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Overarching	
  Goal	
  

•  Set	
  the	
  scene	
  for	
  discussion	
  of	
  how	
  models	
  
may	
  contribute	
  to	
  a	
  beMer	
  understanding	
  of	
  
TEI	
  internal	
  cycling	
  

– How	
  do	
  models	
  represent	
  key	
  TEI	
  internal	
  cycling	
  
processes?	
  

– What	
  are	
  their	
  assumpQons?	
  
– How	
  can	
  we	
  make	
  progress?	
  



Disclaimer(s)	
  …	
  

•  I	
  will	
  focus	
  on:	
  
– General	
  circulaQon	
  style	
  models	
  

•  Nested	
  within	
  a	
  physical	
  framework	
  
•  Important	
  caveats	
  associated	
  with	
  resoluQon	
  

– Models	
  appropriate	
  for	
  decadal	
  to	
  centennial	
  Qme	
  
scales	
  

•  Resolving	
  seasonality	
  (resolving	
  processes	
  on	
  hourly	
  
Qme	
  scales)	
  

•  Not	
  box	
  or	
  inverse	
  models	
  

– Processes	
  relevant	
  for	
  bioacQve	
  TEs	
  



So	
  how	
  do	
  these	
  models	
  work?	
  



What	
  are	
  the	
  main	
  processes	
  at	
  play?	
  

Surface	
  uptake	
  and	
  cycling	
  
	
  
Sinking	
  and	
  regeneraQon	
  
	
  
Scavenging	
  
	
  
SubducQon	
  and	
  transport	
  

TEI	
  

TEI	
   TEI	
  



What	
  are	
  the	
  main	
  processes	
  at	
  play?	
  

Surface	
  uptake	
  and	
  cycling	
  
	
  
Sinking	
  and	
  regeneraQon	
  
	
  
Scavenging	
  
	
  
SubducQon	
  and	
  transport	
  

Fe	
  

Fe	
   Fe	
  

Necessary	
  focus	
  here	
  on	
  Fe	
  …	
  



HAMOCC3 

PO4
3- 

Particles 

EuphoGc	
  Layer	
  (100-­‐150m)	
  

Effect	
  of	
  iron	
  could	
  only	
  be	
  assessed	
  implicitly	
  (cf.	
  early	
  iron	
  fertlisaQon	
  studies)	
  

EvoluGon	
  of	
  internal	
  cycling	
  in	
  GCMs	
  



HAMOCC3 

PO4
3- 

Particles 

EuphoGc	
  Layer	
  (100-­‐150m)	
  

NPZD 

PO4
3- Phyto 

Zoo 

Particles 

DOM 

More	
  mechanisQc	
  representaQon	
  of	
  biogeochemical	
  dynamics,	
  but	
  no	
  iron	
  

EvoluGon	
  of	
  internal	
  cycling	
  in	
  GCMs	
  



EvoluGon	
  of	
  internal	
  cycling	
  in	
  GCMs	
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Explicit	
  representaQon	
  of	
  iron	
  dynamics	
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We	
  rely	
  on	
  models	
  …	
  

ProjecGng	
  the	
  future	
   TesGng	
  hypotheses	
  



Models	
  are	
  underpinned	
  by	
  trade	
  offs	
  
•  We	
  want	
  lots	
  of	
  processes	
  to	
  reflect	
  the	
  
complexity	
  of	
  nature	
  …	
  

	
  

Croot	
  and	
  Heller	
  (2012)	
  



Models	
  are	
  underpinned	
  by	
  trade	
  offs	
  
•  We	
  want	
  lots	
  of	
  processes	
  to	
  reflect	
  the	
  
complexity	
  of	
  nature	
  …	
  

•  But	
  we	
  face	
  two	
  trade	
  offs:	
  
– How	
  do	
  we	
  parameterise	
  the	
  model?	
  
–  It	
  may	
  become	
  too	
  slow	
  to	
  be	
  useful	
  

	
  

Croot	
  and	
  Heller	
  (2012)	
  



What	
  are	
  the	
  main	
  processes	
  at	
  play?	
  

Surface	
  uptake	
  and	
  cycling	
  
	
  
Sinking	
  and	
  regeneraQon	
  
	
  
Scavenging	
  
	
  
SubducQon	
  and	
  transport	
  

Fe	
  

Fe	
   Fe	
  



Surface	
  uptake	
  and	
  cycling	
  

Fe	
  

Three	
  main	
  concepts	
  to	
  deal	
  with:	
  



Surface	
  uptake	
  and	
  cycling	
  

Fe	
  

Three	
  main	
  concepts	
  to	
  deal	
  with:	
  
	
  
1.  Uptake	
  	
  
2.  Impact	
  on	
  Growth	
  rate	
  
3.  Recycling	
  



Fe	
  

Three	
  main	
  concepts	
  to	
  deal	
  with:	
  
	
  
1.   Uptake	
  	
  
2.  Impact	
  on	
  Growth	
  rate	
  
3.  Recycling	
  

Surface	
  uptake	
  and	
  cycling	
  



Uptake	
  by	
  microbes	
  

Two	
  main	
  philosophies	
  
	
  
1.	
  Coupled	
  (aka	
  “Redfield”)	
  uptake:	
  

Fe	
  uptake	
  derived	
  from	
  rate	
  of	
  primary	
  producQon	
  via	
  
imposed	
  stoichiometry:	
  	
  
	
  
	
  	
  

Fe	
   PP	
  



Uptake	
  by	
  microbes	
  

Two	
  main	
  philosophies	
  
	
  
1.	
  Coupled	
  (aka	
  “Redfield”)	
  uptake:	
  

Fe	
  uptake	
  derived	
  from	
  rate	
  of	
  primary	
  producQon	
  via	
  
imposed	
  stoichiometry	
  
	
  
2.	
  Decoupled	
  (aka	
  “Michaelis	
  Menten”)	
  uptake:	
  
	
  
Fe	
  uptake	
  derived	
  independent	
  of	
  primary	
  producQon	
  
via	
  kineQc	
  equaQons	
  

Fe	
   PP	
  



“Coupled”	
  uptake	
  by	
  microbes	
  

Main	
  assumpQons:	
  
	
  
	
  
-­‐	
  Uptake	
  of	
  Fe	
  is	
  ‘slave’	
  to	
  primary	
  producQon	
  
	
  
-­‐	
  Oeen	
  driven	
  by	
  fixed	
  Fe/C	
  stoichiometry	
  
	
  
-­‐>	
  Fe	
  uptake	
  varies	
  proporQonally	
  with	
  PP	
  and	
  growth	
  
	
  
-­‐>	
  Fixed	
  Fe/C	
  stoichiometry	
  aMracQve	
  from	
  an	
  efficiency	
  
standpoint	
  (cf.	
  trade	
  offs)	
  

Fe	
   PP	
  



“Decoupled”	
  uptake	
  by	
  microbes	
  

Main	
  assumpQons:	
  
	
  
-­‐	
  Uptake	
  of	
  Fe	
  is	
  independent	
  of	
  primary	
  
producGon	
  
	
  
-­‐	
  Driven	
  by	
  Michaelis	
  Menten	
  KineGcs	
  
	
  
-­‐>	
  Allows	
  Fe	
  uptake	
  to	
  conQnue	
  when	
  PP	
  is	
  limited	
  
(e.g.	
  by	
  light)	
  
	
  
-­‐>	
  More	
  computaQonally	
  expensive	
  	
  

Fe	
   PP	
  



“Decoupled”	
  uptake	
  by	
  microbes	
  

Adapted	
  from	
  Shaked	
  and	
  Lis	
  (2012)	
  

sensu	
  Morel	
  (1987,	
  J	
  Phyc)	
  

+	
  Luxury	
  +	
  Surge	
  

Fe	
  	
  
Uptake	
  

Fe	
  ConcentraQon	
  

(max	
  Fe	
  Uptake)	
  



“Decoupled”	
  uptake	
  by	
  microbes	
  

Key	
  parameters:	
  
	
  

	
  -­‐	
  Affinity	
  for	
  (specific?)	
  forms	
  of	
  Fe	
  
	
  

	
  -­‐	
  Imposed	
  maximum	
  cellular	
  quota	
  
	
  

	
  -­‐	
  RelaQve	
  increase	
  in	
  Fe	
  uptake	
  at	
  low	
  Fe	
  



Surface	
  uptake	
  and	
  cycling	
  

Fe	
  

Three	
  main	
  concepts	
  to	
  deal	
  with:	
  
	
  
1.  Uptake	
  	
  
2.   Impact	
  on	
  Growth	
  rate	
  
3.  Recycling	
  

✓	
  



Growth	
  LimitaGon	
  

Fe	
   PP	
  Two	
  main	
  philosophies	
  
	
  
1.	
  Monod	
  LimitaGon:	
  

Simplest	
  ;	
  external	
  concentraQon	
  drives	
  growth	
  rate	
  
	
  
2.	
  Quota	
  (or	
  Droop)	
  LimitaGon:	
  
	
  
Complex	
  ;	
  internal	
  quota	
  drives	
  growth	
  rate	
  



Growth	
  LimitaGon	
  

Fe	
   PP	
  

Two	
  main	
  philosophies	
  
	
  
1.	
  Monod	
  LimitaQon:	
  

Key	
  parameter	
  is	
  Kµ	
  ;	
  can	
  be	
  
derived	
  from	
  experimental	
  
studies	
  

Timmermans	
  et	
  al	
  (2004,	
  L&O)	
  

1.14	
  

0.19	
   0.57	
  

0.62	
  



Growth	
  LimitaGon	
  

Fe	
   PP	
  

Key	
  parameters	
  are	
  QREQ	
  
and	
  QOPT	
  ;	
  can	
  be	
  derived	
  
from	
  first	
  principles	
  /	
  
physiology	
  /	
  opQmisaQon	
   Buitenhuis	
  and	
  Geider	
  (2010,	
  L&O)	
  

Two	
  main	
  philosophies	
  
	
  
2.	
  Quota	
  LimitaQon	
  



Growth	
  LimitaGon	
  

Fe	
   PP	
  

Key	
  parameters	
  are	
  QREQ	
  
and	
  QOPT	
  ;	
  can	
  be	
  derived	
  
from	
  first	
  principles	
  /	
  
physiology	
  /	
  opQmisaQon	
  

aeer	
  Raven	
  (1990,	
  J	
  Phyc)	
  Flynn	
  and	
  Hipkin	
  (1999,	
  JPR)	
  

Two	
  main	
  philosophies	
  
	
  
2.	
  Quota	
  LimitaQon	
  

ContribuGons	
  from:	
  
	
  
Fe/Chl	
  per	
  PSU	
  
	
  
Nitrate	
  reducQon	
  
	
  
RespiraQon	
  

Provides	
  mechanisGc	
  
links	
  to	
  physiology!	
  



Surface	
  uptake	
  and	
  cycling	
  

Fe	
  

Three	
  main	
  concepts	
  to	
  deal	
  with:	
  
	
  
1.  Uptake	
  	
  
2.  Impact	
  on	
  Growth	
  rate	
  
3.   Recycling	
  

✓	
   ✓	
  



Recycling	
  

dFe	
  



Recycling	
  

dFe	
  

Gross	
  Growth	
  
Efficiency	
  

Oeen	
  simply	
  modelled	
  
with	
  fixed	
  rates	
  

RemineralisaQon	
  
rate	
  



Recycling	
  

dFe	
  

Gross	
  Growth	
  
Efficiency	
  

PreyFe	
  

PredatorFe	
  

If	
  PreyFe	
  >	
  PredatorFe	
  
	
  

If	
  PreyFe	
  <	
  PredatorFe	
  
	
  

RemineralisaQon	
  
rate	
  



Recycling	
  

dFe	
  

Gross	
  Growth	
  
Efficiency	
  

PreyFe	
  

PredatorFe	
  

If	
  PreyFe	
  >	
  PredatorFe	
  
	
  

If	
  PreyFe	
  <	
  PredatorFe	
  
	
  

Controlled	
  by	
  variaQons	
  in	
  
bacterial	
  biomass,	
  
producQvity	
  and	
  limitaQon	
  
Bacteria	
  can	
  compete	
  for	
  
Fe	
  with	
  other	
  microbes	
  

RemineralisaQon	
  
rate	
  



Recycling	
  –	
  Key	
  Parameters	
  

dFe	
  

Gross	
  Growth	
  
Efficiency	
  

PreyFe	
  

PredatorFe	
   GGE	
  
PredatorFe	
  
	
  

Lability	
  and	
  sinking	
  
speed	
  of	
  parQculate	
  
Fe	
  –	
  how	
  to	
  model	
  the	
  
bacteria?	
  

RemineralisaQon	
  
rate	
  



What	
  are	
  the	
  main	
  processes	
  at	
  play?	
  

Surface	
  uptake	
  and	
  cycling	
  
	
  
Sinking	
  and	
  regeneraQon	
  
	
  
Scavenging	
  
	
  
SubducQon	
  and	
  transport	
  

Fe	
  

Fe	
   Fe	
  

✓	
  

✓	
  



Scavenging	
  

•  Like	
  other	
  TEIs,	
  iron	
  is	
  lost	
  from	
  the	
  dissolved	
  
pool	
  by	
  ‘abioQc	
  processes’	
  

•  Fundamental	
  role	
  for	
  organic	
  ligands	
  

•  Two	
  main	
  issues:	
  
– SpeciaQon	
  of	
  Fe	
  
–  ‘Loss’	
  of	
  Fe	
  from	
  the	
  dissolved	
  pool	
  



SpeciaGon	
  

•  Key	
  is	
  to	
  model	
  how	
  much	
  Fe	
  is	
  complexed	
  
and	
  how	
  much	
  is	
  ‘free’	
  

Parekh	
  et	
  al.	
  (2004,	
  GBC)	
  

FeL Fe’ 

Ligand	
  ConcentraQon	
  

Scavenging	
  

Threshold	
  Model	
  
ComplexaGon	
  Model	
  

Johnson	
  et	
  al.	
  (1997,	
  Mar	
  Chem)	
  

Requires	
  informaGon	
  on	
  
[L]	
  and	
  KFeL	
  



Dynamic	
  Ligands	
  

Ligand	
  
ConGnuum	
  

Phyto/Zoo	
  
Exudate	
  

OM	
  
Remin	
  

Photochem	
  

Bacterial	
  DegradaQon	
  

Colloidal	
  coagulaQon	
  	
  

More	
  aMracQve	
  from	
  a	
  mechanisQc	
  
standpoint,	
  but	
  requires	
  more	
  
parameter	
  choices	
  (trade	
  off)	
  

Ligand	
  input	
  

Benchmarking	
  these	
  against	
  other	
  tracers	
  
(e.g.	
  DOC	
  producQon,	
  O2	
  consumpQon)	
  is	
  
more	
  helpful	
  for	
  models	
  

Völker	
  and	
  Tagliabue	
  (Mar	
  Chem,	
  2015)	
  



Loss	
  from	
  the	
  dissolved	
  pool	
  
•  Although	
  a	
  funcQon	
  of	
  parQcle	
  load,	
  
many	
  models	
  sQll	
  use	
  fixed	
  rates	
  

•  At	
  its	
  most	
  complex,	
  scavenging	
  is	
  
modelled	
  as	
  a	
  funcQon	
  of	
  parQcle	
  
load	
  

•  Crucial	
  is	
  the	
  relaQve	
  role	
  played	
  by	
  
each	
  parQcle	
  type	
  (small	
  and	
  large	
  
POC,	
  biogenic	
  Si,	
  calcite,	
  
lithogenics)	
  

•  Insights	
  from	
  other	
  TEIs	
  (e.g	
  Pa/Th)	
  
potenQally	
  transformaQve	
  

Honeyman	
  et	
  al	
  (1988,	
  DSR)	
  



Colloidal	
  Fe	
  
FracQon	
  of	
  Colloidal	
  Fe	
  

•  Important	
  new	
  datasets	
  emerging	
  
on	
  colloidal	
  TEIs	
  

•  Usually	
  ignored	
  in	
  models	
  

•  Where	
  represented,	
  relies	
  on	
  
equilibrium	
  speciaQon	
  from	
  
laboratory	
  studies	
  

•  Need	
  to	
  understand	
  and	
  represent	
  
unique	
  roles	
  for	
  soluble	
  and	
  
colloidal	
  TEIs	
  to	
  further	
  their	
  
representaQon	
  in	
  models	
  

Tagliabue	
  (unpub)	
  



What	
  are	
  the	
  main	
  processes	
  at	
  play?	
  

Surface	
  uptake	
  and	
  cycling	
  
	
  
Sinking	
  and	
  regeneraQon	
  
	
  
Scavenging	
  
	
  
SubducGon	
  and	
  transport	
  

Fe	
  

Fe	
   Fe	
  

✓	
  

✓	
  

✓	
  



SubducGon	
  and	
  Transport	
  

DFe	
  =	
  DFePRE	
  +	
  DFeREG	
  +	
  DFeSED	
  +	
  DFeHYD	
  -­‐	
  DFeSCAV	
  

ObservaGons	
  made	
  in	
  one	
  
dimension	
  need	
  to	
  be	
  
placed	
  into	
  their	
  wider	
  
physical	
  context	
  
	
  
The	
  interior	
  concentraGon	
  
of	
  any	
  TEI	
  has	
  mulGple	
  
components	
  

σ1

σ1

σ2

σ1

σ2

σ2

Spreading along lines of 
constant potential vorticity

Local 
Processes

Local Processes

IronREG- IronSCAV
IronREG- IronSCAV

Subduction

Mixed Layer Surface Processing

IronPRE

IronSED

IronHYD

Physical Flows
Flow of Iron



SubducGon	
  and	
  Transport	
  

DFe	
  =	
  DFePRE	
  +	
  DFeREG	
  +	
  DFeSED	
  +	
  DFeHYD	
  -­‐	
  DFeSCAV	
  

σ1

σ1

σ2

σ1

σ2

σ2

Spreading along lines of 
constant potential vorticity

Local 
Processes

Local Processes

IronREG- IronSCAV
IronREG- IronSCAV

Subduction

Mixed Layer Surface Processing

IronPRE

IronSED

IronHYD

Physical Flows
Flow of Iron



Summary	
  of	
  Processes	
  and	
  AssumpGons	
  

Surface	
  uptake	
  and	
  cycling	
  
-­‐	
  Affinity	
  for	
  Fe,	
  quotas,	
  physiology	
  
Sinking	
  and	
  regeneraQon	
  
-­‐	
  TEI	
  specific	
  sinking	
  or	
  lability	
  
-­‐	
  Zooplankton	
  	
  
-­‐	
  Bacteria	
  

Scavenging	
  
-­‐	
  ConcentraQon	
  and	
  binding	
  capacity	
  of	
  
ligands	
  
-­‐	
  ‘Scavenging	
  potenQal’	
  of	
  different	
  
parQcles	
  

SubducQon	
  and	
  transport	
  
-­‐  Link	
  physics	
  to	
  new	
  theory	
  /	
  frameworks	
  

	
  

Fe	
  

Fe	
   Fe	
  



How	
  are	
  new	
  processes	
  added?	
  
•  IniQally,	
  fundamental	
  mechanisQc	
  
understanding	
  is	
  lacking	
  
– More	
  approximate	
  choices	
  are	
  needed!	
  



How	
  are	
  new	
  processes	
  added?	
  
•  What	
  are	
  the	
  underlying	
  dependencies	
  and	
  
the	
  funcQonal	
  form?	
  

R	
  

0 

0.2 

0.4 

0.6 

0.8 

1 

1 10 100 



How	
  are	
  new	
  processes	
  added?	
  
•  What	
  are	
  the	
  underlying	
  dependencies	
  and	
  
the	
  funcQonal	
  form?	
  

Thresholds	
  can	
  be	
  imposed	
  (e.g.	
  oxygen	
  based)	
  
R	
  

0 
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1 

1 10 100 



Where	
  do	
  we	
  need	
  to	
  go?	
  
•  When	
  built	
  to	
  represent	
  key	
  processes	
  of	
  
interest,	
  models	
  can	
  be	
  fantasQc	
  hypothesis	
  
tesQng	
  tools	
  
– Underpinned	
  by	
  their	
  choice	
  of	
  parameterisaQons	
  
and	
  parameters	
  

•  Close	
  links	
  between	
  modellers	
  and	
  
experimental	
  scienQsts	
  most	
  frui{ul	
  
– Lots	
  of	
  collaboraQve	
  opportunity!	
  
– How	
  can	
  we	
  exploit	
  GEOTRACES	
  secQon	
  and	
  
process	
  studies	
  to	
  idenQfy	
  and	
  constrain	
  the	
  key	
  
processes	
  so	
  their	
  wider	
  relevance	
  may	
  be	
  
esQmated?	
  



How	
  might	
  we	
  get	
  there?	
  

ObservaQons	
   Phenomenon	
  

How	
  important	
  is	
  this?	
  



How	
  might	
  we	
  get	
  there?	
  

ObservaQons	
   Phenomenon	
   Available	
  
modelling	
  
pla{orms	
  

Model	
  
experiments	
  /	
  
development	
  

How	
  important	
  is	
  this?	
  



How	
  might	
  we	
  get	
  there?	
  

ObservaQons	
   Phenomenon	
   Available	
  
modelling	
  
pla{orms	
  

IteraGve	
  
exchange	
  

Extra	
  
InformaGon	
  

How	
  important	
  is	
  this?	
  

Other	
  TEIs,	
  
Tracers	
  
New	
  observaQons	
  

Model	
  
experiments	
  /	
  
development	
  



How	
  might	
  we	
  get	
  there?	
  

ObservaQons	
   Phenomenon	
   Available	
  
modelling	
  
pla{orms	
  

IteraGve	
  
exchange	
  

Extra	
  
InformaGon	
  

How	
  important	
  is	
  this?	
  

Other	
  TEIs,	
  
Tracers	
  
New	
  observaQons	
  

New	
  endeavours	
  to	
  falsify	
  

Model	
  
experiments	
  /	
  
development	
  


