations are described in full detail in this report.

DELFT HYDRAULICS |2}
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The third stage of model development concerned the detailed formulation and
programming of a pilot-GEM. Once again a scientific workshop was held on the details of
the formulations. Main aim of the meeting was to tune the activities and products of the
participants in the project. The activities resulted in the present documentation report.
Whenever possible and appropriate, use was made of parts of existing models. Throughout
the development of GEM, DELFT HYDRAULICS acted as main contractor for RIKZ,
which implied having responsibility for organization of the project. All participating
institutes contributed to the elaboration of concepts and formulations. GEM is therefore to
be considered a consensus model. However, scientific responsibilities during the
formulation stage have for practical reasons been divided among the participating institutes
as follows:

e phytoplankton: DELFT HYDRAULICS (optimization of production approach), RIKZ
(Monod-type kinetics approach);

microphytobenthos: NIOO-CEMO;

detritus: IBN-DLO and DELFT HYDRAULICS;

primary consumers: DELFT HYDRAULICS;

nutrient and water quality processes: DELFT HYDRAULICS; and

nutrient processes in the sediment: NIOZ (estimated gradient approach), DELFT
HYDRAULICS (dynamic gradient approach).

RIKZ funded the development of GEM for roughly 75%. NIOZ, NIOO-CEMO, IBN-DLO
and WL shared the remaining part of the cost.

1.2 Objectives and scope of application

GEM describes the behaviour of nutrients, organic matter, primary producers and primary
consumers in estuaries. Water quality parameters that affect the principle state variables are
simulated additionally. GEM's main objectives are:

e providing of a unified and widely accepted ecosystem model for policy analysis of the
management of estuaries;

» providing of a platform for further development of consensus modelling of water quality
and ecological components in Dutch estuarine systems; and

e invoking of enhanced scientific cooperation between Dutch institutes involved in
estuarine research, consultancy and management.

Because of the desired broad applicability of GEM, an estuary is defined in the widest
possible way as a brackish or salt water body interfacing land and sea. This definition
encompasses:

river delta water bodies such as the Western Scheldt and the Eems-Dollard;
sea branches such as the Eastern Scheldt;

stagnant former sea branches such as Lake Grevelingen and Lake Vere; and
shallow coastal seas with mudflats such as the Waddensea.

These ecosystems have very diverse features. Applicability of GEM on all of them requires
a generic, flexible model structure. Maximal flexibility has been obtained by making the
model both input defined and input driven.

DELFT HYDRAULICS
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Problems which can be addressed with the present version of GEM relate to:

e input, retention and cycling of nutrients and organic matter;

e effects of eutrophication on primary production, algae species composition, and primary
consumption;

o effects of disturbances caused by the removal of grazers, turbidity in- or decrease,
changes in residence time, salinity, morphology and climate, meteorological variability,
etc. on primary production and the comparison of effects in different estuaries;
structuring and integration of field data;
estimation of carrying-capacity for higher trophic levels; and

e the model as research object.

1.3 Stage of development

The pilot-GEM has been implemented in DELWAQ as a somewhat simplified first version
of the eventual, comprehensive model. According to the functional and technical designs,
the effects of the activity of bacteria and oligochaetes are modelled implicitly in the
decomposition of organic matter. However, important restrictions of the pilot-GEM
compared to the designs are:

Macrophytes, such as Ulva and Zostera, have not been included.

Grazers, that is micro- and mesozooplankton and various types of filter feeders, such as
coccels and mussels, are not simulated dynamically but included as forcing functions.
Age classes can be taken into account by introducing a separate species into the forcing
function for each age class. Hyperbenthos is ignored.

e GEMSED, one of the three sediment-water interaction modules and described in this
report, has not yet been implemented.

e The model is suitable for 1-DH and 2-DH simulations. Vertical stratification was not
taken into account. Moreover, compartments should not run dry. Although technically
possible in DELWAQ, process formulations do not apply to that condition.

e The proposed innovative mass transport schemes, in which aggregation over time and
space is different between the mass transport module and the ecological module, have
not been implemented.

The restrictions with respect to primary producers and consumers implicate that the pilot-
GEM is not suitable for analysis of the ecosystem concerning dynamic behaviour of con-
sumers. Moreover, the model is limited in the prediction of shifts in primary production
between various functional groups.

Considering mass transport schemes it must be noticed that GEM does not produce water
flow patterns by itself. Water flow calculated with a separate hydrodynamical model such
as WAQUA or TRISULA has to be made part of the input for GEM (RIKZ, 1996, DELFT
HYDRAULICS, 1996a). Aggregation of water flow over space and time in preparing tide-
averaged input is possible with a tool called DIDO (DELFT HYDRAULICS, 1996b). In
addition to this option, the innovative transport schemes would facilitate intra-tidal
computations with a very fine grid for mass transport. Although technically possible for a
grid that is equally fine for transport and processes, it is not recommended to perform this
type of simulations with the present model. As mentioned above, process formulations have
not (yet) been optimized from the viewpoint of intra-tidal computations, and there is
virtually no experience with intra-tidal simulations, in which a part of the compartments
run dry during low tide.

DELFT HYDRAULICS
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Moreover, the resulting computational burden may be unacceptably large. It is expected
that the above limitations will be taken away in future versions of GEM.

Two examples of the conceptual inappropriateness of the pilot-GEM for intra-tidal
simulations are the following. Both benthic and pelagic algae have an ability to take up
nutrients during the night and to use them for primary production during the day. This
phenomenon would have to be described with Droop-kinetics in stead of the time-averaged
growth kinetics used in the pilot-GEM (Droop, 1973). The resuspension of sediment
depends on flow velocity peaks during the tidal cycle. These peak values in stead of time-
averaged value would have to be used in GEM to describe accurately high suspended solids
concentrations affecting primary production through extinction.

1.4 About this report

The documentation report contains a full description of the process formulations and the
algorithms implemented in GEM. This is preceded by chapter 2, in which the main features
of DELWAQ are summarized, as this modelling package forms the basis of GEM. This
chapter also presents an overview of the state variables and the processes simulated in
GEM. Given the complex and detailed nature of this documentation report, it is
recommended to read this chapter first.

Each of the chapters on process formulations has the same structure. An introductory
section summarizes the main assumptions and boundary conditions. At the same time it is
illuminated how processes add up to the change of a state variable. The sections that follow
the introduction deal with a specific process or a group of closely related processes. In
some cases processes have been grouped in previously constructed modules such as
BLOOM and SWITCH. All processes give a change of concentration per units of volume
and time. Such a change is called a flux, and is invariably indicated with the symbol F.
Process fluxes are output of process routines and are delivered to the core routines of
DELWAQ.

The chapters on processes have been arranged more or less according to the hierarchy of
these processes. Chapter 3 deals with the primary production of phytoplankton and
microphytobenthos. Section 3.3 contains only a brief summary of BLOOM. The report
refers to the existing literature which contains descriptions in full detail. Algae provide
food to grazers, described in chapter 4. The mortality of algae as well as grazing leads to
the production of detritus, the production and decomposition of which are illuminated in
chapter 5. The cycle of organic matter is accompanied by parallel cycles of nutrients and
dissolved oxygen. Chapters 6 and 7 present the formulations for respectively those
substances. Chapter 8 deals with the autonomous behaviour of inorganic suspended
sediment, which imposes conditions on all the other state variables.

Chapter 9 briefly describes algorithms that have been implemented in DELWAQ and in
various modules of GEM. Algorithms have to do with numerical integration, fractional step
calculation of fluxes, iteration, optimization, and mass conservation.

Finally, the demo-application of GEM on the Western Scheldt is discussed in chapter 10.

Preliminary results of the model are evaluated, which leads to some conclusions on
priorities and options for further model development.
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This documentation report is not a manual. The user of GEM is referred to the DELWAQ
manuals (WL, 1995¢/d) for details on:

structure and contents of input files;

names of parameters, that have to be used in input files;

schematization of a water body in space and time;

formulations regarding the syntax in which they were implemented in process routines;
and

input options and numerical algorithms available in DELWAQ.

The report was composed and edited by J.G.C. Smits. F.J. Los provided expertise
knowledge with respect to the phytoplankton modules, BLOOM in particular. The
following authors contributed to this documentation report:

M. Bokhorst (DELWAQ, chapter 2 / section 9.2; phytoplankton, sections 3.3 and 9.1;
consumers, chapter 4);

A.G. Brinkman (detritus, chapter 5);

P.M.J. Herman (microphytobenthos, section 3.4);

P. Ruardij (nutrients, section 6.5.1 /9.2);

J.G.C. Smits (introduction, chapter 1; nutrients, chapter 6 / section 9.3; demo
application, chapter 10);

H.L.A. Sonneveldt (dissolved oxygen, chapter 7; suspended sediment, chapter 8; demo
application, chapter 10); and

M.W.M. van der Tol (phytoplankton, section 3.2).

The report was reviewed by F.J. Los. However, all authors are responsible for the scientific
soundness of their own contributions.
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2 Outlines of GEM

2.1 DELWAQ framework

2.1.1 Introduction

GEM is set up as an application of DELWAQ, available for PC’s and workstations. Transport of
substances is dealt with by the standard DELWAQ software, whereas the water quality and
ecological processes are specific for GEM. This section gives an introduction to DELWAQ, a
water quality modelling framework with an extensive set of options, features and different
modes for usage. Detailed information is provided in the User's Manual, the Technical
Reference Manual and the Systems Reference. (DELFT HY DRAULICS, 1995¢ and 1995d).

2.1.2 Principles and structure

DELWAQ simulates the transport and transformation of substances by numerically solving a set
of coupled advection-diffusion equations. The advection-diffusion equations are coupled
through source (or sink) terms which describe the transformation of substances due to water
quality and/or ecological processes. The total transformationrate of a substance is determined
by the sum of fluxes as defined by the various water quality and ecological processes. These
fluxes are discussed more in detail in section 2.4 to 2.7. A precise definition of the fluxes is
provided in chapters 3 to 8.

The calculation of the concentration patterns as a result of the process and transport fluxes is
illustrated by figure 2.1. Figure 2.2 gives an overview of the basic structure of DELWAQ with
its input and output files.

2.1.3 Schematisation in space

In order to solve the advection-equation equation numerically the study area must be
schematised into computational elements representing finite homogeneous volumes of water
containing dissolved and suspended material. The segments (= computational elements) may
have any shape and any degree of detail and may expand in any direction. Between the
computational elements there is exchange of matter due to advective flow of water or mixing
processes. By defining links a segment may exchange matter with any other segment. The
DELWAQ segments have a number and each link is defined by a pair of segment numbers.

The DELWAQ segments are characterised by a volume (in m’), an exchange area (in m®) and
an exchange length (in m). The exchange length is used for the definition of the distances
along the links and is used to calculate dispersive transport. The exchange area is used to
calculate advective transport.

DELFT HYDRAULICS 2-1
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Initialisation

Processes. BLOOM optimization

Processes

Output

TS T=Tend?

No e Yes

Construction dC/dt processes

Construction dC/dt waste loads

T=T +deltaT

Update time dependent forcing functions

Mass = Mass + deltaT. dC/dt

Repeat until T = Tend

Stop

Figure 2.1 The calculation procedure of transportand processes in GEM within the framework of DELWAQ

2.1.4 Important options

Below are some important options that DELWAQ offers:

e The modeller can choose from a list of numerical schemes on the basis of the
characteristicsof the problem and trade-off considerations like computation time, accuracy
and computer resource limitations.

e Flexible interfacing with hydrodynamic models such as WAQUA. Flexible aggregation in
time and space of the results of hydrodynamic modelling with the tool DIDO.

e All water quality and ecological processes as defined in GEM are stored in a generic
process-library. This process-libraryallows for the selection of pre-defined processes.

e The modelled processes involve constant, spatially varying, time varying and time and
spatially varying parameters. DELWAQ provides a convenient way to import the process-
parameters into the model. Time functions are evaluated given time and passed to the
water quality and ecological processes.
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e To derive information from the model DELWAQ provides tools to retrieve almost any
information (including balances) in a flexible way.
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2.1.5 Input principles

DELWAQ input is provided in an ASCII file. The input file is divided into 9 sequential input
blocks as summarised below:

1. Identification
Specification of the identification of the model and dimensioning of the problem.

2. Timers and general information
Specification of the state variables, selection of an integration options and model-timing.

3. Schematisation
Specification of the number of segments and their volume.

4. Transport
In this block all information related to the exchange area's is specified (flows, exchange
area's, dispersion length's etc.) Also a so called "pointer table” must be provided. This table
defines the link between segments and exchanges.

5. Boundary conditions
Specification of the boundary conditions.

6. Loads
Specificationof the waste loads.

7. Process parameters
There are 4 types of process parameters that may be specified:

e Constants
Values that hold for all computational elements and time steps

e Parameters
Values that differ for the computational elements but do not vary in time.

e Functions
Values that hold for all computational elements but vary in time.

e Segment functions
Values that differ for the computational elements and vary in time.

8. Initial conditions
Specificationof the initial concentrations.

9. Output specification
Specificationof the model output.
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Basically the program accepts input through one input file. For larger model area's it may
be useful to prepare certain parts of the input file with a separate program. It may also be
useful to split the input file in a part that will not change for many subsequent applications
(e.g. hydrodynamics) and in a part that will change frequently (e.g. waste loads, process
parameters). DELWAQ enables the use of so called "multiple input files" for reasons of
convenience. Some of the information can be supplied in binary files (e.g. hydrodynamics,
boundary conditions).

2.2 Water flow and mass transport

2.2.1 Advection and dispersion

DELWAQ simulates the transport of substances by solving the advection-diffusion equation

numerically:
oc 0 0 0
a—a(l_), -u,c)-—(D, -uy) -é;(D: ~u.c)=0 (2.1)

DELWAQ does not simulate hydrodynamics. In the GEM framework DELWAQ interfaces with
the hydrodynamic models WAQUA and TRISULA. The coupling programs WAQUA-DELWAQ
and TRISULA-DELWAQ provides the necessary DELWAQ input, such as flows and volumes
(optionally aggregated in time). These input may be aggregated in space using the tool
DIDO.

2.2.2 Import and export of substances

Import or export of substances through transport may be due to:

® advective and/or dispersive transport over open boundaries; and
o loadings to the system.

2.3 Water quality and ecological processes

2.3.1 State variables and forcing functions

Embedded in the DELWAQ framework GEM provides a flexible modelling tool. Any state
variable can easily be redefined as a forcing function simply by changing it to a constant,
parameter, function or segment function in the DELWAQ input file (and vice versa). This
allows for a modelling approach whereby gradually the complexity of the model is
increased.

Grazing by zooplankton and suspension feeders is standard a forcing function and cannot
be modelled dynamically (see chapter 4).
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The concentration of the state variables changes due to both transport (as discussed in
section 2.2) and transformation processes (water quality and ecological processes). The
next section discusses how the transformation processes are embedded within the DELWAQ
framework.

In pilot-GEM a distinction is made between the following state variables:

e Nutrients
- ammonium, nitrate and nitrogen in organisms and detritus
- dissolved phosphate, adsorbed phosphate, precipitated phosphate and phosphate in
organisms and detritus
- dissolved silicate, opal silicate and silicate in organisms

e Primary producers
- marine diatoms
- marine non-diatoms namely dinoflagellates, other flagellates and Phaeocystis
- fresh water diatoms
- fresh water non-diatoms namely flagellates
- microphytobenthos

e Organic matter
- organic matter in the various organisms (per functional group)
- two decomposable detritus fractions
- two refractory detritus fractions (particulate and dissolved)

e Remaining substances
- dissolved oxygen
- suspended matter
- chloride

Primary consumers are incorporated into the pilot-GEM as forcing functions:

e Primary consumers
- micro- and meso zooplankton
- suspension feeders

The pilot GEM deals with variable nutrient to carbon ratios for detritus. Therefore every
state variable of the functional group detritus is subdivided into three groups (C,N,P).

2.3.2 Processes and parameters

In order to take the transformation of the state variables due to water quality and/or ecological
processes into account an extra source (or sink) term is added to the advection-diffusion
equation:

oc 0 0 0
o o x40 5 (D, ~ 1) = o(D, —u) = F(c,h) s

The transformation rate of a state variable F(c,t) is composed of the fluxes calculated by the
water quality or ecological processes involved.
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All water quality and ecological processes are stored in a generic process library. It contains
process-definitionfiles and generic FORTRAN modules library. Each process uses a module, a
generic FORTRAN subroutine, and a process definition file to calculate the process flux. The
process definition file defines:

e the link between the process and the appropriate module and
o the process input and output (fluxes).

2.3.3 Important input rules

The principle for the selection of processes is the following: a pre-processor scans the
DELWAQ input file for reserved names of state variables that are present in the process-library.
If a state variable is recognised, all the processes found in the library acting on that state
variable are tagged. If all necessary input for a process is available, the process is actually
switched on. The names of the input items are fixed and may be supplied at any location
within the DELWAQ-input file (f.i. as a constant or a space and time varying parameter).
Detailed information on the process selection mechanism is given in the DELWAQ user's
manual.

2.4 Budgets

In the next sections the budgets of carbon, nutrients (N, P and Si), oxygen and suspended
sediment as considered in GEM are discussed. The construction of the budgets is illustrated
by Figure 2.3 to Figure 2.10. The legend of the figures is given in Table 2.1.

- - statevariable (dissolved)

. . statevariable (particulate)
forcing function (constant, f(place), f(time), f(place,time))

> first order flux
transportflux (sedimentation, resuspension, diffusio
—=—p  flux divided over more than one state variable

—#»  function determining a process flux
- - -  combined transport and (bio)chemical flux
»»  chemical flux (dissolution, precipitation, adsorption)

S settling

R resuspension
D diffusion

B burial

G digging

Table 2-1 Legend of Figure 2.3 to Figure 2.10.
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2.4.1 The organic carbon budget

The organic carbon budget is affected by the processes related to:

the primary production of biomass,

mortality of phytoplankton and microphytobenthos,
the mineralisation of organic material and

grazing by primary consumers.

Primary producers

The following processes related to primary producers affect the organic carbon budget (see
Figure 2.3):

e Primary production

- Net uptake of nutrients (3)
e Mortality

- production of detritus (1A)

- release of nutrients (autolysis) (1B)

- settling and mortality phytoplankton (6)

- resuspension and mortality microphytobenthos (7)
e Grazing

- Grazing by zooplankton and zoobenthos (5A)

7

| Grazers |
A
5A
g Y SR (e o )
Dissolved ' Y 3 ) Detritus-fast
nutrients £ Pr?étoh;;lgn;it)on K—1A_p (C,N,P,
(NPS) 4-1B—g 0 Opal Si)
Water — N 7 ——— &
- 6 y 5
Sediment @—
3 |
S h, ST S Ny
— - N
4 Dissolved | Microphyto- * Detritus-fast
nutrients 4 1B benthos 1A _p  (CNP,
(N,P,Si) - (C,N,P,Si) Opal Si)
-/ N .~ __/

Figure 2.3 Cycling of organic matter: processes related to primary producers.
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Detritus
The following processes related to detritus affect the organic carbon budget
(see Figure 2.4):
e Mortality
- Production of detritus by mortality of phytoplankton (1A)
- Production of detritus by mortality of primary consumers (8B)
- Sedimentation and mortality of phytoplankton (6)
e  Mineralisation
- Production of nutrients (2A)
- Production of particulate organic matter (2B)
- Production of dissolved organic matter (2C)
e Grazing
- Grazing of detritus (5B)
e Transport
For all particulate detritus:
- burial in sediment (B)
- digging from sediment (G)
Dissolved
I Dissolved inorganic nutrients refractory
. e (NH4,PO4) t—2A 2 ok
Primary  / 5B : material (C,N.P)
,«‘/ consumsrsff ) S e et A A R T i
’ -~ 8B o
, . & A P .
Primaire | 77’;1'/ | | " Particulate !
- Detritus-Fast 1/ . | Detritus-Slow o refractory
Producers 3 1A CNP) A 2-28 w (C.N,P) ’X ®—28 organic material
(CNP) I | C.NP)
\ - | W ieidiol Tr—— L '
N Nt oo o Zﬂfﬂ‘:‘.) Lﬁﬁ_/ costtcients \ﬁf“"‘/
detritus-slow)
Water 39 S R s R S R D
Sediment - - o
f(stoichiometric = 2
S B efficient < S " A S B
g Y LT, T, T e iy
Benthic - - - — | ; |
Detritus-Fast . Detritus-Slow | detritus-sk refractory
Algea —@7A->» ienp) ---X@——za > (NP R, organic materlal
(CNPY) ; CAPI i
- J Ly " Sl gl
86 86 6 .
_______ N
I SR N ! Dissolv ;
Dissolved inorganic nutrients in . refractory 1
pore-water -~——2A ~2C 1 organic material |

(NH4,PO4) :

Figure 2.4 Cycling of organic matter: processes related to detritus.
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2.4.2 The nutrient budgets

The following processes affect the budgets of both nitrogen, phosphate and silicate (see
Figure 2.5):

e Primary production
- Net uptake of nutrients by phytoplankton and microphytobenthos (3)
o Mortality
- Release of nutrients due to mortality of phytoplankton (autolysis) (1B)
- Release of nutrients due to mortality of microphytobenthos (1B)
- Release of nutrients due to mortality of primary consumers (8A)
o Mineralisation
- Production of nutrients (2A)

Primary / . 8A
/' Consumers /’” &
/
S S
f(light,
nutrients, etc) - l o -
E - £ By A
Phytoplankton - N Nutri | 4 A
ytoplankton i utrients _ \VJ i
. S« | - - ; € 2A Detritus
(N,P,Si) (NN4,NO3,P04,5i02) i el e[u:c (fast and slow)
| .
ke ) ooffcients)  \__ (C,N,P, Opal Si)
:7_\ p_. - 7,74//
Wat:
er_ —— SR e " D — — TR e S e
Sediment X_.mighr. nutrients, etc)
v 4 AV
TR o v N
Micro- —@-18—0» Niditoita - i =y
phytobenthos s :03 Pg4 e 2A‘g—>< y Detritus
(N,P,Si) e | f(stoichiamel'ﬁ; (fast and slow)
G /) coefficients) \ (C.N,P,Opal Si)
S

Figure 2.5 Overview of nutrient cycles.
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Nitrogen
Additional processes related to the nitrogen budget are (see Figure 2.6):

e Nitrification
- Nitrification in the watercolumn (10A)
- Nitrification in the sediment (10B)
e Denitrification
- Denitrification in the watercolumn (11A)
- Denitrification in the sediment (11B)

e
/  Primary / -~ 8A
/, consumers/ e
S r R
\ . o
= = 18 2R i f(stoichiometric | \
— 1B > coefficients) Detritus-N
Algae-N , NH4 <« 2A A ~ | (fast and slow)
, PSP | > .
X, ————— f(NH4 s R N“‘IOA P e s —
preference) TSAY " A
R i M08 TTA
4 | = / A
Water D R S {
Sediment & 7 jB
o S v SR,
SURE . S NO3 )
108"
- v % v «~ T e N
Benthic - 1B 4 )
Algae-N & B @ hk4 Detritus-N
| . ! - 2A '—'>< 7 (fast and slow)
| S g seit sl ] e Y S

f(stoichiometric |

coefficients) S/

Figure 2.6 Overview of the nitrogen cycle.
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Phosphorus

Additional processes related to the phosphate budget are (see Figure 2.7):

e Adsorption and desorption (12)
e Precipitation and dissolution (13)
e Burial (B) and digging (G) of adsorbed and precipitated material

/__.____.ﬂ‘ . ?L f(stochiometrie)
Phytoplankton % PO4 .
P e 4 ————A—————9—& ==t )
—&—18—» ; Detritus-P
— — Rk . ‘- (fast and slow)
e , Y
- s PO#
g T e """ adsorbed
D
Water N S
— e —————— .
Sediment 3 pifitemrnsy  grofnseins
imen I -y "C—
® 43 ag PO4 P
adserbed precipitated
A pa!
- t
ﬁ”' : ‘f"-« é S i3 éc s m———
Microphyto PO4 = = o e
benthos-P & 1B—F . Gosoived ————A———BD— H——— " Detritus-P "
. " . fast and
| S— ~ sotmam b2 owd f(stochiometrie) ‘m)
—

Figure 2.7 Overview of the phosphorus cycle.
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Silicon
The silicate budget has one additional process (see Figure 2.8):

e Dissolution opal silicate (14)
e Resuspension (R) and settling (S) opal silicate
e Burial (B) and digging (S) opal silicate

/ Primary / o 8A
/ consumers / @ ™

/

L

_ , S 4
_‘/ \ 3 .
e a8 ' sio2
Ngeall  —g- ¥ inwater 4
j - >
/_,
Water il
Sediment -
®—3 D
. v .
/ i o 1 s
- e ] 3 e |
Benthic : f
: 1B “ Sio2 .
Algae-Si &% in pore-water | —
\. o J/ )

Figure 2.8 Overview of the silicate cycle.
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2.4.3 The dissolved oxygen budget

The following processes affect the oxygen budget (see Figure 2.9):

e Primary production
- Production oxygen by phytoplankton and microphytobenthos
e  Mineralisation
- Consumption of oxygen in the watercolumn
- Consumption of oxygen in the sediment
e Nitrification
- Consumption of oxygen in the water column
- Consumption of oxygen in the sediment
® Reaeration
- Exchange of oxygen over the air-water interface
A
reaeration
— net primary production
, fimineralization rates) / \ fCLT,vu,...)
o (Vi
mineralization
. | : 7
) (o} -« \’_ N
nitrification 4 / ‘ ./ \ f(growth rate,...)
A f(nitrification rate)" )
Water diffusion
Sediment
—, f(mineralization rates)
< — i
,,,,,,, Yeroenay
i 02

P

A f(nitrification rare)' T

Figure 2.9 Overview of the oxygen cycle.
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2.4.4 The sediment budget

The following processes affect the sediment budget (see Figure 2.10):

Sedimentation
Resuspension
Burial

Digging

. & suspended .
A 7 | particulate matter |~

/ 7 N4

T — settling erosion
S

Sediment

particulate matter

T

burial digging

\V/

Figure 2.10  Overview of the budget of suspended sediment.
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3 Process formulations for primary
procedures

3.1 Starting points and coherence

3.1.1 Phytoplankton behaviour

Two different approaches are available in GEM to simulate the primary production by
phytoplankton in the water column. In the Monod approach the production is limited by
nutrient availability according to Monod-kinetics. For each species it is proportional to the
nutrient concentration divided by the sum of this concentration and the concentration at
which the rate obtains half its maximal value. The latter is species specific.

The optimization approach according to the phytoplankton module BLOOM takes care that
the set of species is selected by which nutrients and energy are used in an optimal way. A
linear programming technique is used to find the optimum.

The Monod approach

The Monod type phytoplankton module uses a strictly mechanistic approach to describe
algae dynamics. The phytoplankton module presented here is based on a combination of
existing phytoplankton modules of ecosystem models (SMOES: Klepper et al, 1994,
Scholten & Van der Tol, 1994; moses: NIOO/CEMO, 1993; grewaq: DELFT
HYDRAULICS, 1988; DELWAQ 4.2: DELFT HYDRAULICS, 1995; mesocosm: DGW,
1993). A general feature of the MONOD type approach is that algae process rates are
multiplicatively limited by environmental factors, like nutrient availability, light
availability, and temperature. To describe limitation by nutrients typically Monod functions
are applied. More specific features of the MONOD type phytoplankton module are:

e To apply the MONOD type phytoplankton module at least four groups have to be
defined. These groups are marine flagellates and diatoms and fresh water flagellates and
diatoms. The distinction between a fresh water and a marine water group is made for the
reason that in estuaries fresh water species enter the marine environment and
subsequently die (or vice versa). Diatoms differ from flagellates by their dependency on
dissolved silicon for growth. It is possible to define distinct species or physiological
types within these two groups. For each individual species within a group a different set
of species specific parameters can be defined.

e Net algal growth within a box depends on the existing concentration of algae, the gross
primary production rate, and several loss rates like mortality, settling, respiration and
excretion.
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e Primary production is a function of light availability (daylength and radiation), available
nutrients (N, P and Si (only for diatoms)), temperature (Q10) and a potential maximum
production rate. The potential maximum production rate depends on the chlorophyll
content of the algae and the chlorophyll specific maximum production rate (Klepper,
1989). Heterotrophy is not (yet) implemented.

e Primary production involves the uptake of nutrients (chapter 6) and the production of
dissolved oxygen (chapter 7). The state variables that are simulated with respect to algae
in GEM are the organic carbon concentrations of the individual species. The organic
nutrient concentrations connected to algae species are derived from the state variables
using stoichiometric constants.

e The chlorophyll content of the algae, expressed as the carbon to chlorophyll ratio is a
function of light and nutrient availability (Klepper (1989).

e Factors that can limit algal growth are light availability (light and daylength), nutrient
availability (N,P,Si) and temperature (Q10). These factors are multiplied to calculate the
growth limitation. The effect of oxygen deficiency is not (yet) considered.

e Low nutrient concentrations in the water can limit algal growth. The combined
availability of nutrients needed for growth determines the limitation. A MONOD type
function is applied to calculate nutrient limitation. Half saturation constants differ
between species within the groups.

o There is an optimal daylength for each species within a group. If the daylength is longer
than optimal, growth is limited.

e Phytoplankton production is limited, if the light availability in the water column is less
than the optimal radiation of a phytoplankton species. Below this optimal radiation light
limitation is a linear function of light availability. It is assumed that there is no
inhibition if light availability exceeds this optimum. The optimal radiation is
temperature dependent.

e The availability of light in the water column depends on the extinction of light. Light
extinction is the sum of a background extinction (by water and non-modelled sub-
stances) and extinction due to phytoplankton (chlorophyll), detritus and suspended
inorganic material.

e The maximal production rate is temperature dependent.

e In the pilot GEM nutrient carbon ratios in algae are constant. Uptake and release of
nutrients by algae occurs with constant ratios (C:N:P:Si, Si only for diatoms).
Preferential uptake of ammonium over nitrate is included.

» Losses are respiration, excretion and mortality. See chapters 5 and 6 with respect to the
resulting nutrient and detritus fluxes.

e Algal respiration consists of maintenance respiration and growth respiration. Mainten-
ance respiration is temperature dependent (Q10). Growth respiration is a function of the
net algal production rate. Due to respiration oxygen is consumed. Also excretion is
defined for phytoplankton. The excretion is a function of nutrient stress.

e The algal mortality rate consists of grazing by consumers, a temperature dependent
mortality, and a salinity stress mortality.

¢ Due to mortality a fixed fraction of algal nutrients is immediately released to the water
column as dissolved components (autolysis). The remaining fraction becomes detritus.

e Grazing by primary consumers is described in chapter 4. See chapters 5 and 6 with
respect to the resulting nutrient and detritus fluxes.

e All algal species may settle on the sediment.
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o Settling depends on the suspended sediment dynamics. Each algal species has a different
fraction of suspended sediment like behaviour. Some algal species are able to control
their buoyancy and prevent sedimentation. The buoyancy is modelled as a fraction of the
growth respiration. This approach appeared useful to describe sudden collapses of
phytoplankton blooms during short periods of light limitations in mesocosm
experiments (Van der Tol, unpublished results). Planktonic algae in the sediments will
die, nutrients are released and dead organic particulate material is formed (detritus, see
also chapter 6).

The optimization approach

Biologically speaking, phytoplankters are relatively primitive organisms. They require
considerable amounts of nitrogen, phosphorus, solar energy and sometimes silicon for
primary production. In theory each of these factors might become limiting, but the question
is where and when.

Natural blooms often consist of assemblages of different phytoplankton species, sometimes
belonging to rather distinct groups of species such as diatoms, microflagellates or
dinoflagellates. However, groups or even species within a group, often have rather distinct
characteristics. Therefore, many of the adverse impacts of eutrophication depend on the
dominant (group of) species.

In Monod-type differential equation models competition between phytoplankton species
depends on net growth rates, which is expressed as the product of several terms based upon
the availability of resources. This approach is straightforward when the total biomass is by
far the most important variable in the system (single species model). Differential equation
models, however, may deliver problems in describing the competition between a relatively
large number of phytoplankton species. Suppose we want to consider 10 different species
and 4 potentially limiting factors: nitrogen, phosphorus, silicon and light. So there is a total
of 40 interactions to be considered. First of all we must make assumptions on the
interactions between the potentially limiting resources. Often the terms for some or even all
of these are simply multiplied. As a consequence, competition between different species
becomes a fairly complicated function of both limiting and non-limiting resources.

When nutrient levels get low, a single coefficient actually decides the outcome of the
competition: the Monod coefficient for the limiting nutrient. Unfortunately these
coefficients are not known very accurately, at least not for a large number of species, and
therefore reproducing multi-species competition with Monod-type models is traditionally
troublesome.

In contrast competition between species in BLOOM II is determined by:
¢ the net growth rate constant as a measure for the uptake rate of (limiting) resources by
each phytoplankton species; and

» the requirements of each species for each resource (as opposed to Monod coefficients,
these values are often rather well known).
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Occasionally the first term is decisive: a rapidly growing type of phytoplankton can
outcompete a slowly growing type even it the latter has a lower requirement for the limiting
nutrient. This may happen for example in early spring when potential growth rates of
diatoms clearly exceed those of other species. The second term is often of more importance
during summer when for example dinoflagellates become dominant under nitrogen
limitation even though the potential net growth rates of other species are higher.

3.1.2 Microphytobenthos behaviour

Microphytobenthos can be characterized by the biomass of two groups, one diatom group
(silicate requiring) and a non-diatom group. It is assumed that microphytobenthos occurs in
a single layer, immediately below the sediment-water interface. Metabolically active
microphytobenthos may be found in the upper 3 mm. Below this, it should be considered as
detritus.

Daily averaged rates of carbon production, nutrient uptake, etc. is delivered by the
microphytobenthos module to GEM. These rates are obtained by integrating production
over the day (taking into account the tidal phase) and depth in the sediment, where biomass
is assumed to be uniformly distributed over the top 1.5 mm of the sediment. Nutrient
uptake is assumed to be a continuous process over the day, whereas in reality it has been
shown to be a discontinuous process.

For the integration over the day, the exposure time and the phase of the tide (relative to the
daylight cycle) in a compartment is assumed to be known. Incident light on the sediment
surface is calculated from incident light on the water surface (if any) and attenuation in the
water column. In turbid estuaries, microphytobenthos production is normally limited to ebb
and daytime. However, the formulations in GEM are more generic, allowing production
over both flood and ebb. The present approach in GEM implies that water height and
relative depth distribution in a compartment are known at hourly intervals.

3.2 Monod-type phytoplankton module

The module is implemented for four algal species. Additional species within these four
main groups may be implemented. Phytoplankton growth is a function of primary
production, respiration, excretion, mortality, grazing and settling. For each algal species an
alternative set of parameters can be defined. The overall net process flux for an algae

species i is:
Fnlgi = Falsi.gp = Falgi.rsp" F:Igi.cx = Talgi,mor~ Falgi.csgr" algi,set (3-2~ 1)
in which:
Fuygi = species production [gC.m~.d""]

Fagigp = sSpeciesgross primary production {g.C.m".d"]
Fagisp = Speciesrespiration [gC.m>.d"]

Fugex = Speciesexcretion [gC.m”.d"]

Fagimor = Species mortality [gC.m".d"]

Fajgicser = SPecies grazing [gC.m>.d"]

Fagisa = Speciessettling [gC.m>.d"]
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3.2.1 Primary production

Primary production is formulated as a temperature dependent first order process limited by
light and nutrient availability:

Fagigp = fatgiour- Fatgie- fatgiomp PMatgi 10+ Cangi (3.2.2)
in which:

Fagige = SPecies primary production flux [gC.m'J.d"]

C,i  =biomassofalgal speciesi[gC.m"]

Pm,,; ;o = species maximal gross productionrate at 10 @ [d"]

fagie = specieslight limitation function [-]

fuginw = speciesnutrient limitation function [-]

fugimp = Speciestemperature function for production[-]

Maximal production

The maximal gross primary production rate depends on the chlorophyll content of the

species.
Pmy,i 10 = Pm,;i ctiio- Catgicni (3.2.3)
in which:
Catgichi = chlorophyll concentration of algal species i [gChl.m’3]

Pm,ico = chlorophyllspecific max. prod. rate at 10°C for species i [ms.gChl".d"]

Pmyygi chio is defined at 10 °C. Literature based estimates of this parameter have to be
corrected for this temperature.

The chlorophyll content of an individual species is calculated with a variable carbon to
chlorophyll ratio. This ratio is modelled with an empirical function of the light and nutrient
limitation function (Klepper, 1989).

Cagicht = Cugi / A1gi,chl (3.2.4)
Augicnt = AMygon / (fugi o (1 = fagine- fnigi,nul))balgi.chl (3.2.5)
Cen = Z; Cagicnl (3.2.6)
in which:

Balgi chl = species carbon to chlorophyll ratio [gC.gChl M

am,y; oy = species minimal carbon to chlorophyllratio [gC.gChl™']

Batgi.chi = species scaling exponent for growth limitation effect C/Chl ratio [-]

Cen = total chlorophyll concentration [gChl.m”)
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Temperature dependency

The temperature function is:

fllgi.tmp o ktgp(T % (327)
in which:

ktg, = temperature coefficient for gross production [-]

T = water temperature['C]

Nutrient limitation

Nutrient limitation is described by means of Monod-functions. In most models Liebig’s law
of the minimum is applied to calculate the overall nutrient limitation. Here the additive
model described by O’Neill et al. (1989) is proposed. This additive model assumes that
more than one nutrient can be limiting.

Due to the silicate demand of diatoms, the diatom limitation function is slightly different
from the flagellate limitation function. Phytoplankters can use two inorganic sources of
nitrogen. The nitrogen limitation depends on both the availability and saturation constants
of ammonium and nitrate.

f.algi.am = Ca.rn s Cpho' Csi/ {328)

(Knlgi,am . Cpho' Csi & Clm s Kalgi.pho‘ Csi w5 Cam . Cpho' Kalgi,si + Cnrn . Cpho’ Csi)

fugini = Cai- Cono- Cai/ (3.2.9)
(K:lgi.ni' Cpho- Csi + Cni J Kulgi‘pho- Csi + Cni . Cpho- K-llgi.s': + Cni e Cphn ' Csn)

fugioa = Fugiam* (1~ Fugian) - furgin (3.2.10)
in which:

fugiam = species ammonium based limitation function [-]

fugini = species nitrate based limitation function [-]

falgi.nm = species nutrient limitation function [-]

Cii = ammonium concentration [gN.m"]

Cy = nitrate + nitrite concentration [gN.m"]

Coho = phosphate concentration [gP.m'J]

C, = dissolved inorganic silicate concentration [gSi.m”]

Kaginm = species half saturation constant for nitrate [eN.m?}

Kiigiam = Species half saturation constant for ammonium [eN.m”]
Kiigipro = species half saturation constant for phosphate [gP.m”) ;
Kigisi = species half saturation constant for dissolved silicate [gSi.m™]
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Default values for the nutrients and saturation constants are respectively 1.0 and 0.0. If the
default values for a nutrient are applied, the nutrient will not contribute to the final
limitation. If no distinction is made between ammonium and nitrate the equations for
ammonium and nitrate limitation are not used. f;g; .y together with f, is used to calculate
the preference for ammonium uptake. Algae have a preferential uptake for ammonium
(McCarthy et al., 1977). The ratio between the growth limitation function with ammonium
as the single dissolved nitrogen source and the nutrient limitation function, defines the
ammonium uptake fraction. Equations 3.2.8-10 have not yet been tested in an existing
model application.

Light limitation

Light limitation depends on a functional relationship between in situ light intensity and
primary production. This function is integrated over time and depth to get a daily and
surface averaged depth integrated primary production rate.

By = (1/24). (1/zmax). . £,™ (A y(2) . Pygire(2) - d2) 3.2.11)
in which:

A.(2) = surface of box at depth z relative to surface of box at depth 0 [-]

dz = integration step for z [m]

P,z sefZ) productionrate at depth z, relative to max productionrate [-]

zmax = max depth [m]
Where P, () is 0 outside the light hours.
There are several alternatives to describe the influence of radiation on algal production rate.
Most alternatives describe this influence by a saturation curve (e.g. Steele, 1962). Some

alternatives include light inhibition also (e.g. Eilers & Peeters, 1988). In GEM the Eilers &
Peeters model is applied.

Palgi,re(z) =: Grrad(z) . (W+2)/ (Grm‘(z)z + (WGrmKZ)) + ') (32 12)

and

Pa|gi,te(z) = Pllgi(z)/ pmalg,i

Gd(2) = G,,d(2) / Gorag

w = Gorad / (Fatgi.amp PMaigi 10/2510) - 2

in which:

Paigisel2) = productionrate at depth z, relative to max productionrate [-]
Pm,,(2) = productionrate at depth z [d"

Giia = optimal light intensity at which P = Pm, [W.m'z]

G,.42) = light intensity at depth z, relative to optimal light intensity [-]
G,4z) = light intensity at depth z

w = shape parameter of production function [-]

Byi = initial slope of production function [W'.m’.d"']
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The optimal light intensity depends on temperature.

Gorad = Goradlo- f.algi,l:mp (32 1 3)

in which:

Goraaio = optimal light intensity connected with Pm,; at 10°C [W.m-2]

Light extinction is usually modelled as an empirical function of the sum of a background
extinction (water) and a first order dependency on suspended materials. These functions are

system dependent. In the following equation chlorophyll, detritus and suspended sediment

are included:
€rot = €pack T (€cni- Cen) + (€ar- Cao) + (€. C) (3:2.149)
in which:
G = concentration of suspended sediment [gDW.m"]
Coni = chlorophyll concentration [gChl.m’J]
Ca = detritus concentration [gC.m"], the sum of four components (chapter 5)
Bt = total extinction coefficient [m"]
Chack = background extinction [m™']
€chl = chlorophyllspecific extinction [g ChI' m’ m™]
€yt = detritus specific extinction [g C"' m’ m™"]
€ = suspended sediment specific extinction [gDW’l m’ m'l]

Typically, suspended matter is not distributed homogeneously over the vertical in estuarine
waters. Higher concentrations are usually found near the bottom, and the pattern can often
be well described with a logarithmic profile. Empirical data were used to describe the
vertical distribution of suspended matter over the vertical from campaigns in Elbe, Gironde
and Scheldt performed in the framework of the EU-project MATURE (Pfeiffer, 1995).
Light attenuation was measured directly by light transmissometry (optical path length 10
cm), with a high vertical resolution. Depth (z) was transformed into relative depth by
division by the maximum depth (z,,c) from CTD pressure data. For a total of 255 vertical
profiles, In(e(z)) was regressed versus z/z,,,. In general, the regressions gave an excellent
fit. Since in principle a 2DH modelling provides average suspended matter concentrations,
slopes and intercepts of the regressions were analysed for a relation with depth-averaged
extinction (e,,). Slopes were not significantly related to e, nor to estuary or other measured
factors; the average slope for the depth-dependence was 0.890. It is most practical to
express the intercepts as a function of e,,. These values allow the estimation of the vertical
profile of the extinction coefficient as a function of e,.

e(z) = €y - (0.890/(exp(0.89)-1)). exp(0.89 z/zmax) (3.2.15)
in which:
e(z)  =extinctionat depthz [m™']
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Light intensity at depth z can now be obtained by integrating the Lambert-Beer equation
with variable attenuation coefficient:

G.iz) =G,4(0).exp[0.7e,,.zmax. (1 - exp(0.89 z/zmax))] (3.2.16)

Although this formulation is closer to field measurements, in practice it rarely makes a
difference in light intensity at a particular depth of more than a few %, compared with a
description using a fixed attenuation coefficient (e,). An option to omit the depth-
dependent formulation of e,y has been incorporated into ggu.

Gaq4(0) (surface incident irradiance in W.m'z) is the daily averaged Photosynthetic Active
Radiance (400-700nm). Field data are often provided in Jem™®h" or Wh.m™ in PAR. The
conversion factor from J.em>h™ to W.m™ is 1/0.36. Often only data of global irradiance
are available. The conversion factor from global irradiance to PAR is equal to values
between 0.37 and 0.51. Colijn (1983) applies a value of 0.45, while unpublished data of
RIKZ reveal a conversion factor of 0.37 (+/- 0.04). Other references are Szeics (1974) 0.47-
0.51, and Luning (1981) 0.45. The modeller should be careful to use the correct
transformations. If for the modelled year, an hourly time series of incident radiation is
available, it is advisable to use this time series. If it is unavailable, a “synthetic’ time series
with - as much as possible - the statistical properties of incident light in the Netherlands is
to be used. In order to derive the statistical properties of this time series, a one-year long
time series of hourly averaged incident radiation in Yerseke was analysed. Light-hours
were defined as hours with (on average) more than 1 uE.m'z.s'l. Daylength was defined as
the total numbers of light-hours in a day. It is predicted by:

DL =13.22+4.25 sin(2nt/365 - 1.396) (3.2.17)
in which:

DL = daylength [hr]

t = time [day]

Average light intensity over a day was defined as the average of the light intensity measure-
ments during the light-hours. It can be modelled by a deterministic and a (multiplicative)
autoregressive error term. The deterministic part of the model is given as:

Gyrag(0) =405.0657+267.3135sin(2nt/365 - 1.396) (3.2.18)

in which:
G,.40) = long term average surface light intensity over a day (W.m™]

The model for the error, which takes care of the autocorrelation in the series, is given as:

[(Garad(0) - Girad(0))/Girad 0)]; = 0.266 [(Gyrad(0) - Giarad(0))/ Gaad0))iy + 0.358 N[0.1]
(3.2.19)
in which:
N[0,1] =normally distributed error with mean 0 and variance 1.
Ggyd(0) = average surface light intensity over a day [W.m'I]
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Within a day, the time course of light intensity can again be given by a deterministic and a
(multiplicative) autoregressive term. Light intensity is expressed relative to the average
over the daylength. Time within the light part of the day is rescaled as t’=(t-tm)/DL, where
tm is the morning time (midpoint of the first ‘light’ hour). All times then scale between 0
and 1. The deterministic part of the model contains a sine and a sine squared in the
following expression:

Girad0)/Girad(0) = 0.405 sin(2nt’) + 1.493 sin’(2nt’) (3.2.20)

in which:
Gq(0) = average surface light intensity as a function of time of the day [W.m?]

The model for the error is:

[(Grad(0) - Grad0))/Grrad 0] = 0.567 [(Grad(0) = Giad(0))/ Girao 0t + 0.312N[0.1]

(3.2.21)
In which:
Grad(0) = actual surface light intensity as a function of time of the day [W.m'z]

The formulas given can be used either for an off-line calculation of a light time series, or
for one-line calculation within the simulation loop. In the latter case, a new random series
can be generated for every simulation.

If compartments are relatively large in surface, it cannot be assumed that depth within the
compartment is homogeneous. In particular for non-linear, essentially surface dependent
processes like pelagic primary production, it could be erroneous not to take into account the
depth distribution. It is therefore assumed that, from the bathymetry underlying the
hydrodynamic model, depth distributions are derived for all compartments:

A(z) =A(z)/A(0) (3.2.22)

A negative exponential relationship for A(z) is often applied, so:

Az) = exp(-ayq. 2) (3.2.23)
in which:

A(z) = surface at depth z [mz]

Byt = coefficient for surface depth relationship[-]
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3.2.2 Respiration

Total respiration is divided in a growth respiration (a fraction of the nutrient and light
limited production) part and a maintenance respiration. The maintenance respiration is a
first order temperature dependent process.

Falgi‘rsp = ralgi‘mt e Calgi + ralgi‘pr A Fa]gi‘gp (3224)
T-10

Talgimt = Talgimeio - "—algi( ! (3.2.25)

in which:

Fagsp = Speciesrespiration flux [gC.m’3.d"]

Fagipr  — SPecies growth respiration fraction [-]

Liging = species maintenance respiration rate [d"]

Fagimuio = SPEcies maintenance respirationrate at 10 °C [d"]

Iy = species temperature coefficient for respiration [-]

3.2.3 Excretion

Excretion is a function of nutrient limitation (Klepper, 1989). Excretion increases with
increasing nutrient limitations. It is modelled as a fraction of the primary production.
Excreted products are allocated to the detritus pool.

Falgi.cx = balgi,cx E (1 - flgi_nm) & Falgi,gp (3-2-26)
in which:

Fagiex = speciesexcretion flux [gC.m'J.d"]

bagiex = Species max excretion fraction [-]

3.2.4 Mortality

Fresh water algal species enter estuaries, as they are carried along by rivers. These species
will die due to high salinity stress. On the other hand marine algal species may die when
they are dispersed into a brackish or fresh environment. Mortality is modelled as a first
order temperature and salinity dependent process.

Fagimoe ™= Maigiip™ Majgiein - Cligs (3:2.27)
Myigitmp  — Malgi.tmplo - mta]gi(T- & (3.2.28)
Mygicn = 1/ (1 + o8- Celwb2aigdy for fresh algae (3.2.29)
Mygicn =1-1/(1+ el Colrhealghy for brackish/marinealgae
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in which:

bl = species coefficient | of salinity stress function [(*/,,)"]
b2, = species coefficient2 of salinity stress function [-]

Cy = chloride concentration, chlorinity [*/,,]

Foginor = species mortality flux [gC.m~.d"']

Myigimp = species temperature driven mortality rate [d”']
Mggimpio = SPecies temperature driven mortality rate at 10 °C [d"]
My chl = species salinity stress mortality rate [d't]

Mty = species temperature coefficient for mortality [-]

The salinity stress formulation of the moses model is applied, in which mortality is
attributed a sigmoidal function of chlorinity. Coefficient ‘bl” gives the offset of the steep
part, coefficient ‘b2’ stands for the degree of steepness of this part.

3.2.5 Consumption

Phytoplankton is consumed by grazers, such zooplankton and benthic filter feeders.
Grazing processes are described in chapter 4. The consumption flux for an algae species i is
the sum of the fluxes for the various grazer species:

Fllgi.csgr = Ej Fa]gi,csgrj (3230)
in which:
Fagicsgr = Species consumption flux from grazing [gC.m".d"]

Fagicsgry = Species consumption flux from grazer j [gC m>.d"]

3.2.6 Settling

Settling of algae is related to some extent with the settling of suspended sediment. It is
assumed that algae show partly dissolved like behaviour and a suspended sediment
behaviour (Klepper, 1989). The fraction of suspended sediment behaviour determines the
sedimentation rate. Moreover algae are able to control their buoyancy. It is assumed that
this buoyancy control is a function of growth respiration. If growth respiration (energy
expenditure) increases, the settling velocity decreases. This assumption is based on
observations in the RIKZ mesocosm experiments.

Falgi.stt = Max (V“ . b.lsi.” . C"Si /H - ba]gi,buoy . r,,g,-_p, » F!|3Lgp’ 0‘0) (3 2.3 l)
with:

Fugisee = species settling flux [gC.m's.d"]

Vi, = settling velocity of suspended sediment [m.d g

b, = species fraction of suspended sediment behaviour [-]

byigibuey = buoyancy fraction of growth respiration [-]

Settled algae are instantaneously converted to fast decomposing detritus, as it is assumed
that they are not able to survive in sediment (chapter 5).
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3.3 BLOOM Il phytoplankton module

3.3.1 Introduction

BLOOM II uses an optimization technique called linear programming to maximize the total
net production, or optionally the total biomass', of several phytoplankton species in a
certain time period consistent with the environmental conditions and the existing biomass
levels.

The general linear programming problem is to find a set of variables x; maximizing or
minimizing a linear objective function subject to a set of linear constraints. In BLOOM 11 the
basic variables are the biomasses of the individual phytoplankton types (the difference
between 'types' and 'species’ is explained in the next paragraph). The objective function is
the mathematical expression for maximizing the total net production or the total biomass of
the system. The incorporation of both principles into the model is straightforward. The
hardest part of the model is setting up a set of linear equations, which take all the
environmental conditions and the existing species composition at the previous time step
into account. Using linear equations for nutrients is fairly straightforward; they follow
directly from the mass balance equations, which are linear too. For the potential production
and mortality it takes more ingenuity to derive linear equations. Once these problems are
solved, however, the linear programming technique provides a way to distribute all
available resources in an optimal way among all phytoplankton types.

For each time step and computational element the model sets up a new set of equations,
computes new coefficients for the objective function and computes a new optimal
composition of phytoplankton types.

In the next paragraphs we shall give some more details on the actual formulations of this
module. A detailed description of the model, including all equations and default coefficient
values can be found in Los (1991).

3.3.2 Phytoplankton kinetics

Typically BLooM 11 considers between three and ten representative phytoplankton species.
Besides river algae species , we have selected four (groups of) species for the pilot version
of GEM:

Diatoms
Microflagellates
Dinoflagellates
Phaeocystis

This alternative objective is sometimes selected for worst case analysis.
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Each species is further divided into three types, so we include a total of twelve
phytoplankton types. For each type we specify its requirements for nitrogen, phosphorus
and silicon (only used by diatoms). Other stochiometric coefficients included in BLOOM 11
are the carbon to dry weight and carbon to chlorophyll ratios. The rate of production of
each phytoplankton type depends on:

temperature (an exponential or optionally linear function);

e light intensity (a numerical integration of the growth versus light curve with an
average intensity distribution for a normalized day); and

e day length (numerical approximation of actual curve).

Losses occur due to the following processes:

e respiration (exponential temperature function); and
e natural mortality (exponential temperature function).

Notice that grazing is not included in BLOOM II, but it is included as a forcing function (See
chapter 4).

3.3.3 Adaptation: selection of phytoplankton types

Most 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 1 is represented by several
(pheno)types. Each type is representative for a species under either nutrient or energy
limitation. For most waters it is sufficient to consider three types for:

¢ conditions of abundant nutrients and hence ultimately energy limitation (E type);
e nitrogen limitation (N type); and
e phosphorus limitation (P type).

The number of types and their characteristics are inputs to the model, so they can be easily
adjusted for different kinds of water systems. They may also reflect different phenotypes
such as colonies.

Types are the actual variables of the model. After the model has computed the optimum
composition of phytoplankton types, the biomasses of the individual types of each species
are summed up to compute the total biomass of each species. In theory all of the types of a
species can be present at the same time.

Because adaptation is such a rapid process2 transitions between phytoplankton types within
a species can occur in a single time-step of the model (order of one day). So for example an
E-type dinoflagellate might be completely replaced by an N-type as soon as nitrogen is
depleted. Of course this does not hold for transitions between species. If in the previous
example a type of another species e.g. the Phaeocystis N-type is the best adapted species,
dinoflagellates disappear due to mortality (a comparatively slow process) and are thus
gradually replaced by this Phaeocystis N-type.

? Adaptation occurs when a cell divides, which means that its characteristic time is the same as for
the gross growth rate (order of a day or even less)
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All properties by which the species are characterized in the model are included in the
optimization scheme and can be varied’. Hence the model not only adjusts the internal level
of some nutrient or its growth rate, but also the levels of other nutrients, the mortality rate,
the carbon to chlorophyll ratio etc.

3.3.4 Environmental constraints

To compute values for the environmental constraints, BLOOM I needs information on the
concentrations of total available nutrients, temperature, the influx of solar radiation and
certain site specific characteristics (depth and background turbidity). Some of these
conditions are determined directly or indirectly from measurements. Others (notably
nutrients) can either be determined from measurements or from the results of other
modules. In combination with DELWAQ the latter provides the total available amount of
nutrients.

Nutrient constraints

The solution for the phytoplankton should satisfy the following set of nutrient balances:

Zy(a;,-x,)+e=b and x, >0 and ¢ >0 (3.3.1)
in which:

k= typek(-)

a;x = fraction of nutrient 7 in type & (-)

x; = biomass of type k (gdry-m™)

e; = amount of dissolved nutrient i (g-m'3)

b; = total available amount of nutrient i(g-m'3)

Energy limitation

Energy becomes limiting through self-shading when the total extinction exceeds the
maximum at which primary production is just balanced by respiration and mortality. For
each type there exists a specific value Kmax, at which this is the case.

On the other hand the light intensity can also be too high, which means the total extinction
is too low (photo-inhibition). Hence the total extinction should satisfy the following
condition:

’In practice some coefficients are usually kept the same for several or for all types, for example
because we do not have information on the differences in maximum growth rate constants of a
nitrogen and a phosphorus type. This is not a limitation of the model, however. Except for the light
dependency, all other coefficients can be varied for each individual type.
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Kmin, <%, (K, -x, )< Kmax, (33.2)
in which:
Kmink = Umink Kg, = Kd(m")
Umin, = minimum extinction at which the net production of type k is
positive. In other words the lower limit for photo-inhibition (m’ h
Kmaxk = Umaxk Kb Kd(m )
Umax;, = maximum extinction coefficient at which the net production of type
k is positive. In other words the limit for energy limitation (m’ )
K, = background extmctlon coefficient (water plus contribution of
suspended matter (m’ )
K, = extinction due to detritus (m’ )
S(Kyx,) = extinction due to live phytoplankton (m")
Xy =  biomass of type k (gdry'm” )
Ky = specific extinction type k (m gdry )

Growth limitation

It may or may not be possible for a phytoplankton species to achieve its energy limited
upperbound within a single time-step of the model. Whether or not this is the case depends
on:

e the initial biomass and
e the net growth rate.

To simplify the formulation we consider a single growth constraint for all types (k) within
each species (j) considered by the model. We use the maximum growth rate of the energy
type. Furthermore since rapidly growing species have a low mortality rate, we ignore the
mortality in the computation of the growth constraint. Thus we include the next set of
constraints:

(PRmary Eavg y—R; )

Xmaxj =Xj "€ (3.3.3)
in which:

. = maximum possible biomass of species j at the end of the time interval

At (gdry'm™)

X = biomass of species j at the beginning of interval At (gdry m>)

Pgyaj = maximum gross production rate of species j (E-type) (d° )

Eove i = time and depth averaged production efﬁcnency( )

R; = respiration rate constant species j (d° 9

At = time interval (d)
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Note: for each species a base level is defined in the model for xj. If the actual biomass is
lower, this base level is used instead. This is to enable the growth of new species in a
particular environment.

Mortality limitation

As in the case of growth the mortality of each phytoplankton species is also constrained
within the model to prevent a complete removal within a single time-step. The minimum
biomass value of a species is obtained when there is no production, but only mortality. This
minimum biomass depends on:

e initial biomass; and
e mortality rate.

This minimum value is computed for each individua