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High Nutrient, Low Chlorophyll Regions

• Why aren’t the nutrients being completely utilized by phytoplankton?

• Hypotheses:  Light availability,    Grazing,   Iron limitation

SeaWifs 
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In-situ Fertilization experiments: Demonstrate iron is 
limiting phytoplankton growth

Iron required for enzymes used in 
photosynthesis
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3 Data assimilation Problems

1. Determine Ocean circulation by assimilating time-averaged 

temperature, salinity, and radiocarbon distributions, as well as 

independent estimates of the mean sea surface height and sea surface 

heat and freshwater fluxes. 

DeVries, T. and Primeau, F.: Dynamically and Observationally 

Constrained Estimates of Water-Mass Distributions and Ages in the 

Global Ocean, J Phys Oceanogr, 41(12), 2381–2401, 

doi:10.1175/JPO-D-10-05011.1, 2011.

2. Determine biological export and remineralization of organic matter  

by using the ocean circulation from 1 and assimilating phosphate data 

(P-Cycle)

Holzer, M. and Primeau, F. W.: Global teleconnections in the oceanic 

phosphorus cycle: Patterns, paths, and timescales, J Geophys Res-

Oceans, 118(4), 1775–1796, doi:10.1002/jgrc.20072, 2013.
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Phosphate Model
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Phosphate equation includes advection and diffusion 

Biological sources and sinks 

- Phosphate loss in the photic zone

- Phosphate gain in the aphotic zone

Photic zone uptake given by 

Aphotic gain of phosphate

S = Jup d/dz [(z/100)-b]



Phosphate DA: Export of organic matter and 
model – data comparison of phosphate 

Frants et al., 2016)
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7
Iron Cycle

N coupled nonlinear algebraic equations solved using 

Newton’s method, which typically converges in 

about 20 iterations.



Iron Model
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N coupled nonlinear algebraic equations solved using 

Newton’s method, which typically converges in 

about 20 iterations.



Iron Model
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Iron Parameters
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Atmospheric Iron Supply versus Fe/P uptake 
ratio (Ro), RMS Error and Scavenging rate
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• Fe/P uptake RMS dFe concentration

Scavenging

Rate

Scavenging vs Atmospheric Supply Biological Uptake vs Atmospheric Supply

(�A = 3.5 Gmol/yr)



Model – Data Total Fe Distribution ����A
= 3.5 Gmol/yr
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•Model has high bias in 
SO and low bias in 
Atlantic

•Pacific has the largest 
RMS error because 
uncertainty in 
hydrothermal input



Total Fe Distribution: Model (red), Data (black) 
����A

= 3.5 Gmol/yr
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Sources of Fe to the ocean (����A
= 3.5 Gmol/yr)
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•Atmospheric Supply vs
Hydrothermal and Sediment 
Supply



Total Fe in surface and Fe* (����A
= 3.5 Gmol/yr)
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•Photic zone total 
iron

•Available iron vs
available phosphate

•Less zero -> iron 
limitation



Total Fe: Role of Hydrothermal vents
16

•Photic zone Fe concentration



Summary
• Non-unique solution

• Fe observations constrain the maximum Fe:P uptake ratio R to be proportional to �

A with a range that spans that spans available measurements

• Similarly, �A is linearly rated to Fe scavenging without affecting Fe concentrations

• With Atmospheric source strength, �A specified, all other parameters could be 

determined with similar and consistent Fe distribution 

• reducing the uncertainty in the atmospheric source (more accurate atmospheric and 

aerosol modeling) would better constrain the Fe cycle

• Global inventories of total and free iron are well constrained at (7.4 ± 0.2) × 1011

and (1.39 ± 0.05) × 1010 mol Fe, respectively. 

• Hydrothermal Fe source strength well constrained (0.57 to 0.73 Gmol/yr) and does 

not vary systematically with �A -> hydrothermal and atmospheric sources of Fe are 

largely decoupled.

• hydrothermal Fe in the photic zone is roughly 10% in the zonal average and 

concentrated in subpolar upwelling regions, where it supports about 10% of the 

biological production. 

• Estimated sediment Fe sources, are about an order of magnitude smaller than other 

estimates (0.8–0.9 Gmol/yr compared to 8 Gmol/yr -> but previous estimate may 

underestimate Fe precipitation and scavenging.
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Summary
• Non-unique solution with atmospheric source strength, �A key parameter.  However, because iron sources 

and sinks overlap spatially, sources and sinks could not be optimized independently: 

• the dFe observations constrain the maximum Fe:P uptake ratio R to be proportional to �A with a range that 

spans that spans available measurements.

• �A specified, a unique solution is determined. 

• An increase in �A can be largely compensated by a corresponding increase in the scavenging amplitude 

without significantly affecting iron concentrations. 

• Global inventories of total and free iron are well constrained at (7.4 ± 0.2) × 1011 and (1.39 ± 0.05) ×

1010 mol Fe, respectively. 

• dFe distributions are very similar across the family of solutions, with iron limitation in the known high-

nutrient low-chlorophyll regions. 

• Hydrothermal source strength ranges from 0.57 to 0.73 Gmol/yr and does not vary systematically with �A 

suggesting that the hydrothermal and atmospheric parts of the iron cycle are largely decoupled. The 

hydrothermal dFe anomaly in the euphotic zone is ∼10% and concentrated in subpolar regions of iron 

limitation. Enhanced ligand concentrations in old waters and in hydrothermal plumes are necessary to 

capture key features of the dFe observations. 

• A is specified, all other parameters could be objectively determined. All family members have very similar 

global dFe distributions. 

• We find that the maximum Fe:P uptake ratio R0 is tightly correlated with the aeolian source strength 

because increased iron uptake is necessary to reduce surface dFe concentrations to observed levels in the 

presence of increased aeolian deposition. ->  if a globally representative value of R0 could be determined 

the available dFe observations could constrain the global iron cycle much more precisely 

• Likewise, reducing the uncertainty in the aeolian deposition rate through more accurate atmospheric and 

aerosol modeling would help greatly in constraining the marine iron cycle. The range of �A explored 

corresponds to a range of R0 from 0.4 to 9.5 mmol Fe/(mol P), which encompasses the majority of field 

measurements of Fe:P cell quota [e.g., Twining and Baines, 2013]. 

• Hydrothermal and sedimentary source strengths are well constrained across our family of solutions and not 
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Summary
• key control parameter is the aeolian source strength, �A . However, because iron sources and sinks overlap 

spatially, sources and sinks could not be optimized independently: An increase in �A can be largely 

compensated by a corresponding increase in the scavenging amplitude without significantly affecting iron 

concentrations. 

• the dFe observations constrain the maximum Fe:P uptake ratio R to be proportional to � , with a range that 

spans 0A most available measurements. Thus, with either R0 or �A specified, a unique solution is 

determined. 

• Global inventories of total and free iron are well constrained at (7.4 ± 0.2) × 1011 and (1.39 ± 0.05) ×

1010 mol Fe, respectively. 

• dFe distributions are very similar across the family of solutions, with iron limitation in the known high-

nutrient low-chlorophyll regions. 

• Hydrothermal source strength ranges from 0.57 to 0.73 Gmol/yr and does not vary systematically with �A 

suggesting that the hydrothermal and aeolian parts of the iron cycle are largely decoupled. The 

hydrothermal dFe anomaly in the euphotic zone is ∼10% and concentrated in subpolar regions of iron 

limitation. Enhanced ligand concentrations in old waters and in hydrothermal plumes are necessary to 

capture key features of the dFe observations. 

• A is specified, all other parameters could be objectively determined. All family members have very similar 

global dFe distributions. 

• We find that the maximum Fe:P uptake ratio R0 is tightly correlated with the aeolian source strength 

because increased iron uptake is necessary to reduce surface dFe concentrations to observed levels in the 

presence of increased aeolian deposition. ->  if a globally representative value of R0 could be determined 

the available dFe observations could constrain the global iron cycle much more precisely 

• Likewise, reducing the uncertainty in the aeolian deposition rate through more accurate atmospheric and 

aerosol modeling would help greatly in constraining the marine iron cycle. The range of �A explored 

corresponds to a range of R0 from 0.4 to 9.5 mmol Fe/(mol P), which encompasses the majority of field 

measurements of Fe:P cell quota [e.g., Twining and Baines, 2013]. 

• Hydrothermal and sedimentary source strengths are well constrained across our family of solutions and not 
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Biogeochemical Modelling
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Aeolian Fe inputs south of Australia– What 
its impact

Annual Fe flux (mg Fe m-2 y-1)

Mahowald et al. (2003)

Melbourne

SeaWiFS Chlorophyll

Does iron play a role in high 
Chlorophyll concentrations?
Atmosphere? Sediments? 
Ocean upwelliing?
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Dissolved Inorganic Carbon (DIC) is a large and dynamic 

carbon reservoir exchanging with atmospheric CO2, organic

carbon pools (photosynthesis, respiration) and biogenic

carbonate and sediments. Rivers also contribute.

Biological Pump Physical pump

P, N, C
+ O2

For a review of ocean biogeochemical models see: Doney et al. 2003 in Ocean Biogeochemistry 

ed. M. Fasham, Springer. 
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