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Summary	
  
 

This report outlines the Aquatic Ecodynamics (AED) modelling library - an open-source 
community-driven library of model components for simulation of “aquatic ecodynamics”. 
The model has been developed researchers at UWA to plug into the FABM framework, or 
alternatively the library components can also be called directly from other software 
applications. The model can therefore be used in a wide range of spatial contexts – 
including with 0D,1D,2D and 3D models that are able to simulate the aquatic environment. 

In particular the AED library consists of numerous modules that are designed as individual 
model ‘components’ able to be configured in a way that facilitates custom aquatic 
ecosystem conceptualisations – either simple or complex. These may be relevant to 
specific water quality problems or aquatic ecosystem investigations. Users select water 
quality and ecosystem variables they wish to simulate and then are able to customize 
connections and dependencies with other modules, thereby constructing relevant 
interactions and feedbacks that may be occurring within an aquatic system. The code 
also allows for easy customisation at an algorithm level how model components operate 
(e.g. photosynthesis functions, sorption algorithms etc.). In general, model components 
consider the cycling of carbon, nitrogen and phosphorus, and other relevant components 
such as oxygen, and are able to simulate organisms including different functional groups 
of phytoplankton and zooplankton, and also organic matter. Modules to support 
simulation of water column and sediment geochemistry, including coupled kinetic-
equilibria interactions, are also included. 

This document summarises the mathematical basis for the balance equations and 
interactions between the modules. In addition a summary of parameter values for lake, 
river and estuary environments are also summarized from a range of sources. 
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Aquatic	
  Ecodynamics	
  (AED)	
  Model	
  Approach	
  	
  

Overview	
  
This	
   document	
   outlines	
   the	
  Aquatic	
   Ecodynamics	
   (AED)	
  modelling	
   library	
   -­‐	
   an	
   open-­‐source	
   community-­‐
driven	
  library	
  of	
  model	
  components	
  for	
  simulation	
  of	
  “aquatic	
  ecodynamics”,	
  referring	
  to	
  water	
  quality	
  and	
  
general	
   aquatic	
   ecosystem	
   dynamics.	
   The	
  model	
   library	
   has	
   been	
   primarily	
   designed	
   as	
   a	
   plugin	
   to	
   the	
  
FABM	
   framework,	
   described	
   below,	
   or	
   alternatively	
   the	
   library	
   objects	
   and	
   functions	
   can	
   also	
   be	
   called	
  
directly	
  from	
  other	
  software	
  applications.	
  	
  

Modern	
   analyses	
   of	
   aquatic	
   environments	
   requires	
   flexibility	
   to	
   join	
   a	
   range	
   of	
   coupled	
   models	
   of	
  
hydrodynamics/hydrology,	
  biogeochemistry	
  and	
  aquatic	
  ecology,	
  however	
  many	
  model	
  frameworks	
  make	
  
this	
   difficult	
   due	
   to	
   rigid	
  model	
   structures.	
   A	
  major	
   barrier	
   identified	
   is	
   the	
   simple	
   practical	
   aspect	
   that	
  
there	
  are	
  lots	
  of	
  models	
  and	
  model	
  approaches,	
  but	
  limited	
  open-­‐source	
  codes	
  and	
  standards	
  that	
  bind	
  the	
  
community	
   or	
   facilitate	
   integration	
   (Mooij	
   et	
   al.,	
   2010;	
   Trolle	
   et	
   al.,	
   2012),	
   and	
   there	
   has	
   been	
   limited	
  
comparisons	
  of	
  the	
  most	
  suitable	
  types	
  of	
  models	
  structures	
  for	
  different	
  applications.	
  There	
  has	
  also	
  been	
  
difficulty	
   in	
   linking	
   between	
   biogeochemical	
   models	
   of	
   diverse	
   aquatic	
   systems	
   in	
   real	
   world	
   complex	
  
landscapes.	
  There	
   is	
   therefore	
  a	
  need	
  for	
  model	
  systems	
  that	
  can	
  cover	
  a	
  range	
  of	
  spatial	
  dimensionality	
  
and	
   system	
   integration	
   and	
   frameworks	
   that	
   can	
   use	
   a	
   diverse	
   array	
   of	
   physical	
   drivers	
   (eg.,	
  
wetland/floodplain	
  model,	
  river	
  model,	
  lake	
  model,	
  estuary	
  model)	
  to	
  couple	
  with	
  biogeochemical	
  and/or	
  
ecological	
  ‘components’	
  (e.g.,	
  see	
  Figure	
  1).	
  

The	
  general	
  philosophy	
  of	
  the	
  AED	
  library	
  has	
  been	
  to	
  create	
  a	
  software	
  tool-­‐kit	
  that	
  is	
  easily	
  customisable,	
  
fast	
   to	
  develop,	
  accessible	
   to	
  non-­‐developers,	
  and	
  contains	
  a	
   large	
  range	
  of	
  options	
   for	
  different	
  process	
  
parameterisations.	
   In	
   doing	
   so,	
   the	
   aims	
   is	
   to	
   create	
   a	
   widely-­‐used	
   code-­‐base	
   that	
   evolves	
   to	
   include	
   a	
  
diverse	
  range	
  of	
  approaches	
  to	
  the	
  simulation	
  of	
  a	
  diverse	
  range	
  of	
  aquatic	
  applications.	
  Through	
  the	
  FABM	
  
framework	
   or	
   custom	
   model	
   interfaces	
   the	
   library	
   can	
   be	
   used	
   to	
   innovate	
   a	
   variety	
   of	
   model	
  
conceptualisations	
  and	
  link	
  to	
  numerous	
  physical	
  models.	
  

In	
  particular	
   it	
  has	
  been	
  used	
   for	
  numerous	
   inland	
  water	
  applications,	
  both	
   lotic	
  and	
   lentic	
   systems	
  with	
  
numerous	
  applications	
  to	
  lake,	
  river	
  and	
  estuarine	
  systems.	
  

The	
  Framework	
  for	
  Aquatic	
  Biogeochemical	
  Models	
  (FABM)	
  
The	
   Framework	
   for	
   Aquatic	
   Biogeochemical	
   Models	
   (FABM)	
   is	
   a	
   relatively	
   new	
   code-­‐base	
   designed	
   to	
  
facilitate	
   the	
  simulation	
  of	
  aquatic	
  biogeochemical	
  and	
  ecological	
  dynamics.	
   It	
  has	
  been	
  developed	
  as	
  an	
  
alternative	
   to	
   existing	
   rigid	
  water	
   quality	
  modelling	
   approaches	
   as	
  much	
   present-­‐day	
   software	
   does	
   not	
  
address	
  the	
  challenges	
  faced	
  in	
  model	
  coupling	
  and	
  a	
  recognized	
  need	
  to	
  develop	
  improved	
  standards	
  and	
  
flexibility	
  in	
  model	
  integration	
  in	
  concert	
  with	
  an	
  active	
  development	
  community	
  (Trolle	
  et	
  al.,	
  2012).	
  The	
  
basic	
  framework	
  has	
  been	
  developed	
  by	
  Dr.	
  Jorn	
  Bruggeman	
  and	
  colleagues	
  under	
  the	
  EU7	
  project	
  “Marine	
  
Ecosystem	
  Evolution	
  in	
  a	
  Changing	
  Environment”	
  (MEECE),	
  and	
  readers	
  are	
  referred	
  to	
  Bruggeman	
  (2011)	
  
for	
  further	
  background.	
  

FABM	
   itself	
   is	
   not	
   a	
   water	
   quality	
   model,	
   but	
   rather	
   it	
   is	
   a	
   code	
   framework	
   (“API”)	
   that	
   facilitates	
  
integration	
  of	
  different	
  biogeochemical/ecological	
  model	
  approaches	
  and	
  to	
  enable	
  coupling	
  of	
  these	
  with	
  
a	
   diverse	
   array	
   of	
   physical	
   (hydrodynamic)	
   driver	
   models.	
   Therefore,	
   its	
   intention	
   is	
   not	
   to	
   be	
   a	
  



sophisticated	
  “model	
  of	
  everything”,	
  but	
  users	
  can	
  configure	
  it	
  to	
  be	
  as	
  simple	
  or	
  as	
  complicated	
  as	
  desired.	
  
It	
   supports	
   numerous	
   biogeochemical	
   and	
   ecological	
   models	
   from	
   various	
   developers	
   with	
   different	
  
approaches	
  and	
  varied	
  applications.	
  

	
  

	
  

Figure	
  1:	
  Schematic	
  representation	
  of	
  coupling	
  and	
  biogeochemical	
  modelling	
  approach	
  
(taken	
  from	
  Trolle	
  et	
  al.,	
  2012).	
  



Available	
  hydrodynamic	
  driver	
  platforms	
  

The	
  underlying	
   framework	
  allows	
  a	
   flexible	
  coupling	
   interface	
  to	
  hydrodynamic	
  models,	
  and	
  at	
   its	
  core	
   it	
  
consists	
   of	
   a	
   thin	
   layer	
   of	
   code	
   designed	
   to	
   manage	
   communication	
   and	
   data	
   exchange,	
   through	
  
programming	
   interfaces	
   which	
   a	
   physical	
   host	
   (hydrodynamic	
   model)	
   and	
   any	
   number	
   biogeochemical	
  
models	
  pass	
  information.	
  It	
  has	
  been	
  applied	
  across	
  numerous	
  types	
  of	
  aquatic	
  systems	
  ranging	
  from	
  the	
  
global	
  ocean	
  via	
   its	
  coupling	
   to	
  MOM4	
  and	
  GOTM,	
   to	
  estuaries	
  and	
  coasts	
   	
  via	
   its	
  coupling	
   to	
   the	
  model	
  
GETM,	
  and	
  to	
  lakes	
  and	
  reservoirs	
  via	
  its	
  coupling	
  to	
  the	
  1D	
  lake	
  model	
  GLM.	
  	
  

The	
   model	
   adopts	
   a	
   standard	
   interface	
   so	
   that	
   the	
   code	
   itself	
   can	
   be	
   coupled	
   with	
   other	
   forms	
   of	
  
hydrodynamic	
   models,	
   or	
   it	
   can	
   be	
   run	
   in	
   isolation	
   (0D)	
   for	
   hypothesis	
   testing	
   and	
   ecological	
   model	
  
prototyping.	
   The	
   advantage	
   of	
   the	
   FABM	
   approach	
   over	
   other	
   platforms	
   is	
   its	
   flexibility	
   for	
   coupling	
   a	
  
diverse	
  array	
  of	
  model	
  approaches	
  and	
  its	
  support	
  for	
  rigorous	
  numerical	
  solution	
  schemes	
  (e.g.,	
  Burchard	
  
et	
  al.,	
  2005;	
  Broekhuizen	
  et	
  al.,	
  2008)	
   that	
  are	
  known	
   to	
  be	
   important	
   in	
  achieving	
  accurate	
   solutions	
  of	
  
complex	
   biogeochemical	
  model	
   equation	
   sets.	
   Its	
   code	
   structure	
   is	
   also	
   designed	
   to	
   be	
  work	
  well	
  when	
  
used	
  with	
  parallel	
  processers.	
  	
  

Users	
   who	
   can	
   couple	
   their	
   hydrodynamic	
   model	
   with	
   FABM	
   -­‐	
   see	
   instructions	
   here:	
  
http://sourceforge.net/apps/mediawiki/fabm/index.php?title=Coupling_FABM_to_a_new_physical_model
-­‐	
  can	
  access	
  the	
  AED	
  library	
  in	
  addition	
  to	
  numerous	
  other	
  models	
  currently	
  implemented	
  as	
  outlined	
  next.	
  

	
  

Table	
  1:	
  Current	
  physical	
  driver	
  models	
  linked	
  to	
  FABM	
  (also	
  refer	
  to	
  	
  	
  
http://sourceforge.net/apps/mediawiki/fabm/index.php).	
  

Name	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Dimensionality 	
  	
  	
  	
  	
  	
  Stratification	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Comments 

0D	
  Driver 0D -­‐	
   Simple	
  ‘box’	
  model	
  for	
  testing	
  
biogeochemical	
  model	
  operation	
  

General	
  Ocean	
  
Turbulence	
  Model	
  
(GOTM) 

1D Library	
  of	
  range	
  of	
  
simple	
  and	
  complex	
  
mixing	
  approaches	
  

Widely	
  used	
  library	
  of	
  vertical	
  mixing	
  
algorithms	
  

http://www.gotm.net	
  

General	
  Estuarine	
  
Transport	
  Model	
  
(GETM)	
  

3D	
  structured	
  
grid,	
  with	
  
curvilinear	
  option 

Uses	
  GOTM	
  turbulence	
  
library	
   

Open-­‐source	
  coastal/estuarine	
  model	
  

http://www.getm.eu 

Modular	
  Ocean	
  Model	
  
version	
  4	
  (MOM4)	
  

3D  Widely	
  used	
  global	
  ocean	
  model	
  

http://www.gfdl.noaa.gov/fms 

General	
  Lake	
  Model	
  
(GLM)	
  

1D	
  (vertical)	
  –	
  
Lagrangian	
  
layered	
  grid 

Custom	
  vertical	
  mixing	
  
algorithms	
   

Includes	
  Ice	
  cover	
  
Simple	
  to	
  use	
  	
  
http://aed.see.uwa.edu.au/research/
models/GLM/	
  

TUFLOW-­‐FV	
   3D	
  (finite	
  volume) Several	
  approaches	
  
available 

Coupled	
  model	
  has	
  been	
  applied	
  
(Bruce	
  et	
  al.,	
  2013),	
  but	
  currently	
  not	
  
available	
  for	
  general	
  use. 

	
  

	
   	
  



Other	
  candidate	
  biogeochemical	
  models	
  

The	
   AED	
   modules	
   described	
   here	
   that	
   link	
   to	
   FABM	
   are	
   in	
   addition	
   to	
   other	
   common	
   biogeochemical	
  
configurations	
   such	
   as	
   the	
   ‘Fasham’	
   model	
   template	
   (currently	
   the	
   most	
   highly	
   cited	
   aquatic	
  
biogeochemical	
  model	
   approach;	
  Arhonditsis	
  et	
   al.	
   2006),	
   ERSEM,	
   and	
  ERGOM,	
   as	
  well	
   as	
   simple	
   ‘NPZD’	
  
model	
  templates	
  (e.g.	
  Burchard	
  et	
  al.	
  2006).	
  The	
  range	
  of	
  ecosystem	
  models	
  that	
  are	
  implemented	
  within	
  
the	
  FABM	
  framework	
  are	
  summarised	
  briefly	
   in	
  Table	
  2,	
  and	
  since	
  the	
  focus	
  of	
  this	
  document	
   is	
  the	
  AED	
  
models,	
   readers	
   are	
   referred	
   to	
   FABM	
  documentation	
  and	
  associated	
   references	
   for	
  details	
   of	
   the	
  other	
  
models.	
  	
  

Table	
  2:	
  Current	
  coupled	
  aquatic	
  biogeochemical	
  models	
  included	
  within	
  the	
  FABM	
  framework.	
  

Name 	
  	
  	
  	
  	
  	
  Description 

pml/	
  carbonate  	
   Carbonate	
  chemistry	
  

pml/	
  ersem  	
   European	
  Regional	
  Seas	
  Ecosystem	
  Model	
  

metu/	
  mnemiopsis	
     population	
  model	
  for	
  Mnemiopsis 

gotm/	
  npzd	
     Simple	
  NPZD	
  model	
  (Burchard	
  et	
  al.,	
  2005),	
  ported	
  from	
  GOTM 

gotm/	
  fasham	
     Fasham	
  et	
  al.	
  (1990)	
  model	
  with	
  modifications	
  by,	
  ported	
  from	
  GOTM 

iow/	
  ergom	
     Baltic	
  Sea	
  Research	
  Institute	
  ecosystem	
  model 

examples/	
  benthic	
     Example	
  of	
  a	
  benthic	
  predator 

aed/	
  …	
     Aquatic	
  Ecodynamics	
  Library	
  	
  
(focus	
  of	
  this	
  report,	
  described	
  in	
  the	
  next	
  section)	
  

Oxygen	
  
Nitrogen	
  
Phosphorus	
  
Silica	
  
Organic	
  Matter	
  
Phytoplankton	
  
Zooplankton	
  
Sediment	
  Diagenesis	
  
Geochemistry	
  
Pathogens	
  

	
  

Further	
  information	
  on	
  FABM	
  

For	
  more	
  information	
  on	
  the	
  code	
  structure	
  and	
  approach	
  of	
  FABM	
  the	
  reader	
  is	
  referred	
  to	
  Bruggerman	
  et	
  
al.	
  (2011).	
  

FABM	
   documentation,	
   code	
   and	
   test	
   cases	
   are	
   currently	
   available	
   from	
   a	
   Git	
  repository	
   at	
   SourceForge:	
  
http://sourceforge.net/apps/mediawiki/fabm/index.php.	
  

The	
  contents	
  of	
  this	
  repository	
  can	
  be	
  obtained	
  on	
  UNIX/Linux/Mac	
  OS	
  X	
  systems	
  by	
  executing:	
  

 git clone git://fabm.git.sourceforge.net/gitroot/fabm/fabm 



AED	
  Module	
  Descriptions	
  	
  

Overview	
  
The	
  philosophy	
  of	
  the	
  AED	
  modules	
  is	
  that	
  individual	
  model	
  ‘components’	
  can	
  be	
  configured	
  in	
  a	
  way	
  that	
  
facilitates	
  custom	
  aquatic	
  ecosystem	
  configurations.	
  Users	
  select	
  modules	
  they	
  are	
  wishing	
  to	
  simulate	
  and	
  
then	
   are	
   able	
   to	
   customize	
   connections	
   with	
   other	
   modules.	
   The	
   modules	
   exist	
   within	
   a	
   hierarchy	
   of	
  
dependencies,	
  and	
  connections	
  must	
  be	
  set	
  in	
  the	
  right	
  order.	
  	
  

In	
  general,	
  model	
  components	
  consider	
  the	
  cycling	
  of	
  carbon,	
  nitrogen	
  and	
  phosphorus,	
  and	
  other	
  relevant	
  
components	
   such	
  as	
  oxygen,	
   and	
  are	
  able	
   to	
   simulate	
  organisms	
   including	
  different	
   functional	
   groups	
  of	
  
phytoplankton	
   and	
   zooplankton,	
   and	
   also	
   organic	
   matter.	
   Much	
   of	
   the	
   science	
   basis	
   and	
   mathematical	
  
approach	
  implemented	
  in	
  the	
  AED	
  modules	
  is	
  similar	
  to	
  similar	
  models	
  that	
  have	
  been	
  used	
  over	
  the	
  past	
  
two	
   decades,	
   and	
   include	
   many	
   similarities	
   to	
   widely	
   used	
   approaches	
   such	
   as	
   CAEDYM,	
   CE-­‐QUAL-­‐W2,	
  
WASP	
   and	
   numerous	
   others.	
   The	
   modules,	
   however,	
   are	
   implemented	
   within	
   the	
   FABM	
   numerical	
  
framework	
   and	
   include	
   numerous	
   different	
   process	
   representations	
   over	
   these	
   earlier	
   studies,	
   and	
   are	
  
reported	
  in	
  detail	
  below.	
  

Module	
  conceptualization	
  
Whilst	
   the	
   AED	
  modules	
   are	
   highly	
   flexible	
   and	
   can	
   be	
   customised	
   for	
   user-­‐defined	
   biogeochemical	
   and	
  
ecological	
   configurations,	
   they	
   have	
   generally	
   been	
   designed	
   to	
   simulate	
   the	
   interactions	
   between	
  
nutrients,	
  organic	
  matter,	
  phytoplankton	
  and	
  zooplankton.	
  When	
  coupled	
  with	
   the	
  hydrodynamic	
  driver,	
  
the	
  modules	
  allow	
  for	
  a	
  comprehensive	
  simulation	
  of	
  processes	
  that	
  govern	
  the	
  transport	
  and	
  fate	
  of	
  water	
  
quality	
   attributes	
   included	
   suspended	
   sediment,	
   dissolved	
   inorganic	
   nutrients,	
   organic	
  matter	
   (dissolved	
  
and	
  particulate),	
  phytoplankton	
  and	
  zooplankton,	
  and	
  relevant	
  fluxes	
  at	
  the	
  air-­‐water	
  and	
  sediment-­‐water	
  
interface.	
   Given	
   the	
   flexible	
   nature	
   of	
   model	
   integration,	
   multiple	
   identical	
   modules	
   can	
   be	
   simulated	
  
allowing	
  the	
  user	
  to	
  further	
  partition	
  ecological	
  components,	
  for	
  example,	
  two	
  organic	
  matter	
  modules	
  can	
  
be	
   enabled	
  with	
   unique	
   parameters	
   for	
   each	
   to	
   reflect	
   labile	
   versus	
   refractory	
  material	
   in	
   a	
   simulation.	
  
Similarly,	
  multiple	
   phytoplankton	
   sub-­‐modules	
   can	
  be	
   configured	
   allow	
   for	
   groups	
  of	
   functional	
   types	
  or	
  
groups	
   of	
   similar	
   species	
   to	
   be	
   configured.	
   Other	
   modules	
   describing	
   pathogens,	
   and	
   aqueous	
  
geochemistry	
  may	
  also	
  be	
  configured.	
  

The	
  modules	
  together	
  simulate	
  the	
  C,	
  N,	
  P,	
  DO,	
  and	
  Si	
  cycles	
  including	
  inorganic	
  nutrient,	
  organic	
  matter,	
  
phytoplankton,	
   and	
   zooplankton.	
   In	
   a	
   typical	
   application	
   (Figure	
   2)	
   several	
   phytoplankton	
   groups	
   (e.g.,	
  
bacillariophytes	
   /	
  diatoms,	
  D;	
   chlorophytes	
  or	
  green	
  algae,	
  G;	
   cyanobacteria	
  or	
  blue-­‐green	
  algae,	
  B;	
  etc.)	
  
would	
  be	
  simulated	
  with	
  zero	
  or	
  more	
  zooplankton	
  groups.	
  Such	
  a	
  configuration	
  would	
  require	
  around	
  nine	
  
state	
  variables	
  are	
   required	
   to	
  model	
   the	
  algal	
  biomass	
   (AD,	
  AG,	
  AB)	
   if	
   the	
  dynamically	
   calculated	
   internal	
  
nutrient	
   stores	
   of	
   N	
   (PHY_ND,	
   PHY_NG,	
   PHY_NB)	
   and	
   P	
   (PHY_PD,	
   PHY_PG,	
   PHY_PB),	
   and	
   five	
   dissolved	
  
inorganic	
  nutrients	
  (FRP,	
  NO3,	
  NH4,	
  PIP,	
  RSi),	
  three	
  dissolved	
  (DOC,	
  DON,	
  DOP)	
  and	
  three	
  particulate	
  (POC,	
  
PON,	
   POP)	
   detrital	
   organic	
   matter	
   groups,	
   and	
   dissolved	
   oxygen	
   (DO).	
   With	
   a	
   two	
   zooplankton	
   groups	
  
configured	
  this	
  constitutes	
  around	
  24	
  state	
  variables,	
  all	
  of	
  which	
  are	
  transported	
  and	
  subject	
  to	
  boundary	
  
forcing	
  by	
  the	
  hydrodynamic	
  driver.	
  

A	
   general	
   summary	
   of	
   the	
   key	
   modules	
   is	
   included	
   below	
   and	
   detailed	
   equations	
   and	
   parameter	
  
descriptions	
  and	
  typical	
  values	
  used	
  are	
  presented	
  in	
  the	
  following	
  section.	
  

	
  



	
  

Figure	
  2:	
  AED	
  module	
  conceptual	
  model	
  of	
  carbon	
  and	
  nutrient	
  flux	
  pathways	
  and	
  planktonic	
  groups.	
  

	
  

	
  
	
   	
  



Module	
  descriptions	
  
In	
   this	
   section	
   the	
  detailed	
  model	
  mass	
  balance	
  and	
  biogeochemical	
  algorithms	
  are	
  described.	
  These	
  are	
  
not	
  organized	
  by	
  AED	
  modules,	
  but	
  rather	
  based	
  on	
  the	
  element	
  or	
  ecosystem	
  component	
  in	
  line	
  with	
  the	
  
conceptual	
  model.	
  	
  

Note	
  that	
  all	
  balance	
  equations	
   in	
  effect	
  also	
  have	
  terms	
  for	
  advection,	
  dispersion,	
   turbulent	
  mixing,	
  and	
  
inflows	
  and	
  outflow	
  boundary	
  conditions,	
  however	
  these	
  are	
  highly	
  specific	
  to	
  the	
  particular	
  hydrodynamic	
  
driver	
  being	
  used	
  to	
  run	
  the	
  AED	
  or	
  FABM-­‐AED	
  models.	
  Due	
  to	
  potential	
  differences	
  between	
  them,	
  they	
  
are	
   not	
   included	
   in	
   the	
   below	
   expressions	
   and	
   the	
   equations	
   presented	
   here	
   solely	
   focus	
   on	
  
biogeochemical	
  and	
  ecological	
  interactions.	
  From	
  a	
  numerical	
  perspective	
  this	
  is	
  also	
  consistent	
  since	
  AED	
  
processes	
  are	
  split	
  from	
  the	
  numerical	
  solution	
  of	
  the	
  transport-­‐reaction	
  equations	
  and	
  solved	
  sequentially	
  
after	
  transport	
  has	
  taken	
  place.	
  

	
  

General	
  Notation	
  	
  

𝑁    = number of groups [integer] 

a, om, z  = indices of various sub-groups of phytoplankton, organic matter and zooplankton [integer] 

𝜒!:!
!"#$%   = the stoichiometric ratio of “group” between C and element “Y”  [mmol C/mmol Y] 

𝑓!"#$%&&!"#   = function that returns the mass flux of “process” on “var”  [mmol var/time] 

𝑅!"#$%&&!"#  = the rate of “process” influencing the variable “var”  [/time] 

𝐹!"#!"#   = the maximum benthic areal flux of variable “var” [mmol var/area/time] 

𝑝!"#$%&
!"#$%    = the preference of  “group” for “source”  [0-1] 

Φ!"#
!"#$% 𝑣𝑎𝑟   = dimensionless limitation or scaling function account for the effect of “lim” on “group” [-] 

𝑘!"#   = used to identify a generic fraction related to “var”  [0-1] 

Θ!"#$%&
!"#$%   = switch to configure selectable model component “config” for a specific “group” [0,1,2,…] 

𝑐, 𝜃, 𝛾 …  = coefficient  [various units] 

	
  

Light	
  

Incident	
   shortwave	
   radiation	
   is	
   supplied	
   by	
   the	
   hydrodynamic	
   driver,	
   where	
   it	
   is	
   used	
   for	
   surface	
  
thermodynamics	
  calculations,	
  to	
  FABM.	
  For	
  primary	
  production,	
  the	
  shortwave	
  (280-­‐2800	
  nm)	
  intensity	
  at	
  
the	
  surface	
  is	
  usually	
  converted	
  to	
  the	
  photosynthetically	
  active	
  component	
  (PAR)	
  based	
  on	
  the	
  assumption	
  
that	
  ~45%	
  of	
   the	
   incident	
  spectrum	
  lies	
  between	
  400-­‐700	
  nm	
  (eg.	
   Jellison	
  and	
  Melack,	
  1993;	
  Kirk,	
  1994).	
  
PAR	
  penetrates	
  into	
  the	
  water	
  column	
  according	
  to	
  the	
  Beer-­‐Lambert	
  Law.	
  The	
  light	
  extinction	
  coefficient	
  is	
  
able	
   to	
   be	
   dynamically	
   adjusted	
   to	
   account	
   for	
   variability	
   in	
   the	
   concentrations	
   of	
   algal,	
   inorganic	
   and	
  
detrital	
   particulates,	
   and	
   dissolved	
   organic	
   carbon	
   levels	
   based	
   on	
   user	
   defined	
   specific	
   attenuation	
  
coefficients.	
  

𝐾! = 𝐾! + 𝐾!   𝑆𝑆   + 𝐾!   𝐷𝑂𝐶 + 𝐾!   𝑃𝑂𝐶 + 𝐾!!   𝑃𝐻𝑌𝑪!

!!"#

!

	
  



Dissolved	
  Oxygen	
  :	
  aed_oxygen	
  

DO	
  dynamics	
  account	
   for	
  atmospheric	
  exchange,	
   sediment	
  oxygen	
  demand,	
  microbial	
  use	
  during	
  organic	
  
matter	
   mineralisation	
   and	
   nitrification,	
   photosynthetic	
   oxygen	
   production	
   and	
   respiratory	
   oxygen	
  
consumption,	
  and	
  respiration	
  by	
  other	
  optional	
  biotic	
  components.	
  Atmospheric	
  exchange	
  is	
  based	
  on	
  the	
  
model	
  of	
  Wanninkhof	
  (1992)	
  and	
  the	
  flux	
  equation	
  of	
  Riley	
  and	
  Skirrow	
  (1974).	
  A	
  simple	
  sediment	
  oxygen	
  
demand	
   flux	
   is	
   currently	
   implemented	
   that	
   varies	
   as	
   a	
   function	
   of	
   the	
   overlying	
  water	
   temperature	
   and	
  
dissolved	
  oxygen	
  levels.	
  Microbial	
  activity	
  facilitates	
  the	
  breakdown	
  of	
  organic	
  carbon	
  (in	
  particular,	
  DOC)	
  
to	
  CO2,	
  and	
  a	
  stoichiometrically	
  equivalent	
  amount	
  of	
  oxygen	
  is	
  removed.	
  The	
  process	
  of	
  nitrification	
  also	
  
requires	
  oxygen	
  that	
  is	
  dependent	
  on	
  the	
  stoichiometric	
  factor	
  for	
  the	
  ratio	
  of	
  oxygen	
  to	
  nitrogen	
  and	
  the	
  
half-­‐saturation	
   constant	
   for	
   the	
   effect	
   of	
   oxygen	
   limitation.	
   Photosynthetic	
   oxygen	
   production	
   and	
  
respiratory	
  oxygen	
  consumption	
  is	
  summed	
  over	
  the	
  number	
  of	
  simulated	
  phytoplankton	
  groups.	
  

	
  

Table	
  3:	
  Mass	
  balance	
  and	
  functions	
  related	
  to	
  oxygen	
  cycling.	
  

 

State variable mass balance equation: 

𝑑𝑂!
𝑑𝑡

= ±𝑓!"#
!! − 𝑓!"#

!! −
𝑓!"#$%!"#

𝜒!:!!
!"#$% −

𝑓!"#$"%
𝜒!:!!
!"#$"% +   

𝑓!"#$%&
!"#_!!

𝜒!:!!
!"#

!!"#

!

−
𝑓!"!"
!"#_!!

𝜒!:!!
!"#

!!"#

!

−
𝑓!"#$
!""!

𝜒!:!!
!""

!!""

!

 

=  ± atmospheric O2 exchange   
    ±  sediment O2 demand   

        –   O2 consumption by mineralisation of DOC (bacterial respiration)   
        –  O2 consumption by nitrification    

 +  O2 production by photosynthesis   
        –  O2 consumption by phytoplankton respiration   

 –  O2 consumption by zooplankton respiration 
 

Process parameterisations: 

𝑓!"#
!! =

𝑐!"#
!! !! !"#! !! !

!"!
                𝑖𝑓  𝑧 = 𝑧!

0                                                                            𝑖𝑓  𝑧 ≠ 𝑧!
                                                      atmospheric oxygen exchange 

𝑓!"#
!! = 𝐹!"#

!! !!
!!"#
!! !!!

𝜃!"#
!! !!!" !!

!"!
                                                        sediment oxygen demand (SOD) 

where 𝐴! = 𝐴!!"# 𝐴! and 𝑑𝑧! is the thickness of the zth layer/cell. 

Diagnostic & derived outputs: 

Oxygen saturation 
𝑂𝑋𝑌𝑃𝐶 = ⋯	
  

 

	
  

	
  

	
   	
  



Carbon,	
  Nitrogen,	
  Phosphorus	
  and	
  Silica:	
  	
  aed_carbon,	
  aed_nitrogen,	
  aed_phosphorus,	
  	
   	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  aed_silica,	
  	
  aed_organic_matter	
  

	
  

Both	
  the	
   inorganic	
  and	
  organic,	
  and	
  dissolved	
  and	
  particulate	
  forms	
  of	
  C,	
  N	
  and	
  P	
  are	
  modelled	
  explicitly	
  
along	
   the	
  degradation	
  pathway	
  of	
  POM	
  to	
  DOM	
  to	
  dissolved	
   inorganic	
  matter	
   (DIM).	
  The	
  decomposition	
  
and	
  mineralisation	
  process	
  varies	
  in	
  response	
  to	
  temperature,	
  and	
  is	
  additionally	
  able	
  to	
  slow	
  down	
  under	
  
anaerobic	
   conditions.	
   The	
   nitrogen	
   cycle	
   includes	
   the	
   additional	
   processes	
   of	
   denitrification,	
   nitrification	
  
and	
  N2	
  fixation	
  (discussed	
  in	
  the	
  phytoplankton	
  section)	
  that	
  are	
  not	
  in	
  the	
  carbon	
  and	
  phosphorus	
  cycles,	
  
though	
   note	
   N2	
   levels	
   are	
   not	
   tracked	
   as	
   a	
   state	
   variable.	
   The	
   phosphorus	
   cycle	
   also	
   accounts	
   for	
  
adsorption/desorption	
   of	
   PO4	
   onto	
   suspended	
   solids	
   (SS),	
   and	
   adopts	
   the	
   Langmuir	
   isotherm	
   model	
   as	
  
implemented	
  by	
  Chao	
  et	
  al.	
  (2010).	
  	
  

The	
  silica	
  cycle	
   is	
   simpler	
  and	
   includes	
   the	
  processes	
  of	
  biological	
  uptake	
  of	
  dissolved	
  Si	
   (RSi)	
  by	
  diatoms	
  
into	
   the	
   internal	
   Si	
   (ISi)	
   pool,	
   dissolved	
   sediment	
   fluxes	
   of	
   RSi,	
   diatom	
   mortality	
   directly	
   into	
   the	
   RSi	
  
sediment	
  pool,	
   settling	
  of	
   ISi.	
   This	
   relatively	
   simple	
   representation	
  assumes	
   that	
  diatom	
   frustules	
   rapidly	
  
mineralize.	
  

	
  

Table	
  4:	
  Mass	
  balance	
  and	
  functions	
  related	
  to	
  silica	
  cycling.	
  

 

State variable mass balance equations: 

𝑑𝑅𝑆𝑖
𝑑𝑡

= +𝑓!"#!"# − 𝑓!"#$%&
!"#!!"!

!!"#

!

+ 𝑓!"#$
!"#!!"!

!!"#

!

 

=  ±  sediment flux   
        –  uptake by phytoplankton groups  
        –  excretion by phytoplankton groups    
 
𝑃𝐻𝑌𝑺𝒊 is also included in the Si cycle and described in the phytoplankton module 

 
Process parameterisations: 

𝑓!"#
!! = 𝐹!"#

!! !!
!!"#
!! !!!

𝜃!"#
!! !!!" !!

!"!
                                                         sediment reactive Si flux 

where 𝐴! = 𝐴!!"# 𝐴! and 𝑑𝑧! is the thickness of the zth layer/cell. 

	
  

	
   	
  



Table	
  5:	
  Mass	
  balance	
  and	
  functions	
  related	
  to	
  carbon	
  cycling.	
  

 

State variable mass balance equations: 

𝑑𝐶𝐻!
𝑑𝑡

= +𝑓!"#!"! − 𝑓!"!"! 

=  ±  sediment flux           
        –  oxidation to DIC 

𝑑𝐷𝐼𝐶
𝑑𝑡

= 𝑓!"#$%!"# + 𝑓!"#!!! + 𝑓!"#$
!"#!" −   𝑓!"#$%&

!"#!"

!!"#

!

+ 𝑓!"#$!

!!""

!

 

=  +  respiration by bacteria during DOM breakdown 
        ±  sediment flux           
        ±  carbon fixation and respiration by phytoplankton groups    
        +  respiration by zooplankton groups 

𝑑𝐷𝑂𝐶
𝑑𝑡

= 𝑓!"#$%!"# − 𝑓!"#$%!"# + 𝑓!"#!"# + 𝑓!"#$
!"#_!!

!!"#

!

+ 𝑓!"#$!

!!""

!

 

=  +  decomposition from particulate detritus (POC)   
        –  mineralisation by bacteria  
        ±  sediment flux           
        –  excretion by phytoplankton groups    
        –  excretion by zooplankton groups 

𝑑𝑃𝑂𝐶
𝑑𝑡

= −𝑓!"#$%!"# − 𝑓!!""!"# + 𝑓!"#$
!"#_!!

!!"#

!

+ (1 − 𝑘!""#$! )𝑓!""#$! + 1 − 𝑘!"#$! 𝑓!"#$%! + 𝑓!"#$!

!!""

!

 

=  –  decomposition to DOC 
    ±  sedimentation   

        +  mortality from phytoplankton groups  
        +  messy feeding, faecal pellet release and mortality from zooplankton groups    
 
𝑃𝐻𝑌! and 𝑍𝑂𝑂! are described in the phytoplankton and zooplankton sub-sections. 

 
Process parameterisations: 

𝑓!"##!"# = !!"#
!"!

   𝑃𝑂𝐶                                                                          sedimentation of particulate organic carbon 

𝑓!"#$%!"# = 𝑅!"#$%!"# !!
!!"#$%! !!

𝜃!"#$%
!!!"

   𝑃𝑂𝐶                          hydrolysis/decomposition of POC 

𝑓!"#$%!"# = 𝑅!"#$%!"# !!
!!"#$%! !!

𝜃!"#$%
!!!"

   𝐷𝑂𝐶                           mineralisation of DOC 

𝑓!"#!"# = 𝐹!"#!!" !!"#
!"#

!!"#
!"#! !"#

𝜃!"#!"#
!!!" !!

!"!
                                      DOC sediment flux 

where 𝐴! = 𝐴!!"# 𝐴! and 𝑑𝑧! is the thickness of the zth layer/cell. 

Diagnostic & derived outputs: 

pH 
𝑝𝐻 = −log  [𝐻!] , where H+ is determined based on the carbonate alkalinity (CA) and DIC concentrations. 

Total Organic Carbon 



𝑇𝑂𝐶 = 𝐷𝑂𝐶 + 𝑃𝑂𝐶 + 𝑃𝐻𝑌!!

!!"#

!

+ 𝑍𝑂𝑂!

!!""

!

 

note: if multiple POC/DOC pools are simulated then these can be included in TOC through the aed_totals routine. 

	
  

	
   	
  



Table	
  6:	
  Mass	
  balance	
  and	
  functions	
  related	
  to	
  nitrogen	
  cycling.	
  	
  

 

State variable mass balance equations: 

𝑑𝑁𝐻!
𝑑𝑡

= +𝑓!"#
!"! + 𝑓!!"#$!"# − 𝑓!"#$"%

!"! − 𝑝!"!
! ×𝑓!"#$%&

!"#_!!

!!"#

𝒂

 

=  ±  sediment flux           
        +  mineralization from DON    
        –  nitrification 
        –  uptake from the phytoplankton community 

𝑑𝑁𝑂!
𝑑𝑡

= −𝑓!"#
!"! + 𝑓!"#$"%

!"! − 𝑓!"#$%
!"! − 𝑝!"!

! ×𝑓!"#$%&
!"#_!!

!!"#

!

 

=  ±  sediment flux           
        +  nitrification    
        –  denitrification 
        –  uptake from the phytoplankton community 

𝑑𝐷𝑂𝑁
𝑑𝑡

= +𝑓!"#$%!"# + 𝑓!"#!"# − 𝑓!"#$%!"# + 𝑓!"#$
!"#_!!

!!"#

!

+
𝑓!"#$!

𝜒!:!!

!!""

!

 

=  +  decomposition from particulate detritus (POC)   
        –  mineralisation by bacteria  
        ±  sediment flux           
        –  excretion by phytoplankton groups    
        –  excretion by zooplankton groups 

𝑑𝑃𝑂𝑁
𝑑𝑡

= −𝑓!"#$%!"# − 𝑓!"##!"# + 𝑓!"#$
!"#_!!

!!"!

!

+ (1 − 𝑘!""#$! )𝑓!""#$! + 1 − 𝑘!"#$! 𝑓!"#$%! + 𝑓!"#$! 1
𝜒!:!!

!!""

!

 

=  –  decomposition to DOC 
    ±  sedimentation   

        +  mortality from phytoplankton groups  
        +  messy feeding, faecal pellet release and mortality from zooplankton groups    
 

𝑃𝐻𝑌! and 𝑍𝑂𝑂! are described in the phytoplankton and zooplankton sub-sections. 

 
Process parameterisations: 

𝑓!"#
!"! = 𝐹!"#

!!! !!"#
!"!

!!"#
!"!! !!

𝜃!"#
!"! !!!"

     !!
!"!

                             ammonium sediment flux 

𝑓!"#
!"! = 𝐹!"#

!"! !!
!!"#
!"!! !!

𝜃!"#
!"! !!!" !!

!"!
                             nitrate sediment flux 

𝑓!"#!"# = 𝐹!"#!"# !!"#
!"#

!!"#
!"#! !"#

𝜃!"#!"#
!!!" !!

!"!
                        DON sediment flux 

𝑓!"##!"# = !!"#
!"!

   𝑃𝑂𝑁                                                             sedimentation of particulate organic nitrogen 

𝑓!"##
!"#!!! =

!!"#!
!"!

   𝑃𝐻𝑌_𝑁!                                                 sedimentation of phytoplankton  

𝑓!"#$%!"# = 𝑅!"#$%!"# !!
!!"#$%! !!

𝜃!"#$%
!!!"

   𝑃𝑂𝑁              hydrolysis/decomposition of PON 



𝑓!"#$%!"# = 𝑅!"!"#!"# !!
!!"#$%! !!

𝜃!"#$%
!!!"

   𝐷𝑂𝑁               mineralisation of DON 

𝑓!"#$"%
!"! = 𝑅!"#$"%

!!
!!"#$"%! !!

𝜃!"#$"%
!!!"

𝑁𝐻!                   nitrification 

𝑓!"#$%
!"! = 𝑅!"#$%

!!"#$%
!!"#$%! !!

𝜃!"#$%
!!!"

   𝑁𝑂!                      denitrification 

where 𝐴! = 𝐴!!"# 𝐴! and 𝑑𝑧! is the thickness of the zth layer/cell. 

Diagnostic & derived outputs: 

Total	
  Nitrogen	
  

𝑇𝑁 = 𝑁𝑂3 + 𝑁𝐻4 + 𝐷𝑂𝑁 + 𝑃𝑂𝑁 + 𝑃𝐻𝑌!!

!!"#

!

+
𝑍𝑂𝑂!
𝜒!:!!

!!""

!

	
  

Total	
  Kjeldahl	
  Nitrogen	
  

𝑇𝐾𝑁 = 𝑁𝐻4 + 𝐷𝑂𝑁 + 𝑃𝑂𝑁 + 𝑃𝐻𝑌!!

!!"#

!

+
𝑍𝑂𝑂!
𝜒!:!!

!!""

!

	
  

note: if multiple PON/DON pools are simulated then these can be included in TN through the aed_totals routine.	
  

	
  

	
   	
  



Table	
  7:	
  Mass	
  balance	
  and	
  functions	
  related	
  to	
  phosphorus	
  cycling.	
  	
  

 

State variable mass balance equations: 

𝑑𝑃𝑂!
𝑑𝑡

= +𝑓!"#
!"! + 𝑓!"#$%!"# ± 𝑓!"#

!"! − 𝑓!"#$%&
!"#_!!

!!"#

!

 

=  ±  sediment flux           
        +  mineralization from DOP    
        ±  adsorption/desorption 
        –  uptake from the phytoplankton community 
 
𝑑𝑃𝑂!!"#

𝑑𝑡
= ±𝑓!"#

!"! − 𝑓!"##
!"!!"# 

=  ±  adsorption/desorption 
    ±  sedimentation   

𝑑𝑃𝑂𝑃
𝑑𝑡

= −𝑓!"#$%!"! − 𝑓!"##!"! + 𝑓!"#!
!"#_!! + (1 − 𝑘!""#$! )𝑓!""#$! + 1 − 𝑘!"#$! 𝑓!"#$%! + 𝑓!"#$! 1

𝜒!:!!

!!""

!

!!"#

!

 

=  –  decomposition to DOP 
    ±  sedimentation   

        +  mortality from phytoplankton groups  
        +  messy feeding, faecal pellet release and mortality from zooplankton groups    

𝑑𝐷𝑂𝑃
𝑑𝑡

= 𝑓!"#$%!"! − 𝑓!"#$%!"# + 𝑓!"#!"# + 𝑓!"#$
!"#_!!

!!"#

!

+ 1
𝜒!:!!

𝑓!"#$!

!!""

!

 

    =  +  decomposition from particulate detritus (POP)   
         –  mineralisation by bacteria  
         ±  sediment flux           
         –  excretion by phytoplankton groups    
         –  excretion by zooplankton groups 
 

𝑃𝐻𝑌! and 𝑍𝑂𝑂! are described in the phytoplankton and zooplankton sub-sections. 
 

Process parameterisations: 

𝑓!"#
!"! = 𝐹!"#

!"! !!"#
!"!

!!"#
!"!! !!

𝜃!"#
!"! !!!" !!

!"!
                          phosphate sediment flux 

𝑓!"#!"# = 𝐹!"#!"# !!"#
!"#

!!"#
!"#! !"#

𝜃!"#!"#
!!!" !!

!"!
                     dissolved organic phosphorus sediment flux 

𝑓!"##!"! = !!"!
!"!

   𝑃𝑂𝑃                                                          sedimentation of particulate organic phosphorus 

𝑓!"##
!"#_!! = !!"#!

!"!
   𝑃𝐻𝑌_𝑃!                                              sedimentation of phytoplankton  

𝑓!"##
!"!!"# = !!!

!"!
   𝑃𝑂!!"#                                                       sedimentation of adsorped phosphorus 

𝑓!"#
!"! = Φ!"#

!"! 𝑇𝑃𝑂! !!!, 𝑆𝑆, 𝑝𝐻 × 𝑇𝑃𝑂! !!! − 𝑃𝑂!!"#
∗ !

∆!
      

                                                                                           adsorption/desorption ‘rate’ of phosphorus 

 

 



Φ!"#
!"! 𝑇𝑃𝑂!, 𝑆𝑆, 𝑝𝐻 =

1
2𝐼𝑃 𝑇𝑃𝑂! +

!
!!"#
! + 𝑐!"#!"#Φ𝑎𝑑𝑠

𝑝𝐻 𝑝𝐻 𝑆𝑆 − 𝑇𝑃𝑂! +
!

!!"#
! + 𝑐!"#!"#Φ𝑎𝑑𝑠

𝑝𝐻 𝑝𝐻 𝑆𝑆
!
+ !!!"#

!"#Φ𝑎𝑑𝑠
𝑝𝐻 𝑝𝐻

!!"#
! 𝑆𝑆            

                                                                                         adsorped fraction of total available inorganic phosphorus 

where 𝐴! = 𝐴!!"# 𝐴! and 𝑑𝑧! is the thickness of the zth layer/cell. 

Diagnostic & derived outputs: 

Total Phosphorus 

𝑇𝑃 = 𝑃𝑂! + 𝑃𝑂!!"# + 𝐷𝑂𝑃 + 𝑃𝑂𝑃 + 𝑃𝐻𝑌𝑷𝒂

!!"#

!

+
𝑍𝑂𝑂!
𝜒!:!!

!!""

!

	
  

Total Inorganic Phosphate 

𝑇𝑃𝑂! = 𝑃𝑂! + 𝑃𝑂!!"#	
  

note: if multiple POP/DOP pools are simulated then these can be included in TN through the aed_totals routine.	
  

	
  

	
   	
  



Phytoplankton	
  Dynamics	
  –	
  aed_phytoplankton	
  

Each	
  phytoplankton	
  group	
  configurable	
  within	
  the	
  AED	
  phytoplankton	
  module	
   is	
  generic,	
  and	
  can	
  include	
  
internal	
   nitrogen,	
   phosphorus	
   and/or	
   silica	
   stores	
   if	
   desired.	
   The	
   algal	
   biomass	
   of	
   each	
   group,	
   PHYC,	
   is	
  
simulated	
   in	
  units	
  of	
   carbon	
   (mmol	
  C	
  m-­‐3),	
   and	
   the	
  group	
   can	
  be	
   configured	
   to	
  have	
  a	
   constant	
  C:N:P:Si	
  
ratio,	
   or	
   have	
   dynamic	
   uptake	
   of	
   N	
   and	
   P	
   sources	
   in	
   response	
   to	
   changing	
  water	
   column	
   condition	
   and	
  
cellular	
  physiology.	
  	
  

Balance	
  equations	
  for	
  the	
  phytoplankton	
  related	
  state	
  variables	
  are	
  in	
  Table	
  8.	
  

	
  

Table	
  8:	
  Mass	
  balance	
  and	
  functions	
  related	
  to	
  the	
  phytoplankton	
  model.	
  

 

State variable mass balance equations: 

Carbon 

    
𝑑 𝑃𝐻𝑌!!

𝑑𝑡
= +𝑓!"#$%!

!"!!! − 𝑓!"#$
!"!!! − 𝑓!"#$

!"!!! − 𝑓!"#$
!"!!! − 𝑓!"##

!"!!! − 𝑓!""#$!     𝑝!!
!!""

!

	
  

Nitrogen 

    
𝑑 𝑃𝐻𝑌!!

𝑑𝑡
= +𝑓!"#$%&

!!!!! − 𝑓!"#$
!"!!! − 𝑓!"#$

!"!!! − 𝑓!"##
!"!!! − 𝑓!""#$!     𝑝!!     

𝑃𝐻𝑌!!
𝑃𝐻𝑌!!

!!""

!

	
  

Phosphorus 

    
𝑑 𝑃𝐻𝑌!!

𝑑𝑡
= +𝑓!"#$%&

!!!!! − 𝑓!"#$
!"!!! − 𝑓!"#$

!"!!! − 𝑓!"##
!"!!! − 𝑓!""#$!     𝑝!!   

𝑃𝐻𝑌!!
𝑃𝐻𝑌!!

!!""

!

	
  

Silica 

    
𝑑 𝑃𝐻𝑌!"!

𝑑𝑡
= +𝑓!"#$%&

!"!!"! − 𝑓!"#$
!"!!"! − 𝑓!"##

!"!!"! − 𝑓!""#$!     𝑝!!   
𝑃𝐻𝑌!"!
𝑃𝐻𝑌!!

!!""

!

	
  

=  +  uptake  (C,N,P & Si) 
    –  excretion    

        –  mortality   
        –  vertical movement (settling or migration)    

 –  grazing    

Diagnostic & derived outputs: 

Chlorophyll-a 

𝑇𝐶𝐻𝐿𝐴 = 𝜒!:!!!"
!"#!   𝑃𝐻𝑌!!

!!"#

!

	
  

Gross-primary production 

𝐺𝑃𝑃 = 𝜒!:!!!"
!"#!   𝑃𝐻𝑌!!

!!"#

!

	
  

	
  



Process	
  summary:	
  Photosynthesis	
  and	
  nutrient	
  uptake	
  
For	
  each	
  phytoplankton	
  group,	
  the	
  maximum	
  potential	
  growth	
  rate	
  at	
  20°C	
  is	
  multiplied	
  by	
  the	
  minimum	
  
value	
  of	
  expressions	
  for	
  limitation	
  by	
  light,	
  phosphorus,	
  nitrogen	
  and	
  silica	
  (when	
  configured).	
  While	
  there	
  
may	
   be	
   some	
   interaction	
   between	
   limiting	
   factors,	
   a	
  minimum	
   expression	
   is	
   likely	
   to	
   provide	
   a	
   realistic	
  
representation	
  of	
  growth	
  limitation	
  (Rhee	
  and	
  Gotham,	
  1981).	
  	
  

Therefore,	
   photosynthesis	
   is	
   parameterized	
   as	
   the	
   uptake	
   of	
   carbon,	
   and	
   depends	
   on	
   the	
   temperature,	
  
light	
  and	
  nutrient	
  dimensionless	
  functions	
  (adopted	
  from	
  Hipsey	
  &	
  Hamilton,	
  2008;	
  Li	
  et	
  al.,	
  2013).	
  

𝑓!"#$%&
!"!!! = 𝑅!"#$%!

!"#!

!"# !"#$%&
!"#$  !"  !"#  

         1 − 𝑘!"
!"#!

!"#$#%&'!(%)$#%*  
!"##

       Φ!"#
!"#! 𝑇

!"#$"%&!'%"
!"#$%&'

    Φ!"#
!"#! 𝑇

!"#$%&'()
!"#$!!

… 	
  

                        …     min Φ!"#!!
!"#! 𝐼 ,

!"#$%  !"#"$%$"&'  

Φ!
!"#! 𝑁𝑂!,𝑁𝐻!,𝑃𝐻𝑌!!

!  !"#"$%$"&'

,   Φ!
!"#! 𝑃𝑂!,𝑃𝐻𝑌!!

!  !"#"$%$"&'

, Φ!"
!"#! 𝑅𝑆𝑖
!"  !"#"$%!"#$

𝑃𝐻𝑌!! 	
  

To	
   allow	
   for	
   reduced	
   growth	
   at	
   non-­‐optimal	
   temperatures,	
   a	
   temperature	
   function	
   is	
   used	
   where	
   the	
  
maximum	
   productivity	
   occurs	
   at	
   a	
   temperature	
   TOPT;	
   above	
   this	
   productivity	
   decreases	
   to	
   zero	
   at	
   the	
  
maximum	
  allowable	
   temperature,	
  TMAX.	
  Below	
   the	
   standard	
   temperature,	
  TSTD	
   the	
  productivity	
   follows	
  a	
  
simple	
   Arrenhius	
   scaling	
   formulation.	
   In	
   order	
   to	
   fit	
   a	
   function	
   with	
   these	
   restrictions	
   the	
   following	
  

conditions	
   are	
   assumed:	
   at	
   	
   𝑇 = 𝑇!"# ,   Φ!"# 𝑇 =1	
   and	
   at	
   	
   𝑇 = 𝑇!"# ,
!!!"# !

!"
= 0 ,	
   and	
   at	
  

𝑇 = 𝑇!"# ,Φ!"# 𝑇 = 0.	
  	
   This	
   can	
   be	
   numerically	
   solved	
   using	
   Newton’s	
   iterative	
   method	
   and	
   can	
   be	
  
specific	
   for	
  each	
  phytoplankton	
  group.	
  The	
   temperature	
   function	
   is	
   calculated	
  according	
   to	
   (Griffin	
  et	
  al.	
  
2001):	
  

Φ!"#
!"#! 𝑇 = 𝜗!!!!" − 𝜗!

! !!!!! + 𝑐0!	
  

where	
  𝑐1! 	
  and	
  𝑐0! 	
  are	
  solved	
  numerically	
  given	
  input	
  values	
  of:	
  	
  𝑇!!"#,	
  𝑇!
!"#	
  and	
  𝑇!!"#.	
  

The	
   level	
   of	
   light	
   limitation	
   on	
   phytoplankton	
   growth	
   can	
   be	
   modelled	
   as	
   photoinhibition	
   or	
   non-­‐
photoinhibition.	
  In	
  the	
  absence	
  of	
  significant	
  photoinhibition,	
  Webb	
  et	
  al.	
  (1974)	
  suggested	
  a	
  relationship	
  
for	
   the	
   fractional	
   limitation	
   of	
   the	
   maximum	
   potential	
   rate	
   of	
   carbon	
   fixation	
   for	
   the	
   case	
   where	
   light	
  
saturation	
   behavior	
   was	
   absent	
   (Talling,	
   1957),	
   and	
   the	
   equations	
   can	
   be	
   analytically	
   integrated	
   with	
  
respect	
  to	
  depth	
  (Hipsey	
  and	
  Hamilton,	
  2008).	
  For	
  the	
  case	
  of	
  photoinhibition,	
  the	
  light	
  saturation	
  value	
  of	
  
maximum	
  production	
  (IS)	
  is	
  used	
  and	
  the	
  net	
  level	
  effect	
  can	
  be	
  averaged	
  over	
  the	
  cell	
  by	
  integrating	
  over	
  
depth.	
  	
  

The	
  aed_phytoplankton	
  module	
  contains	
  several	
  light	
  functions,	
  including	
  those	
  from	
  a	
  recent	
  review	
  
by	
   Baklouti	
   et	
   al.	
   (2006).	
   The	
   user	
   must	
   select	
   the	
   sensitivity	
   to	
   light	
   according	
   to	
   a	
   photosynthesis-­‐
irradiance	
   (P-­‐I	
   curve)	
   formulation	
   and	
   each	
   species	
   must	
   be	
   set	
   to	
   be	
   either	
   non-­‐photoinhibited	
   or	
  
photoinhibited	
  according	
  to	
  the	
  options	
  in	
  Table	
  9.	
  

	
  

	
  

	
  

	
  

	
  



Table	
  9:	
  Selection	
  of	
  P-­‐I	
  functions	
  available	
  for	
  selection	
  for	
  each	
  species	
  in	
  aed_phytoplankton.	
  

𝚽𝒍𝒊𝒈𝒉𝒕
𝑷𝑯𝒀𝒂 𝑰  =  

 

	
  

1 − 𝑒
! !
!!!  

 

Θ!"#!!
!"#! = 0       

	
  

Non-­‐photoinhibited	
  

Webb	
  et	
  al.	
  (1974),	
  with	
  	
  numerical	
  
integration	
   over	
   depth	
   as	
   in	
  
CAEDYM	
   (Hipsey	
   and	
   Hamilton,	
  
2008)	
  

𝐼
𝐼!!

1 + 𝐼
𝐼!!

 
Θ!"#!!
!"#! = 1       Non-­‐photoinhibited	
   Monod	
  (1950)	
  

𝐼
𝐼!!

𝑒
!! !

!!! 	
  
Θ!"#!!
!"#! = 2       Photoinhibited Steele	
  (1962) 

1 − 𝑒
! !
!!! 	
  

Θ!"#!!
!"#! = 3       Non-­‐photoinhibited Webb	
  et	
  al.	
  (1974) 

𝑡𝑎𝑛ℎ
𝐼
𝐼!!

	
   Θ!"#!!
!"#! = 4       Non-­‐photoinhibited Jassby	
  and	
  Platt	
  (1976) 

𝑒
𝐼
𝐼𝐾𝑎

+𝜖
− 1

𝑒
𝐼
𝐼𝐾𝑎

+𝜖
+ 𝜖

	
  
Θ!"#!!
!"#! = 5       Non-­‐photoinhibited Chalker	
  (1980);	
  𝜖  ~  0.5 

2 + 𝐴 𝐼
𝐼!!

1 + 𝐴 𝐼
𝐼!!

+ 𝐼
𝐼!!

!	
  
Θ!"#!!
!"#! = 6       Photoinhibited Klepper	
  et	
  al.	
  (1988);	
  A	
  ~	
  5. 

	
  

Limitation	
  of	
  the	
  photosynthetic	
  rate	
  may	
  be	
  dampened	
  according	
  to	
  nitrogen	
  or	
  phosphorus	
  availability,	
  
and	
  this	
   is	
  either	
  approximated	
  using	
  a	
  Monod	
  expression	
  of	
  the	
  static	
  model	
   is	
  chosen,	
  or	
  based	
  on	
  the	
  
internal	
  nutrient	
  stoichiometry	
  if	
  the	
  dynamic	
  (Droop	
  uptake)	
  model	
  is	
  selected:	
  

For	
   advanced	
   users,	
   an	
   optional	
   metabolic	
   scaling	
   factor	
   can	
   be	
   included	
   to	
   reduce	
   the	
   photosynthetic	
  
capacity	
  of	
  the	
  simulated	
  organisms,	
  for	
  example	
  due	
  to	
  metabolic	
  stress	
  due	
  to	
  undertaking	
  N2	
  fixation:	
  	
  

Φ!"#
!"#! = 𝑓!"

!"#! + 1 − 𝑓!"
!"#! Φ!

!"#! 𝑁𝑂!,𝑁𝐻!,𝑃𝐻𝑌!!
!!  !"#$%"&'  !"#$%&  !"#$%&'

	
  

The	
   above	
   discussion	
   relates	
   to	
   photosynthesis	
   and	
   carbon	
   uptake	
   by	
   the	
   phytoplankton	
   community.	
   In	
  
addition	
  users	
  must	
  choose	
  one	
  of	
  two	
  options	
  to	
  model	
  the	
  P,	
  N	
  uptake	
  dynamics	
  for	
  each	
  algal	
  group:	
  a	
  
constant	
  nutrient	
   to	
  carbon	
   ratio,	
  or	
  dynamic	
   intracellular	
   stores.	
  For	
   the	
   first	
  model	
  a	
   simple	
  Michaelis-­‐
Menten	
   equation	
   is	
   used	
   to	
   model	
   nutrient	
   limitation	
   with	
   a	
   half-­‐saturation	
   constant	
   for	
   the	
   effect	
   of	
  
external	
  nutrient	
  concentrations	
  on	
  the	
  growth	
  rate.	
  	
  	
  

The	
   internal	
  phosphorus	
  and	
  nitrogen	
  dynamics	
  within	
   the	
  phytoplankton	
  groups	
  can	
  be	
  modelled	
  using	
  
dynamic	
   intracellular	
   stores	
   that	
   are	
   able	
   to	
   regulate	
   growth	
   based	
   on	
   the	
  model	
   of	
   Droop	
   (1974).	
   This	
  
model	
  allows	
  for	
  the	
  phytoplankton	
  to	
  have	
  dynamic	
  nutrient	
  uptake	
  rates	
  with	
  variable	
  internal	
  nutrient	
  
concentrations	
  bounded	
  by	
  user-­‐defined	
  minimum	
  and	
  maximum	
  values	
  (e.g.,	
  see	
  Li	
  et	
  al.,	
  2013).	
  	
  

	
  

	
  



Table	
  10:	
  N,	
  P	
  and	
  Si	
  phytoplankton	
  uptake	
  rate	
  functions.	
  

𝒇𝒖𝒑𝒕𝒂𝒌𝒆
𝑷𝑯𝒀𝑵𝒂  

 

𝑓!"#$%&
!"!!!

𝜒!:!
!"#! 

Θ!"#$%&'
!"#!

= 0,1 

Static	
  
uptake	
  
rate	
  

-­‐	
  

𝑅!"#$%&'
!"#!     Φ!"#

!"#! 𝑇    Φ!
!"#!

𝑃𝐻𝑌!!
𝑃𝐻𝑌!!

− 𝜒!"#!
!"#!

𝜒!"#$
!"#! − 𝜒!"#!

!"#! 𝑃𝐻𝑌!! 

Θ!"#$%&'
!"#!

= 2 

Dynamic	
  
uptake	
  
rate	
  

Hipsey	
  and	
  Hamilton	
  
(2008)	
  

𝑓!"#$%&
!"!!! 	
      

𝑓!"#$%&
!"!!!

𝜒!:!
!"#! 	
  

Θ!"#$%&'
!"#!

= 0,1 

Static	
  
uptake	
  
rate 

-­‐ 

𝑅!"#$%&'
!"#!     Φ!"#

!"#! 𝑇    Φ!
!"#!

𝑃𝐻𝑌!!
𝑃𝐻𝑌!!

− 𝜒!"#$
!"#!

𝜒!"#!
!"#! − 𝜒!"#$

!"#! 𝑃𝐻𝑌!! 	
  

Θ!"#$%&'
!"#!

= 2 

Dynamic	
  
uptake	
  
rate 

Hipsey	
  and	
  Hamilton	
  
(2008) 

𝑓!"#$%&
!"#!"! 	
   	
   	
   	
  

𝑓!"#$%&
!"#_!!

𝜒!:!"
!"#! 	
  

	
   Static	
  
uptake	
  
rate	
  

-­‐	
  

	
  

The	
   uptake	
   of	
   nitrogen	
  must	
   be	
   partitioned	
   into	
   uptake	
   of	
  NO3,	
  NH4	
   and	
   potentially	
   labile	
  DON.	
   In	
   the	
  
present	
  version,	
  distinction	
  between	
  uptake	
  of	
  NO3	
  and	
  NH4	
   is	
  calculated	
  automatically	
  via	
  a	
  preference	
  
factor:	
  

  𝑝!"!
!"#! =

𝑁𝑂!  𝑁𝐻!
𝑁𝐻! + 𝐾!

!"#! 𝑁𝑂! + 𝐾!
!"#!

𝑁𝐻!  𝐾!
!"#!

𝑁𝐻! + 𝑁𝑂! 𝑁𝑂! + 𝐾!
!"#! 	
  

𝑝!"!
!"#! = 1 −   𝑝!"!

!"#! 	
  

For	
  diatom	
  groups,	
  silica	
  processes	
  are	
  simulated	
  that	
  include	
  uptake	
  of	
  dissolved	
  silica.	
  The	
  silica	
  limitation	
  
function	
   for	
  diatoms	
   is	
   similar	
   to	
   the	
  constant	
   cases	
   for	
  nitrogen	
  and	
  phosphorus	
  which	
  assumes	
  a	
   fixed	
  
C:Si	
  ratio.	
  

Process	
  summary:	
  Respiration,	
  excretion	
  and	
  mortality	
  
Metabolic	
   loss	
   of	
   nutrients	
   from	
  mortality	
   and	
   excretion	
   is	
   proportional	
   to	
   the	
   internal	
   nitrogen	
   to	
   chla	
  
ratio	
  multiplied	
  by	
  the	
  loss	
  rate	
  and	
  the	
  fraction	
  of	
  excretion	
  and	
  mortality	
  that	
  returns	
  to	
  the	
  detrital	
  pool.	
  
Loss	
   terms	
   for	
   respiration,	
   natural	
   mortality	
   and	
   excretion	
   are	
  modelled	
   with	
   a	
   single	
   ‘respiration’	
   rate	
  
coefficient.	
  This	
  loss	
  rate	
  is	
  then	
  divided	
  into	
  the	
  pure	
  respiratory	
  fraction	
  and	
  losses	
  due	
  to	
  mortality	
  and	
  
excretion.	
  The	
  constant	
  fDOM	
  is	
  the	
  fraction	
  of	
  mortality	
  and	
  excretion	
  to	
  the	
  dissolved	
  organic	
  pool	
  with	
  the	
  
remainder	
  into	
  the	
  particulate	
  organic	
  pool.	
  



Nutrient	
   losses	
   through	
  mortality	
  and	
  excretion	
   for	
   the	
   internal	
  nutrient	
  model	
  are	
   similar	
   to	
   the	
   simple	
  
model	
  described	
  above,	
  except	
  that	
  dynamically	
  calculated	
  internal	
  nutrient	
  concentrations	
  are	
  used.	
  	
  

𝑅 = 𝑅!"#$
!"#!     Φ!"#

!"#! 𝑆      𝜗!"#$
!"#! !!!"

	
  

𝑓!"#$
!"!!! = 𝑘!"#$

!"#!   𝑅   𝑃𝐻𝑌!! 	
  

𝑓!"#$
!"!!! = 1 − 𝑘!"#$

!"#!   𝑘!"#!
!"#!   𝑅     𝑃𝐻𝑌!! 	
  

𝑓!"#$
!"!!! = 1 − 𝑘!"#$

!"#!    1 − 𝑘!"#$
!"#!   𝑅   𝑃𝐻𝑌!! 	
  

𝑓!"#$
!"!!! = 𝑘!"#$

!"#!   𝑅   𝑃𝐻𝑌!! 	
  

𝑓!"#$
!"!!! = 1 − 𝑘!"#$

!"#!   𝑅   𝑃𝐻𝑌!! 	
  

𝑓!"#$
!"!!! = 𝑘!"#$

!"#!   𝑅   𝑃𝐻𝑌!! 	
  

𝑓!"#$
!"!!! = 1 − 𝑘!"#$

!"#!   𝑅     𝑃𝐻𝑌!! 	
  

𝑓!"#$
!"!!"! = 𝑅   𝑃𝐻𝑌!"! 	
  

	
  

The	
   salinity	
   effect	
   on	
   mortality	
   is	
   given	
   by	
   various	
   quadratic	
   formulations,	
   depending	
   on	
   the	
   groups	
  
sensitivity	
   to	
   salinity	
   (Griffin	
   et	
   al	
   2001;	
   Robson	
   and	
  Hamilton,	
   2004).	
   An	
   example	
   of	
   the	
   use	
   of	
   various	
  
salinity	
  limitation	
  options	
  is	
  shown	
  in	
  Figure	
  3.	
  

	
  

Table	
  11:	
  Respiration	
  multiplier	
  as	
  a	
  function	
  of	
  salinity.	
  

𝚽𝒔𝒂𝒍
𝑷𝑯𝒀𝒂 𝑺 = 

1 Θ!"#$%#
!"#! = 0	
   No	
  salinity	
  

effect	
  

        1                                                                                                                                                                                                                                                                            𝑖𝑓  𝑆 < 𝑆!"#
!"#!

1 +
𝑆!"#
!"#! − 1   𝑆!

𝑆!"#
!"#! − 𝑆!"#

!"#!
! −

2   𝑆!"#
!"#! − 1   𝑆!"#

!"#!   𝑆

𝑆!"#
!"#! − 𝑆!"#

!"#!
! +

𝑆!"#
!"#! − 1    𝑆!"#

!"#! !

𝑆!"#
!"#! − 𝑆!"#

!"#!
!           𝑖𝑓  𝑆 > 𝑆!"#

!"#!          

Θ!"#$%#
!"#! = 1	
   Freshwater	
  

species	
  

        1                                                                                                                                                                𝑖𝑓  𝑆 < 𝑆!"#
!"#!

𝑆!"#
!"#! − 1   𝑆!

𝑆!"#
!"#!

! −
2   𝑆!"#

!"#! − 1     𝑆

𝑆!"#
!"#!

!                                           𝑖𝑓  𝑆 > 𝑆!"#
!"#!       	
  

Θ!"#$%#
!"#! = 2 Marine	
  

species 

        1                                                                                                                                                                            𝑖𝑓  𝑆 < 𝑆!"#
!"#!

𝑆!"#
!"#! +   

𝑆!"#
!"#! − 1   𝑆!

𝑆!"#
!"#!

! −
2   𝑆!"#

!"#! − 1     𝑆

𝑆!"#
!"#!

!                       𝑖𝑓  𝑆 > 𝑆!"#
!"#!       	
  

Θ!"#$%#
!"#! = 3 Estuarine	
  

species 



	
  

	
  

Zooplankton	
  Dynamics	
  –	
  aed_zooplankton	
  

Net	
  zooplankton	
  growth	
  is	
  calculated	
  as	
  a	
  balance	
  between	
  food	
  assimilation	
  and	
  losses	
  from	
  respiration,	
  
excretion,	
   egestion,	
   predation	
   and	
   mortality.	
   Food	
   assimilation	
   is	
   calculated	
   as	
   the	
   product	
   of	
   the	
  
maximum	
  potential	
  rate	
  of	
  grazing,	
  assimilation	
  efficiency	
  and	
  temperature	
  and	
  food	
  limitation	
  functions.	
  A	
  
constant	
  internal	
  nutrient	
  ratio	
  is	
  assumed	
  for	
  simplicity,	
  and	
  since	
  the	
  various	
  input	
  and	
  output	
  fluxes	
  have	
  
variable	
   C:N:P	
   ratios,	
   the	
   excretion	
   of	
   nutrients	
   is	
   dynamically	
   adjusted	
   each	
   time-­‐step	
   to	
  maintain	
   this	
  
ratio	
  at	
  each	
  time	
  step.	
  

Table	
  12:	
  Zooplankton	
  balance	
  equations	
  .	
  

 

State variable mass balance equations: 

 

𝑑 𝑍𝑂𝑂!
𝑑𝑡

= 𝑘!""#$! ×𝑓!""#$! − 𝑓!"##! − 𝑓!"#$!  

=  +  carbon and nutrient assimilation from grazing various ecosystem pools   
        –  carbon loss via respiration  
        –  excretion of DOM 
        –  faecal pellet production 
        –  mortality 
        –  predation by larger organisms 
 
𝑍𝑂𝑂! and 𝑍𝑂𝑂! are not dynamically solved but set at a constant ratio to zooplankton carbon. 

 
Process parameterisations: 

𝑓!""#$! =   𝑅!"#!""#  Φ!"#
! 𝑇    𝑍𝑂𝑂                                                                zooplankton assimilation 

𝑓!"##! =   𝑅!"##!""#   𝜃!"##! !!!"   𝑍𝑂𝑂                                                               zooplankton loss 

𝑓!"#$! = 𝑘!"#$! ×𝑓!"##!                                                                                       zooplankton excretion 

𝑓!"#$%! = 𝑘!"#$%! ×𝑓!"##!                                                                                    zooplankton fecal pellets 

𝑓!"#$! =   𝑅!"#$!   Φ!"#
! 𝑆 × 𝜃!"##! !!!"   𝑍𝑂𝑂                                              zooplankton mortality 

 

	
  

Figure	
  3:	
  Example	
  salinity	
  response	
  
functions,	
  𝚽𝒔𝒂𝒍

𝑷𝑯𝒀(𝑺),	
  for	
  four	
  
phytoplankton	
  groups	
  being	
  simulated	
  
within	
  a	
  river-­‐estuary	
  model.	
  	
  This	
  
example	
  demonstrates	
  how	
  fresh,	
  
estuarine	
  and	
  marine	
  species	
  can	
  be	
  
incorporated	
  together.	
  

	
  

Generic	
  Chlorophytes	
  Group	
  
Freshwater	
  Diatoms	
  
Mixed	
  Blue-­‐green	
  
Marine	
  Diatoms	
  
	
  



Suspended	
  Sediment	
  &	
  Turbidity	
  :	
  aed_tracer,	
  aed_totals	
  

Modellers	
  can	
  use	
  the	
  aed_tracer	
  to	
  simulate	
  a	
  particulate	
  tracer	
  that	
  can	
  be	
  set	
  to	
  also	
  settle	
  and	
  decay.	
  In	
  
addition	
  to	
  suspended	
  sediment	
  simulated	
  in	
  this	
  way,	
  the	
  aed_totals	
  module	
  has	
  an	
  option	
  to	
  assign	
  any	
  
number	
   of	
   FABM	
   variables	
   (including	
   non-­‐AED	
   variables)	
   to	
   contribute	
   to	
   a	
   turbidity,	
   subject	
   to	
   a	
  
transformation	
  coefficient.	
  

Geochemical	
  Dynamics	
  :	
  aed_geochemistry,	
  aed_iron,	
  aed_sulfur	
  

The	
  Oct	
  2013	
  release	
  of	
  AED	
  with	
  GLM	
  v1.3.2	
  contains	
  several	
  geochemistry	
  modules	
  -­‐	
  documentation	
  for	
  
these	
  modules	
  is	
  pending.	
  

Sediment	
  	
  Biogeochemistry	
  –	
  aed_sedflux,	
  aed_seddiagenesis	
  

The	
   AED	
   modules	
   has	
   aimed	
   to	
   provde	
   flexibility	
   in	
   how	
   users	
   may	
   want	
   to	
   simulate	
   sediment-­‐water	
  
interaction.	
  	
  This	
  includes	
  a	
  simple	
  flux	
  equation,	
  or	
  a	
  simple	
  mass	
  balance	
  model	
  maintains	
  a	
  mass	
  balance	
  
of	
  C,	
  N,	
  P,	
  Si,	
  DO	
  and	
  SS	
  in	
  both	
  the	
  water	
  column	
  and	
  a	
  single	
  sediment	
  layer.	
  At	
  this	
  development	
  stage	
  
only	
  sufficient	
  complexity	
   is	
   implemented	
   in	
  the	
  sediments	
  to	
  maintain	
  mass	
  conservation.	
  The	
  sediment	
  
fluxes	
   of	
   dissolved	
   inorganic	
   and	
  organic	
   nutrients	
   are	
   based	
  on	
   empirical	
   formulations	
   that	
   account	
   for	
  
environmental	
   sensitivities	
   and	
   require	
   laboratory	
   and	
   field	
   studies	
   to	
   establish	
   parameter	
   values.	
  
Resuspension	
  of	
  particulate	
  nutrients	
   is	
   currently	
  not	
  configured,	
  however	
  note	
   that	
   the	
   resuspension	
  of	
  
inorganic	
  sediments	
  is	
  performed	
  through	
  the	
  TUFLOW-­‐FV	
  driver.	
  

The	
  Oct	
   2013	
   release	
   of	
   AED	
   contains	
   a	
  more	
   detailed	
   sediment	
   diagenesis	
  model	
   that	
   includes	
   vertical	
  
resolution	
  -­‐	
  documentation	
  for	
  this	
  module	
  is	
  pending.	
  

Pathogens	
  –	
  aed_pathogens	
  

The	
  pathogen	
  module	
   is	
   a	
   reimplementation	
  of	
  Hipsey	
  et	
  al.	
   (2008).	
  Users	
  are	
   referred	
   to	
   this	
  paper	
   for	
  
details	
  of	
  simulatable	
  variables,	
  process	
  parameterisations	
  and	
  parameter	
  values.	
  

	
  

Parameter	
  summary	
  	
  
This	
   section	
   summarises	
   the	
   parameters	
   introduced	
   in	
   the	
   previous	
   section	
   with	
   some	
   comments	
   and	
  
references	
   to	
   help	
   those	
   new	
   to	
   the	
   model	
   get	
   started.	
   Please	
   note	
   that	
   the	
   process	
   of	
   parameter	
  
estimation	
  in	
  aquatic	
  ecosystem	
  models	
  is	
  highly	
  complex	
  and	
  this	
  summary	
  is	
  by	
  no	
  means	
  an	
  exhaustive	
  
review	
  of	
  relevant	
  parameter	
  values,	
  and	
  applying	
  these	
  values	
  may	
  not	
  lead	
  to	
  an	
  acceptable	
  validation.	
  

Below	
  Table	
  9	
  summarises	
  sediment	
  related	
  parameters,	
  Table	
  10	
  summarises	
  biogeochemical	
  parameters	
  
relevant	
   to	
  nutrient	
  cycling,	
  and	
  Table	
  11	
  and	
  12	
  summarise	
  phytoplankton	
  and	
  zooplankton	
  parameters	
  
respectively.	
  	
  	
  

Note	
   that	
   in	
   collaboration	
   with	
   the	
   Aquatic	
   Ecological	
   Modelling	
   Network	
   (AEMON),	
   a	
   more	
   detailed	
  
database	
  of	
  species	
  parameters	
  is	
  being	
  developed	
  which	
  may	
  be	
  referred	
  to	
  search	
  for	
  specific	
  parameters	
  
for	
  a	
  given	
  species,	
  or	
  to	
  see	
  typical	
  values	
  for	
  functional	
  groups	
  used	
  in	
  other	
  modelling	
  studies:	
  

https://sites.google.com/site/aquaticmodelling/	
  	
  
	
  
Click	
  on	
  Resources	
  and	
  then	
  follow	
  the	
  link	
  to	
  “Parameter	
  database”	
  



Table	
  13:	
  Summary	
  of	
  sediment	
  parameter	
  descriptions,	
  units	
  and	
  typical	
  values.	
  

Symbol	
   Description	
   Units	
   Default	
  
	
  value	
  

Comment	
  

𝐹!"#
!!  maximum	
  flux	
  of	
  oxygen	
  across	
  the	
  sediment	
  water	
  

interface	
  into	
  the	
  sediment	
  
mmol	
  

O2/m
2/d	
  

48.0	
   Lake:	
  6	
  –	
  38	
  A	
  

River:	
  9.4	
  –	
  20.3	
  B	
  

Estuary:	
  48	
  C;	
  79	
  D;	
  ~50	
  E	
  

𝐾!"#
!!  half	
  saturation	
  constant	
  for	
  oxygen	
  dependence	
  of	
  	
  

sediment	
  oxygen	
  flux	
  
mmol	
  O2/m

3	
   150	
   Lake:	
  15.6	
  A	
  

Estuary:	
  150	
  C;	
  ~50	
  F	
  

𝜃!"#
!!  temperature	
  multiplier	
  for	
  temperature	
  dependence	
  

of	
  	
  sediment	
  oxygen	
  flux	
  
-­‐	
   = 𝜃!"# =1.08	
   1.04	
  –	
  1.10	
  A	
  

𝐹!"#!"# 	
   maximum	
  flux	
  of	
  silica	
  across	
  the	
  sediment	
  water	
  
interface	
  

mmol	
  Si/m2/d	
   4	
   Lake:	
  0.6	
  A	
  

Estuary:	
  4	
  –	
  40	
  E	
  	
  

𝐾!"#!"# 	
   half	
  saturation	
  constant	
  for	
  oxygen	
  dependence	
  of	
  	
  
sediment	
  silica	
  flux	
  

mmol	
  Si/m3	
   150	
   estimated	
  

𝜃!"#!"# 	
   temperature	
  multiplier	
  for	
  temperature	
  dependence	
  
of	
  	
  sediment	
  silica	
  flux	
  

-­‐	
   = 𝜃!"# =1.08	
   1.04	
  –	
  1.10	
  A	
  

𝐹!"#
!"! 	
   maximum	
  flux	
  of	
  phosphate	
  across	
  the	
  sediment	
  

water	
  interface	
  
mmol	
  P/m2/d	
   0.2	
   Lake:	
  0.080	
  –	
  0.125	
  A	
  

River:	
  0.0	
  –	
  0.10	
  B	
  

Estuary:	
  0.3	
  –	
  4	
  E	
  

𝐾!"#
!"! 	
   half	
  saturation	
  constant	
  for	
  oxygen	
  dependence	
  of	
  	
  

sediment	
  phosphate	
  flux	
  
mmol	
  O2/m

3	
   20	
   Lake:	
  15.6	
  A,	
  J	
  

Estuary:	
  >200	
  F	
  

𝜃!"#
!"! 	
   temperature	
  multiplier	
  for	
  temperature	
  dependence	
  

of	
  	
  sediment	
  phosphate	
  flux	
  
-­‐	
   = 𝜃!"# =1.08	
   1.04	
  –	
  1.10	
  A	
  

𝐹!"#!"#	
   maximum	
  flux	
  of	
  dissolved	
  organic	
  phosphorus	
  
across	
  the	
  sediment	
  water	
  interface	
  

mmol	
  P/m2/d	
   0.05	
   Lake:	
  0.03	
  	
  A	
  

River:	
  0.05	
  	
  –	
  0.10	
  B	
  

𝐾!"#!"#	
   half	
  saturation	
  constant	
  for	
  oxygen	
  dependence	
  of	
  	
  
sediment	
  dissolved	
  organic	
  phosphorus	
  flux	
  

mmol	
  O2/m
3	
   150	
   estimated	
  

𝜃!"#!"#	
   temperature	
  multiplier	
  for	
  temperature	
  dependence	
  
of	
  	
  sediment	
  dissolved	
  organic	
  phosphorus	
  flux	
  

-­‐	
   = 𝜃!"# =1.08	
   1.04	
  –	
  1.10	
  A	
  

𝐹!"#
!"! 	
   maximum	
  flux	
  of	
  ammonium	
  across	
  the	
  sediment	
  

water	
  interface	
  
mmol	
  N/m2/d	
   30.0	
   Lake:	
  1.35	
  –	
  6.42	
  A	
  

River:	
  4.3	
  –	
  12.8	
  B	
  

Estuary:	
  30	
  C;	
  5	
  –	
  25	
  E	
  	
  

𝐾!"#
!"! 	
   half	
  saturation	
  constant	
  for	
  oxygen	
  dependence	
  of	
  	
  

sediment	
  ammonium	
  flux	
  
mmol	
  N/m3	
   31.25	
   Lake:	
  1.56	
  –	
  15.6	
  A	
  

Estuary:	
  31.25	
  C	
  

𝜃!"#
!"! 	
   temperature	
  multiplier	
  for	
  temperature	
  dependence	
  

of	
  	
  sediment	
  ammonium	
  flux	
  
-­‐	
   1.08	
   1.04	
  –	
  1.10	
  A	
  

𝐹!"#
!"! 	
   maximum	
  flux	
  of	
  nitrate	
  across	
  the	
  sediment	
  water	
  

interface	
  
mmol	
  N/m2/d	
   5.2	
   Lake:	
  -­‐21.4	
  –	
  -­‐7.14	
  A	
  

River:	
  4.3	
  –	
  12.8	
  B	
  

Estuary:	
  5.2	
  C;	
  -­‐7.2	
  –	
  7.1	
  E	
  

𝐾!"#
!"! half	
  saturation	
  constant	
  for	
  oxygen	
  dependence	
  of	
  	
  

sediment	
  nitrate	
  flux	
  
mmol	
  O2/m

3	
   100.0	
   Lake:	
  2.14	
  –	
  15.6	
  A	
  

Estuary:	
  100	
  C	
  

𝜃!"#
!"! temperature	
  multiplier	
  for	
  temperature	
  dependence	
  

of	
  	
  sediment	
  nitrate	
  flux	
  
-­‐	
   = 𝜃!!" =1.08	
   1.04	
  –	
  1.10	
  A	
  

𝐹!"#!"# maximum	
  flux	
  of	
  dissolved	
  organic	
  nitrogen	
  across	
  
the	
  sediment	
  water	
  interface	
  

mmol	
  N/m2/d	
   5.2	
   Lake:	
  0.07	
  –	
  0.57	
  A	
  

River:	
  1.28	
  –	
  2.20	
  B	
  

𝐾!"#!"# half	
  saturation	
  constant	
  for	
  oxygen	
  dependence	
  of	
  	
  
sediment	
  dissolved	
  organic	
  nitrogen	
  flux	
  

mmol	
  N/m3	
   100.0	
   estimated	
  

𝜃!"#!"# temperature	
  multiplier	
  for	
  temperature	
  dependence	
  
of	
  	
  sediment	
  dissolved	
  organic	
  nitrogen	
  flux	
  

-­‐	
   = 𝜃!"# =1.08	
   1.04	
  –	
  1.10	
  A	
  

A	
   Converted	
  from	
  data	
  on	
  oligotrophic	
  lakes	
  (Romero	
  et	
  al.	
  2004)	
  to	
  eutrophic	
  lakes	
  (Gal	
  et	
  al.	
  2009),	
  and	
  justifications	
  therein.	
  
B	
   Based	
  on	
  Hipsey	
  et	
  al.	
  (2010)	
  ELCOM-­‐CAEDYM	
  model	
  of	
  the	
  lower	
  Murray	
  River);	
  estimated	
  from	
  field	
  data	
  from	
  Justin	
  Brookes.	
  
C	
   Based	
  on	
  Bruce	
  et	
  al.	
  (2013)	
  FABM-­‐AED	
  application	
  on	
  the	
  Yarra	
  Estuary	
  (Victoria);	
  estimated	
  from	
  field	
  data	
  from	
  Perran	
  Cook.	
  
D	
   Net	
  flux	
  measured	
  during	
  eddy	
  correlation	
  experiment	
  in	
  the	
  Upper	
  Swan	
  Estuary	
  (Kilminster	
  et	
  al.,	
  2011);	
  varied	
  in	
  the	
  range	
  20	
  –	
  150	
  

mmol	
  O2/m
2/d	
  with	
  a	
  background	
  concentration	
  of	
  260	
  mmol	
  O2/m

3,	
  therefore	
  𝐹!"#
!! ~	
  50/(260/(260+150))	
  =	
  79	
  mmol	
  O2/m

2/d.	
  
E	
   Based	
  on	
  benthic	
  chamber	
  studies	
  showing	
  an	
  average	
  net	
  flux	
  of	
  50	
  mmol	
  O2/m

2/d	
  the	
  Upper	
  Swan	
  estuary	
  (Smith	
  et	
  al	
  2007).	
  	
  
F	
   Based	
  on	
  Smith	
  et	
  al	
  (2007)	
  assessment	
  of	
  data	
  from	
  the	
  Upper	
  Swan	
  estuary,	
  limitation	
  at	
  low	
  oxygen	
  concentrations	
  is	
  not	
  observed.	
  
	
  	
   	
  



Table	
  14:	
  Summary	
  of	
  water	
  column	
  biogeochemical	
  parameter	
  descriptions,	
  units	
  and	
  typical	
  values.	
  

Symbol   Description	
   Units	
   Assigned	
  
value	
  

Comment	
  

𝑘!"#
!!    oxygen	
  transfer	
  coefficient	
   m/s	
   calculated	
   Wanninkhof	
  (1992)	
  

𝑂! !"#   atmospheric	
  oxygen	
  concentration	
   mmol	
  O2/m3	
   calculated	
   Riley	
  and	
  Skirrow	
  (1975)	
  

𝜒!:!!
!"#$% ,𝜒!:!!

!"#   Stoichiometric	
  conversion	
  of	
  C	
  to	
  O2	
   mmol	
  C/	
  
mmol	
  O2	
  

	
   12/32	
  

𝜒!:!!
!"#$"%    Stoichiometric	
  conversion	
  of	
  N	
  to	
  O2	
   mmol	
  N/	
  

mmol	
  O2	
  
	
   14/32	
  

𝑅!"#$"% maximum	
  rate	
  of	
  nitrification	
   /d	
   0.5	
   Lake:	
  0.03	
  –	
  0.05	
  A;	
  0.037	
  G	
  
Estuary:	
  0.5	
  C	
  	
  

𝐾!"#$"% half	
  saturation	
  constant	
  for	
  oxygen	
  dependence	
  of	
  	
  
nitrification	
  rate	
  

mmol	
  O2/m
3	
   78.1	
   Lake:	
  62.5	
  –	
  93.7	
  A	
  

Estuary:	
  78.1	
  C	
  

𝜃!"#$"% temperature	
  multiplier	
  for	
  temperature	
  
dependence	
  of	
  	
  nitrification	
  rate	
  

-­‐	
   1.08	
   Lake:	
  1.08	
  A;	
  1.03	
  G	
  

1.04	
  Estuary:	
  1.08	
  C	
  

𝑅!!"#$ 
maximum	
  rate	
  of	
  denitrification	
   /d	
   0.5	
   Lake:	
  0.01	
  –	
  0.04	
  A	
  

Estuary:	
  0.5	
  C	
  	
  

𝐾!"#$% 
half	
  saturation	
  constant	
  for	
  oxygen	
  dependence	
  of	
  	
  

denitrification	
  
mmol	
  O2/m

3	
   21.8	
   Lake:	
  12.5	
  –	
  15.6	
  A	
  

Estuary:	
  21.8	
  C	
  

𝜃!"#$% 
temperature	
  multiplier	
  for	
  temperature	
  

dependence	
  of	
  	
  denitrification	
  
-­‐	
   1.08	
   Lake:	
  1.05	
  A	
  

Estuary:	
  1.08	
  C	
  

𝑅!"#$%!"#  maximum	
  rate	
  of	
  decomposition	
  of	
  particulate	
  
organic	
  nitrogen	
  

/d	
   0.5	
   Lake:	
  0.005	
  –	
  0.01	
  A;	
  0.03	
  G	
  
Estuary:	
  0.5	
  C	
  

𝐾!"#$%!"#  half	
  saturation	
  constant	
  for	
  oxygen	
  dependence	
  of	
  	
  
mineralisation	
  rate	
  

mmol	
  O2/m
3	
   31.25	
   Lake:	
  47	
  –	
  78	
  A	
  

Estuary:	
  31.25	
  C	
  

𝜃!"#$%!"#  temperature	
  multiplier	
  for	
  temperature	
  
dependence	
  of	
  	
  mineralisation	
  rate	
  

-­‐	
   = 𝜃!" =1.08	
   Lake:	
  1.08	
  A	
  

Estuary:	
  1.08	
  C	
  

𝑅!"#$%!"#  maximum	
  rate	
  of	
  mineralisation	
  of	
  dissolved	
  
organic	
  nitrogen	
  

/d	
   0.5	
   Lake:	
  0.003	
  –	
  0.05	
  A	
  

Estuary:	
  0.001	
  –	
  0.028	
  H	
  

𝐾!"#$%!"#  half	
  saturation	
  constant	
  for	
  oxygen	
  dependence	
  of	
  	
  
mineralisation	
  rate	
  

mmol	
  O2/m
3	
   31.25	
   Lake:	
  47	
  –	
  78	
  A	
  

𝜃!"#$%!"# 	
   temperature	
  multiplier	
  for	
  temperature	
  
dependence	
  of	
  	
  mineralisation	
  rate	
  

-­‐	
   = 𝜃!" =1.08	
   1.04	
  –	
  1.10	
  A	
  

𝜔!"#	
   settling	
  rate	
  of	
  particulate	
  organic	
  matter	
   m/d	
   = 𝜔!" =-­‐1.0	
   Estuary:	
  -­‐1.0	
  C	
  

𝑅!"#$%!"# 	
   maximum	
  rate	
  of	
  decomposition	
  of	
  particulate	
  
organic	
  carbon	
  

/d	
   0.5	
   Lake:	
  0.01	
  –	
  0.07	
  A;	
  0.008	
  G	
  

𝐾!"#$%!"# 	
   half	
  saturation	
  constant	
  for	
  oxygen	
  dependence	
  of	
  	
  
mineralisation	
  rate	
  

mmol	
  O2/m
3	
   31.25	
   Lake:	
  47	
  –	
  78	
  A	
  

𝜃!"#$%!"# 	
   temperature	
  multiplier	
  for	
  temperature	
  
dependence	
  of	
  	
  mineralisation	
  rate	
  

-­‐	
   = 𝜃!" =1.08	
   1.04	
  –	
  1.10	
  A	
  

𝑅!"#$%!"# 	
   maximum	
  rate	
  of	
  mineralisation	
  of	
  dissolved	
  
organic	
  carbon	
  

/d	
   0.5	
   Lake:	
  0.003	
  –	
  0.05	
  A	
  

Estuary:	
  0.001	
  –	
  0.006	
  H	
  

𝐾!"#!"!"# 	
   half	
  saturation	
  constant	
  for	
  oxygen	
  dependence	
  of	
  	
  
mineralisation	
  rate	
  

mmol	
  O2/m
3	
   31.25	
   Lake:	
  47	
  –	
  78	
  A	
  

𝜃!"#$%!"# 	
   temperature	
  multiplier	
  for	
  temperature	
  
dependence	
  of	
  	
  mineralisation	
  rate	
  

-­‐	
   = 𝜃!" =1.08	
   1.04	
  –	
  1.10	
  A	
  

𝜔!"! 	
   settling	
  rate	
  of	
  particulate	
  organic	
  matter	
   m/day	
   = 𝜔!" =-­‐1.0	
   	
  

𝑅!"#$%!"! 	
   maximum	
  rate	
  of	
  decomposition	
  of	
  particulate	
  
organic	
  phosphorus	
  

/d	
   0.5	
   Lake:	
  0.01	
  –	
  0.03	
  A;	
  0.099	
  G	
  

𝐾!"#$%!"! 	
   half	
  saturation	
  constant	
  for	
  oxygen	
  dependence	
  of	
  	
  
mineralisation	
  rate	
  

mmol	
  O2/m
3	
   31.25	
   Lake:	
  47	
  –	
  78	
  A	
  

𝜃!"#$%!"! 	
   temperature	
  multiplier	
  for	
  temperature	
  
dependence	
  of	
  	
  mineralisation	
  rate	
  

-­‐	
   = 𝜃!" =1.08	
   1.04	
  –	
  1.10	
  A	
  

𝑅!"#$%!"# 	
   maximum	
  rate	
  of	
  mineralisation	
  of	
  dissolved	
  
organic	
  phosphorus	
  

/d	
   0.5	
   Lake:	
  0.01	
  –	
  0.05	
  A	
  



𝐾!"#$%!"# 	
   half	
  saturation	
  constant	
  for	
  oxygen	
  dependence	
  of	
  	
  
mineralisation	
  rate	
  

mmol	
  O2/m
3	
   31.25	
   Lake:	
  47	
  –	
  78	
  A	
  

𝜃!"#$%!"# 	
   temperature	
  multiplier	
  for	
  temperature	
  
dependence	
  of	
  	
  mineralisation	
  rate	
  

-­‐	
   = 𝜃!" =1.08	
   1.04	
  –	
  1.10	
  A	
  

𝜔!"!	
   settling	
  rate	
  of	
  particulate	
  organic	
  matter	
   m/d	
   = 𝜔!" =-­‐1.0	
   	
  

Φ!"#
!" 𝑝𝐻 	
   Function	
  characterizing	
  pH	
  effect	
  on	
  	
   -­‐	
   calculated	
   -­‐0.0088(pH)2	
  +	
  0.0347(pH)	
  +	
  0.9768	
  I	
  

𝑐!!"! 	
   ratio	
  of	
  adsorption	
  and	
  desorption	
  rate	
  
coefficients	
  

l/mg	
   	
   Lake:	
  0.7	
  J	
  

𝑐!"#!"#	
   maximum	
  adsorption	
  capacity	
  	
  of	
  SS	
   mmol	
  P/mg	
  
SS	
  

	
   Lake:	
  0.00016	
  J	
  

	
  

A	
   Converted	
  from	
  data	
  on	
  oligotrophic	
  lakes	
  (Romero	
  et	
  al.	
  2004)	
  to	
  eutrophic	
  lakes	
  (Gal	
  et	
  al.	
  2009),	
  and	
  justifications	
  therein.	
  
C	
   Based	
  on	
  Bruce	
  et	
  al.	
  (2013)	
  FABM-­‐AED	
  application	
  on	
  the	
  Yarra	
  Estuary	
  (Victoria);	
  estimated	
  from	
  field	
  data	
  from	
  Perran	
  Cook.	
  
G	
   Based	
  on	
  Schladow	
  &	
  Hamilton	
  	
  (1997)	
  for	
  Prospect	
  Reservoir.	
  
H	
   Based	
  on	
  incubations	
  by	
  Petrone	
  et	
  al.	
  (2009)	
  for	
  Swan	
  Estuary	
  (Western	
  Australia).	
  
I	
   Based	
  on	
  regression	
  of	
  data	
  from	
  Salmon	
  et	
  al.	
  (submitted)	
  based	
  on	
  data	
  review	
  from	
  6	
  papers	
   	
  
J	
   Based	
  on	
  model	
  of	
  Chao	
  et	
  al.	
  (2010).	
   	
  
	
  

	
  

Table	
  15:	
  Summary	
  of	
  phytoplankton	
  parameter	
  descriptions,	
  units	
  and	
  example	
  values	
  for	
  typical	
  species.	
  

parameter	
   description	
   units	
   Diatom	
   Greens	
   Blue-­‐
greens	
  

Reference	
  

𝑅!"#$%!!"#     	
   phytoplankton	
  growth	
  rate	
  at	
  20C	
   /d	
   3.0	
   0.9	
   1.0	
   Various	
  

𝐼!     	
   light	
  ½	
  saturation	
  constant	
  for	
  algal	
  limitation	
   µE	
  m-­‐2	
  s	
  -­‐1	
   60	
   80	
   130	
   Romero	
  et	
  al.	
  	
  (2004)	
  

𝐼!    	
   saturating	
  light	
  intensity	
   µE	
  m-­‐2	
  s	
  -­‐1	
   150	
   150	
   150	
   Schladow	
  &	
  Hamilton	
  	
  (1997)	
  

𝜃!"#$%!!"# 	
   Arrenhius	
  temperature	
  scaling	
  for	
  growth	
   -­‐	
   1.06	
   1.06	
   1.06	
   Kruger	
  and	
  Ellof	
  (1978),	
  
Coles	
  and	
  Jones	
  (2000),	
  

Schladow	
  &	
  Hamilton	
  	
  (1997)	
  

𝑇!"# 	
   standard	
  temperature	
   C	
   20	
   20	
   20	
   Griffin	
  et	
  al.	
  (2001)	
  

𝑇!"#	
   optimum	
  temperature	
   C	
   25	
   27	
   28	
   Griffin	
  et	
  al.	
  (2001)	
  

𝑇!"#	
   maximum	
  temperature	
   C	
   32	
   33	
   35	
   Griffin	
  et	
  al.	
  (2001)	
  

𝑅!"#$!!" 	
   phytoplankton	
  respiration	
  rate	
  at	
  20C	
   /d	
   0.085	
   0.085	
   0.085	
   Schladow	
  &	
  Hamilton	
  	
  (1997)	
  

𝑘!"#$!"#	
   fraction	
  of	
  metabolic	
  loss	
  that	
  is	
  respiration	
   -­‐	
   0.25	
   0.25	
   0.25	
   Gal	
  et	
  al.	
  2009	
  

𝑘!"#$!"# 	
   fraction	
  of	
  metabolic	
  loss	
  that	
  is	
  DOM	
   -­‐	
   0.2	
   0.2	
   0.2	
   Gal	
  et	
  al.	
  2009	
  

𝜃!"#$!"#	
   Arrenhius	
  temperature	
  scaling	
  for	
  respiration	
   -­‐	
   1.12	
   1.05	
   1.05	
   Gal	
  et	
  al.	
  2009	
  

𝐾!    	
   half-­‐saturation	
  concentration	
  of	
  nitrogen	
   mmol	
  N	
  
/m3	
  

3.5	
   2.7	
   1.0	
   Gal	
  et	
  al.	
  2009	
  

𝑅!"#$%&'!"# 	
   maximum	
  nitrogen	
  uptake	
  rate	
   mmol	
  N	
  
/m3/d	
  

	
   	
   	
   	
  

𝜒!"#!!"# 	
   minimum	
  internal	
  nitrogen	
  concentration	
   mmol	
  N	
  /	
  
mmol	
  C	
  

	
   	
   	
   	
  

𝜒!"#$!"# 	
   maximum	
  internal	
  nitrogen	
  concentration	
   mmol	
  N	
  /	
  
mmol	
  C	
  

	
   	
   	
   	
  

𝐾!    	
   half-­‐saturation	
  concentration	
  of	
  phosphorus	
   mmol	
  P	
  
/m3	
  

0.15	
   0.07	
   0.05	
   Gal	
  et	
  al.	
  2009	
  

𝑅!"#$%&'!"# 	
   maximum	
  phosphorus	
  uptake	
  rate	
   mmol	
  P	
  
/m3/d	
  

	
   	
   	
   	
  

𝜒!"#$!"# 	
   minimum	
  internal	
  phosphorus	
  concentration	
   mmol	
  P	
  /	
  
mmol	
  C	
  

	
   	
   	
   	
  

𝜒!"#$!"# 	
   maximum	
  internal	
  phosphorus	
  concentration	
   mmol	
  P	
  /	
  
mmol	
  C	
  

	
   	
   	
   	
  

𝐾!"     	
   half-­‐saturation	
  concentration	
  of	
  silica	
   mmol	
  Si	
  
/m3	
  

2.5	
   -­‐	
   -­‐	
   Romero	
  et	
  al.	
  2004	
  

𝜒!:!"
!"#! 	
   internal	
  silicate	
  concentration	
   mmol	
  Si	
  /	
  

mmol	
  C	
  
	
   -­‐	
   -­‐	
   	
  

𝜔!"#	
   phytoplankton	
  sedimentation	
  rate	
   m/d	
   -­‐0.86	
   -­‐0.01	
   -­‐0.02	
   Gal	
  et	
  al.	
  2009;	
  	
  
Romero	
  et	
  al.	
  2004	
  

MORE…	
   	
   	
   	
   	
   	
   	
  



Table	
  16:	
  Summary	
  of	
  zooplankton	
  parameter	
  descriptions,	
  units	
  and	
  typical	
  values.	
  

parameter	
   description	
   units	
   Example	
  parameter	
  value	
   	
  

𝜀!"#! 	
   Minimum	
  zooplankton	
  concentration	
   mmol	
  C/m3	
   0.1	
   	
  

𝑅!"#! 	
   Zooplankton	
  grazing	
  rate	
   /day	
   1.5	
   	
  

𝑘!""#$! 	
   Assimilation	
  efficiency	
  for	
  zooplankton	
  grazing	
   -­‐	
   0.9	
   	
  

𝐾!"#! 	
   Half	
  saturation	
  constant	
  for	
  zooplankton	
  grazing	
   -­‐	
   40	
   	
  

𝜃!"#! 	
   Temperature	
  multiplier	
  for	
  zooplankton	
  grazing	
   -­‐	
   1.08	
   	
  

𝑇!"#! 	
   Standard	
  temperature	
  for	
  zooplankton	
  grazing	
   ˚C	
   20.0	
   	
  

𝑇!"#! 	
   Optimum	
  temperature	
  for	
  zooplankton	
  grazing	
   ˚C	
   22.0	
   	
  

𝑇!"#! 	
   Maximum	
  temperature	
  for	
  zooplankton	
  grazing	
   ˚C	
   30.0	
   	
  

𝑝!! 	
   Preference	
  factor	
  of	
  zooplankton	
  grazing	
  on	
  phytoplankton	
  	
   -­‐	
   0.7	
   	
  

𝑝!"#_!! 	
   Preference	
  factor	
  of	
  zooplankton	
  grazing	
  on	
  zooplankton	
  	
   -­‐	
   0.0	
   	
  

𝑝!"#! 	
   Preference	
  factor	
  of	
  zooplankton	
  grazing	
  on	
  particulate	
  
organic	
  matter	
  

-­‐	
   0.3	
   	
  

𝑝!! 	
   Preference	
  factor	
  of	
  zooplankton	
  grazing	
  on	
  bacteria	
   -­‐	
   0.0	
   	
  

𝜀!"#! 	
   Concentration	
  of	
  prey	
  at	
  which	
  grazing	
  by	
  zooplankton	
  is	
  
limited	
  

mmol	
  C/m3	
   10.0	
   	
  

𝑅!"##! 	
   Respiration	
  rate	
  coefficient	
   /day	
   0.1	
   	
  

𝑅!"#$! 	
   Mortality	
  rate	
  coefficient	
   /day	
   0.01	
   	
  

𝑘!"#$%! 	
   Fecal	
  pellet	
  fraction	
  of	
  loss	
  rate	
   -­‐	
   0.2	
   	
  

𝑘!"#$! 	
   Excretion	
  fraction	
  of	
  loss	
  rate	
   -­‐	
   0.7	
   	
  

𝑘!"#$! 	
   Fraction	
  of	
  fecal	
  pellets	
  that	
  sink	
  directly	
  to	
  sediments	
  
(hard	
  fraction)	
  

-­‐	
   0.15	
   	
  

𝜃!"##! 	
   Temperature	
  multiplier	
  for	
  zooplankton	
  loss	
   -­‐	
   1.08	
   	
  

𝜒!:!! 	
   Ratio	
  of	
  internal	
  nitrogen	
  to	
  carbon	
   mmol	
  N	
  /	
  mmol	
  C	
   0.2	
   	
  

𝜒!:!! 	
   Ratio	
  of	
  internal	
  phosphorus	
  to	
  carbon	
   mmol	
  P	
  /	
  mmol	
  C	
   0.01	
   	
  

𝛩!"#!    Type	
  of	
  salinity	
  limitation	
  function	
   	
   1	
   	
  

𝑆!"#!    Maximum	
  or	
  optimal	
  salinity	
   psu	
   0.0	
   	
  

𝑆!"#!    Minimum	
  salinity	
   psu	
   35.0	
   	
  

𝑆!"#!    Salinity	
  intercept,	
  for	
  S=0	
   -­‐	
   10.0	
   	
  

𝛩!"#!    Simulate	
  oxygen	
  limitation	
   	
   1	
   	
  

𝜀!"#!    Minimum	
  concentration	
  of	
  dissolved	
  oxygen	
  at	
  which	
  
zooplankton	
  can	
  survive	
  

mmol	
  O2/m3	
   0.05	
   	
  

	
  

	
   	
  



Configuring	
  the	
  AED	
  library	
  
All	
  the	
  possible	
  state	
  variables	
  that	
  can	
  be	
  simulated	
  the	
  AED	
  modules	
  are	
   listed	
   in	
  Table	
  17.	
  Each	
  of	
  the	
  
variables	
  listed	
  below	
  can	
  also	
  be	
  specified	
  as	
  an	
  output	
  via	
  the	
  NetCDF	
  output.	
  They	
  are	
  generally	
  available	
  
as	
   a	
   suffix	
   to	
   the	
  module	
   name,	
  aed_module_varname,	
   for	
   example,	
   to	
   view	
   oxygen	
   search	
   for	
   the	
  
aed_oxygen_oxy.	
  The	
  keywords	
  for	
  most	
  of	
  the	
  simulated	
  variables	
  are	
  also	
  used	
  to	
  specify	
  the	
  inflow	
  
boundary	
  conditions	
  in	
  relevant	
  inflow	
  files	
  (depending	
  on	
  the	
  hydrodynamic	
  driver).	
  

Although	
   there	
   are	
   numerous	
   state	
   variables	
   in	
   total,	
   many	
   are	
   not	
   compulsory	
   and	
   depend	
   on	
   the	
  
modules	
  selected	
  and	
  how	
  the	
  interactions	
  between	
  modules	
  are	
  configured.	
  This	
  configuration	
  is	
  done	
  via	
  
options	
   outlined	
   in	
   the	
  fabm.nml	
   file	
   (or	
  aed.nml	
   if	
   FABM	
   is	
   not	
   being	
   used).	
   An	
   example	
   of	
   a	
   AED	
  
module	
   setup	
   and	
   the	
   necessary	
   interactions	
   that	
   can	
   be	
   configured	
   is	
   shown	
   in	
   Figure	
   4.	
   For	
   example,	
  
setting	
  the	
  target	
  for	
  excretion	
  would	
  be	
  done	
  by	
  setting	
  the	
  variable:	
   	
  	
  
n_excretion_target_variable = “aed_organic_matter_don”	
  

	
  

	
  

Figure	
   4:	
   Example	
   of	
   linkages	
   that	
   need	
   to	
   be	
   set	
   in	
   a	
   AED	
   simulation,	
   outlining	
   a)	
   dependencies	
   for	
   a	
  
phytoplankton	
  and	
  zooplankton	
  that	
  must	
  be	
  configured,	
  and	
  b)	
  linkages	
  that	
  are	
  updated	
  during	
  operation	
  of	
  the	
  
model	
  system.	
  

a) setting dependencies 

 
e.g., phytoplankton module 
is depend on nutrient 
module variables 

 

b) updating fluxes 

 
after completion of the 
many flux terms, the 
derivatives are set for 
variables in any module. 

 



Table	
  17:	
  Current	
  coupled	
  aquatic	
  biogeochemical	
  models	
  included	
  within	
  the	
  FABM	
  framework.	
  

Symbol	
   Name	
   Units	
   AED	
  module	
  
General	
  
𝑡  time	
   days	
   	
  
𝑑𝑧  layer height	
   m	
   	
  
𝐴  layer/cell area m2  
Environmental dependencies 
𝑇  Temperature 	
   oC	
   	
  
S Salinity ppt 	
  
IPAR Photosynthetically active radiation 

(PAR: 400-700nm) 
W/m2 	
  

Oxygen	
  
𝑂!  concentration of dissolved oxygen	
   mmol O/m3	
   aed_oxygen 

Silica 
RSi  reactive silica (SiO2) concentration mmol Si/m3 aed_silica 

Nitrogen	
  
𝑁𝐻!  concentration of ammonium  mmol N/m3 aed_nitrogen 

𝑁𝑂!  concentration of nitrate  mmol N/m3 aed_nitrogen 

Phosphorus 
𝑃𝑂!  concentration of filterable reactive 

phosphorus (PO4)  
mmol P/m3 aed_phosphorus 

𝑃𝑂!!"#  concentration of adsorbed phosphate  mmol P/m3 aed_phosphorus 

Carbon 
CH4	
   concentration of methane  mmol C/m3 aed_carbon 

DIC	
   concentration of dissolved inorganic 
carbon  

mmol C/m3 aed_carbon 

pH	
   pH - aed_carbon 

Organic Matter (DOM & POM) 
𝑃𝑂𝐶  concentration of particulate organic 

carbon 
mmol C/m3 aed_organic_matter 

𝐷𝑂𝐶  concentration of dissolved organic 
carbon  

mmol C/m3 aed_organic_matter 

𝑃𝑂𝑁  concentration of particulate organic 
nitrogen 

mmol N/m3 aed_organic_matter 

𝐷𝑂𝑁  concentration of dissolved organic 
nitrogen  

mmol N/m3 aed_organic_matter 

𝑃𝑂𝑃  concentration of particulate organic 
phosphorus  

mmol P/m3 aed_organic_matter 

𝐷𝑂𝑃  concentration of dissolved organic 
phosphorus  

mmol P/m3 aed_organic_matter 

Phytoplankton 
𝑁!"#  number of simulated phytoplankton 

groups 
- aed_phytoplankton 

𝑃𝐻𝑌!   concentration of phytoplankton carbon  mmol C/m3 aed_phytoplankton 

𝑃𝐻𝑌!  concentration of phytoplankton 
nitrogen  

mmol N/m3 aed_phytoplankton 

𝑃𝐻𝑌!  concentration of phytoplankton 
phosphorus  

mmol P/m3 aed_phytoplankton 

𝑃𝐻𝑌!"  concentration of phytoplankton silica  mmol Si/m3 aed_phytoplankton 

Zooplankton 
𝑁!""  number of simulated zooplankton 

groups 
- aed_zooplankton 

𝑍𝑂𝑂  concentration of zooplankton carbon  mmol C/m3 aed_zooplankton 

Totals	
  
TN	
   Total nitrogen mmol N/m3 aed_totals 

TP	
   Total phosphorus mmol P/m3 aed_totals 

TSS	
   Total suspended solids mg SS/m3 aed_totals 

Turbidity	
   Turbidity NTU aed_totals 



In	
  summary,	
  currently	
  the	
  modules	
  support	
  the	
  following	
  process	
  descriptions	
  and	
  features,	
  and	
  they	
  are	
  
presented	
   here	
   in	
   order	
   of	
   hierarchical	
   dependence,	
  which	
   is	
   important	
   in	
   setting	
   the	
   order	
   of	
  module	
  
configuration	
  in	
  the	
  fabm.nml	
  control	
  file:	
  

aed_oxygen:	
  
- Surface/bottom	
  exchange	
  
- Photosynthesis	
  /	
  respiration	
  
- OM	
  mineralisation	
  

aed_silica	
  
- benthic	
  flux	
  
- phyto	
  uptake	
  

aed_phosphorus	
  
- benthic	
  flux	
  of	
  PO4	
  
- phytoplankton	
  uptake	
  
- organic	
  matter	
  mineralisation	
  	
  
- adsorption	
  to	
  inorganic	
  particles	
  

aed_nitrogen	
  
- benthic	
  flux	
  of	
  NO3	
  and	
  NH4	
  
- phytoplankton	
  uptake	
  
- denitrification/nitrification	
  
- organic	
  matter	
  mineralisation	
  	
  

aed_organic_matter	
  
- POM	
  and	
  DOM	
  for	
  C,	
  N,	
  and	
  P	
  
- Decomposition	
  and	
  hydrolysis	
  of	
  detrital	
  material,	
  and	
  mineralisation	
  
- Benthic	
  flux	
  of	
  dissolved	
  organic	
  material	
  
- phytoplankton	
  production	
  through	
  excretion,	
  exudation	
  and	
  mortality	
  
- Multiple	
  “pools”	
  can	
  be	
  configured	
  (eg.	
  labile/refractory),	
  by	
  simulating	
  multiple	
  instances.	
  

aed_chla:	
  
- generic	
  bulk	
  phytoplankton	
  module	
  for	
  simulating	
  growth	
  of	
  chl-­‐a	
  

aed_phytoplankton:	
  
- Multiple	
  groups,	
   support	
   flexible	
   setting	
   of	
   interactions	
   and	
   configuration	
   (eg.	
   N	
   uptake	
   of	
   NH4,	
  

NO3,	
  DON,	
  N2	
  possible)	
  
- Uses	
   a	
   “parameter	
   library	
   file”,	
   aed_phyto_pars.nml,	
   which	
   stores	
   many	
   pre-­‐configured	
  

parameter	
  sets	
  that	
  users	
  can	
  choose	
  from.	
  
- Includes	
  numerous	
  options	
  for	
  temperature,	
  salinity,	
  light,	
  &	
  nutrient	
  environmental	
  dependencies	
  
- Variable	
  IN:IP	
  (droop)	
  or	
  fixed	
  N:P	
  (static)	
  allowed	
  

aed_zooplankton:	
  
- Multiple	
   groups	
   can	
   be	
   configures	
   to	
   represent	
   species/functional	
   groups	
   or	
   size	
   classes	
   within	
  

species/functional	
  groups.	
  
- Physiological	
  parameters	
  set	
  by	
  user	
  in	
  name	
  list:	
  aed_zoop_pars.nml.	
  
- Choice	
  of	
  food	
  set	
  in	
  name	
  list	
  from	
  phytoplankton,	
  bacteria	
  and	
  particulate	
  organic	
  matter	
  

aed_pathogens:	
  
- Multiple	
  groups	
  can	
  be	
  configures	
  to	
  represent	
  species/functional	
  groups	
  	
  
- Processes	
   for	
   mortality	
   and	
   inactivation	
   depending	
   on	
   environmental	
   conditions,	
   and	
   optional	
  

growth	
  term	
  also	
  included.	
  
- Physiological	
  parameters	
  set	
  by	
  user	
  in	
  name	
  list	
  aed_pathogen_pars.nml.	
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