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Virtual Logistics 

• Keep mics and cameras on while speaking and while 
participating in a panel.  

• Committee members and panelists, please use the raise hand 
function or submit questions through the chat

• If you are watching the webinar, submit questions or 
comment through Q&A

• Presentations and recording will be posted on our project 
website:  https://www.nationalacademies.org/our-work/a-research-
strategy-for-ocean-carbon-dioxide-removal-and-sequestration

• Questions or information about the study, contact Kelly 
Oskvig, koskvig@nas.edu

https://www.nationalacademies.org/our-work/a-research-strategy-for-ocean-carbon-dioxide-removal-and-sequestration
mailto:koskvig@nas.edu


• NASEM Consensus Study
• Sponsored by the ClimateWorks Foundation
• Exploring 6 Ocean-based CDR Strategies:

– Identify the most urgent unanswered scientific and technical questions 
needed to: assess the benefits, risks, and sustainable scale potential CDR 
approaches

– Define the essential components of a research and development program and 
specific steps that would be required to answer these questions; 

– Estimate the costs and potential environmental impacts of such a research 
and development program to the extent possible in the timeframe of the 
study.

– Recommend ways to implement such a research and development program 
that could be used by public or private organizations. 

Background



Workshop Series

• January 19, 2021 - Part 1:  Setting the Stage
• January 27, 2021 - Part 2:  Technological and Natural 

Approaches to Ocean Alkalinity Enhancement and 
CO2 removal

• February 2, 2021 - Part 3:  Ecosystem Recovery and 
Seaweed Cultivation

• February 25, 2021 - Part 4:  Nutrient Fertilization and 
Artificial Upwelling and Downwelling
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12:00pm Welcome
12:05pm Nutrient Fertilization:  Opportunities and 

Challenges
1:30pm BREAK
1:45pm Artificial Upwelling and Downwelling:  

Opportunities and Challenges 
3:15pm BREAK
3:30pm Overarching Challenges and Opportunities
4:30pm Adjourn

Agenda



Nutrient Fertilization: Challenges and Opportunities 

Keynote (30 minutes): 

Philip Boyd

Institute of Marine and Antarctic Studies, University of Tasmania, Australia

OUTLINE 

Introduction – macro versus micro-nutrient fertilisation 
Ocean Iron Fertilisation (OIF) – what is the state-of-the-art?
The importance of foresighting in developing an R&D Agenda for OIF 

Working backwards - Knowledge gaps 
Full Implementation  & Deployment
Nested Pilot Studies 
New Research Targets 

Opportunities & Challenges

NASEM Ocean-based CDR Workshop 25 February 2021



7-16 gT C yr-1

45-50 gT C yr-1

How does nutrient fertilization lead to Carbon Dioxide Removal?

Courtesy of NODC



Nutrient limitation patterns

(Moore et al., 2004).
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Introduction Macro- versus micro-nutrient fertilisation 

Based on stoichiometry, Iron yields a much bigger C footprint than the macronutrients 

“Give me a tanker of iron, and I’ll give you an Ice Age.”



Introduction    - from mesoscale fertilisation experiments we 
know much more about the effects of iron on the C cycle  

There have been two mesoscale phosphorus enrichment experiments in waters 
considered to be phosphorus-limited, in the Eastern Mediterranean and the subtropical 
North Atlantic. Contrary to expectations, neither study showed any significant increase 
in either primary production or chlorophyll concentrations.
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MACRONUTRIENT FERTILISATION 

N or P C

Many of the issues and challenges are similar to that facing OIF

OIF is the best understood of the marine climate invention approaches
And for that reason will be the focus of this presentation



Developing a test-bed for
robust research governance of
geoengineering: the
contribution of ocean iron
biogeochemistry

OIF has been well studied relative to other CDR ocean methods

Boyd and Bressac
(2016) Phil. Trans. R. Soc. A.
374, 20150299



OIF - WHAT IS THE STATE OF THE ART?

A trace element of 
pivotal importance 
for phytoplankton
growth and productivity

Images courtesy B Twining (Bigelow)

10 microns

The Photosynthetic apparatus – the cell’s engine room



A Gradualist approach to iron enrichment research

Lab – contained                   Field  - contained Field - uncontained

1988 1996                                         1996 to 2008 

http://www.google.ch/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwi0n5OV4cPTAhUGXhQKHda9BC8QjRwIBw&url=http://www.szn.it/index.php/en/services/mesocosms-and-facilities-for-marine-research-at-sea&psig=AFQjCNHLkRbleTZB8FBuRJWsQxyqXpMrvw&ust=1493352335076673


• DIRECT

• Photosynthesis

• Growth rate, NPP

• Nutrient uptake (Si:N)

• Species composition

• Exudation - DOC

• Bacterial processes

• Biogenic gases

• Grazer physiology

• INDIRECT

• S, C, N, Si biogeochemistry

• Export flux

• Gas release and drawdown

• Foodweb structure

• Zooplankton growth & reproduction

• Faunistic shifts 

State-of-the-Art – Fundamental knowledge

Understanding how iron regulates many ocean processes



Lab – contained                   Field  - contained Field - uncontained

1988 1996                                         1996 to 2008 

Synthesis of the fundamental knowledge 

http://www.google.ch/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwi0n5OV4cPTAhUGXhQKHda9BC8QjRwIBw&url=http://www.szn.it/index.php/en/services/mesocosms-and-facilities-for-marine-research-at-sea&psig=AFQjCNHLkRbleTZB8FBuRJWsQxyqXpMrvw&ust=1493352335076673


A relational database is available at 
BCO-DMO

Boyd et al. (2012)

The datasets from the 12 OIF’s have been archived 



Boyd et al. (2012)



Large-scale changes in deposition i.e. most of the 
Southern Ocean suggests a CO2 drawdown of  < 40 ppm 
from subantarctic iron fertilization

OIF HAS NATURAL
ANALOGUES – IN THE PAST
& PRESENT 

State-of-the-Art    OIF and climate 



OIF is not just a carbon story – its outcome will be 
driven by the cumulative change in radiative forcing

Direct Greenhouse
Stratospheric ozone

Tropospheric ozone
Sulfate

Fossil fuel soot
Biomass burning

Indirect tropospheric (CCN)
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OIF and climate 



State of the art – Location, Location, location 

0       0.2       0.4       0.6      0.8       1.0

Subsurface export efficiency 

Boyd & Bressac (2016)

EIFEX Fe-stimulated polar bloom 

SERIES Fe-stimulated subarctic bloom

There were also major regional differences in CO2 drawdown,
DMSP/DMS dynamics, production of CH4 and N2O subsurface, and 
foodweb effects.



State-of-the-art    - surprises in need of corroboration  



State-of-the-art

The 100 - 1000 km2 mesoscale OIF experiment is an imperfect tool



Issues to consider for the development of a R&D agenda to progress ocean-based CDR approaches 

“It is essential to first elucidate the longer-term goals and then identify the trajectory towards a full implementation.”

“This trajectory must be formulated around the scientific and engineering questions relevant for any geoengineering
technique at each stage of its development.”

State-of-the-art New Research
Targets 

Nested Pilot 
studies 

Implementation 
& Deployment



Issues to consider for the development of a R&D agenda to progress ocean-based CDR approaches 
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Targets 
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Full Implementation 
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Suitable technologies
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Repeated deployments
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Issues to consider for the development of a R&D agenda to progress ocean-based CDR approaches 

“It is essential to first elucidate the longer-term goals and then identify the trajectory towards a full implementation.”

“This trajectory must be formulated around the scientific and engineering questions relevant for any geoengineering
technique at each stage of its development.”

State-of-the-art New Research
Targets 

Nested Pilot 
studies 

Full Implementation 
& Deployment

Reveals Knowledge
Gaps and challenges

Upscaling
Suitable technologies
Location(s)

Repeated deployments
Where and at what scale
Other actors 
Baseline for D&A

R&D agenda set by
Foresighting



Full Implementation 
& Deployment

Working backwards - Knowledge gaps 

Repeated deployments
Of OIF over multiple years

Proving “Additionality” sensu Kyoto Protocol 

Boyd & Bressac
(2016)



Full Implementation 
& Deployment

Working backwards - Knowledge gaps 

Where and at what scale?

Circulation
Depth of permanent pycnocline
Air/sea equilibration timescales
Resident Fauna
Degree of Anthropogenic change
Ocean temperature
Depth/bathymetry



Full Implementation 
& Deployment

Working backwards - Knowledge gaps 

Other actors

Its unlikely that only one
Climate intervention will be deployed
In the ocean

There are also likely to be 
Concurrent feedbacks, variability, altered
emissions (hysteresis)
That need to be dissected out

Boyd & Bressac
(2016)



Full Implementation 
& Deployment

Working backwards - Knowledge gaps 

Baseline for D&A
Anthropogenic alteration of Fe biogeochemistry

Boyd & Bressac (2016)



Full Implementation 
& Deployment

Working backwards - Knowledge gaps 

Baseline for D&A
We still do not have 
a baseline for C sequestration
In the modern ocean!!

Conspicuous imbalances between POC downward export  and export fluxes 
derived from geochemical tracers      OR     the C demand from mesopelagic biota 

Annual net community production and the biological carbon 
flux in the ocean (Emerson et al., 2014)



Full Implementation 
& Deployment

Working backwards - Knowledge gaps 

Baseline for D&A
Multi-faceted ways to
Sequester C in the modern ocean 

Boyd et al. (2019)
Figure courtesy of Tom Weber 



Working backwards - Knowledge gaps 
Nested Pilot 
studies 

Upscaling – we need a different method than the 1000 km2 SF6 labelled  OIF patch for next gen pilot studies 



Working backwards - Knowledge gaps 
Nested Pilot 
studies 

Upscaling – what about a 10000 km2 OIF patch for next gen pilot studies? 

MEPS 2008

“Our present understanding suggests that any carbon 
sequestration will occur as the net result of changes in the air–
sea flux integrated over millions km2 and many years, and can 
only realistically be assessed by modelling.”
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SERIES experiment  (NE subarctic Pacific)

Concurrent ship survey maps of CO2 drawdown by the 
Blooming phytoplankton, which match the shape of the bloom
as observed from SeaWiFS satellite images

No ships were present for re-equilibration of the upper ocean
The often neglected key step in C sequestration

Algal carbon (mg)            Boyd et al. (2004) 

Nested Pilot 
studies 



Working backwards - Knowledge gaps 
Nested Pilot 
studies 

Suitable technologies

New BGC-ARGO floats
With UVP6 deployed 
Jan 2021
In S. Ocean 

Boyd unpublished

Claustre unpublished 



Working backwards - Knowledge gaps 
Nested Pilot 
studies 

Boyd & Bressac (2016)
From Trull et al. (2014)

Highest POC export
In region with modest
But sustained Fe supply

Location(s)
Different Iron supply rates
In a natural setting

Have we optimised the 
iron supply rate?

Is simply adding more Fe better?



Working backwards - Knowledge gaps 
New Research
Targets 

R&D agenda set by
Foresighting The importance of line-of-sight from modelling

“As part of this foresighting, there is a strong requirement for (scale- and process appropriate)
modelling studies to develop these trajectories from research towards implementation.” 

“Critically, this development must precede field experimentation to enable exploration of the wide 
array of issues around what a pilot study might reveal.” 

“To inform the development of realistic trajectories, fit-for-purpose modelling simulations must also 
look well beyond a pilot study, so as to uncover the characteristics of the subsequent suite of
more advanced and upscaled experiments with respect to efficacy, side-effects, and
detection and attribution.” 

Lenton et al. (2019)



New Research
Targets 

Fundamental 
Knowledge gaps
That need to be merged with
foresighting

Watson et al. 
(2008)



Issues to consider for the development of a R&D agenda to progress ocean-based CDR approaches 

“It is essential to first elucidate the longer-term goals and then identify the trajectory towards a full implementation.”

“This trajectory must be formulated around the scientific and engineering questions relevant for any geoengineering
technique at each stage of its development.”

State-of-the-art New Research
Targets 

Nested Pilot 
studies 

Full Implementation 
& Deployment

Reveals Knowledge
Gaps and challenges

Upscaling
Suitable technologies
Location(s)

Repeated deployments
Where and at what scale
Other actors 
Baseline for D&A

R&D agenda set by
Foresighting



Challenges and Opportunities 

For a range of reasons, OIF is the best studied marine climate
Intervention approach 

This holds for field experiments, modelling, governance etc.

OIF also gets used of an example of the problems with marine
Climate interventions – but that’s likely because it has been 
Under more scrutiny.

The development of a CDR  R&D Agenda should include OIF
As it will serve as a lens to look in depth at other CDR methods

Also recall that out understanding of OIF – despite being
underpinned by a large body of research – was insufficient
To provide a robust scientific assessment during the
development of the GESAMP  WG41 Report. 





• Francisco Chavez
• Monterey Bay Aquarium Research Institute

Ecological impacts of nutrient fertilization, 
from community structure to HABs to fisheries

Outline (and Conclusions)
• Current understanding on ecological impacts limited to results 

from a few short term fertilization experiments
• Ecological impacts (and CDR) are location/season dependent. 
• Ecological impacts are linked to the initial food web
• Clear relationships between biomass/productivity and fisheries 

yield
• Trophic transfer enhanced when habitats are compressed
• Oxygen minimum zones may be good target regions
• The next set of experiments will capitalize on new and 

emerging technologies



Locations where phytoplankton community fully enumerated

Diatoms are the phytoplankton to be the first responders to fertilization



Coast  (mostly centric diatoms)Open Ocean (mostly pennate diatoms)



Coastal

Upwelling
center

A few days 
after

(centrics)

Open 
Ocean

Equator

Iron
Fertilization
(pennates)

Diatoms are key

Pseudo-nitzschia, domoic
acid, Silver et al. 2010



Biological pump



Coastal upwelling

Open Ocean

1.5
steps

5
steps

(after Ryther 1969)



Peru





Habitat compression – why Peru produces more fish 
than any other region in the world?

Predators care more about concentration than productivity
Are OMZ’s good targets for fertilization experiments?



Seasonally upwelling (fertilization) and productivity can be out of phase
Short interlude about a Peru anomaly

Peru

Especially important at high latitudes



The future: a new set of tools (and models) for ocean observing



Conclusions
• Current understanding on ecological impacts is limited to results 

from a few short term experiments
• Ecological impacts (and CDR) are location dependent. 
• Ecological impacts are linked to the initial food web
• Clear relationships between biomass/productivity and fisheries 

yield
• Trophic transfer enhanced when habitats are compressed
• Oxygen minimum zones may be good target regions
• The next set of experiments will capitalize on new and emerging 

technologies



Making Sense of Changing Seas

Artificial nutrient fertilisation as a 
potential CDR strategy

Stephanie Henson
s.henson@noc.ac.uk



Natural & artificial iron fertilisation

SOUTH GEORGIA
CROZET

KERGUELEN

Natural fertilisation occurs downstream of islands in the iron-
limited Southern Ocean.

Artificial fertilisation experiments mimic the “island effect”.

Although iron fertilisation stimulates primary production, does 
it result in enhanced carbon sequestration?



Artificial iron fertilisation

• 13 artificial fertilisation experiments 
have been performed to date

• They demonstrated that primary 
production can be significantly 
enhanced by the artificial addition 
of iron

• However, only 1 of 13 experiments 
showed any significant change in 
the amount of carbon reaching 
below 1000 m depth [Yoon et al., 
2018]



Sequestration efficiency 
• Key metric for fertilisation as a climate change mitigation effort is not 

CO2 drawdown 

Yoon et al. (2018)

Compilation of air-sea CO2 difference 
before vs after artificial iron fertilisation



Sequestration efficiency 
• Effectiveness of iron fertilization depends on C fixed reaching at least 

~ 1000 m depth  
• Can be defined by the “sequestration ratio” (C sequestered:Fe added) 

• Kerguelen: 70,000 – 668,000 mol mol-1 [Blain et al., 2007] 
• Crozet: 8,600 mol mol-1 [Pollard et al. 2009]
• Artificial iron fertilisation: 4,300 mol mol-1, again noting that only 1 

experiment demonstrated an increase in deep C flux [Yoon et al., 
2018]



Sequestration efficiency

• Artificial iron fertilisation results in far lower sequestration efficiency 
than natural iron fertilisation. Why? 

• Slow and continuous input of iron during natural fertilisation.  Local 
ecosystem “primed” for iron input.

• Artificial fertilisation with large amounts of iron within a short period 
leads to the loss of ~ 80–95% of the added iron [Blain et al. 2009]

• Possibly, local ecosystem is unable to respond to sudden, 
“unexpected” input of iron



Timescales of sequestration

• Model analysis of water mass trajectories over a 100 year simulation
• For a sequestration depth of 1000 m, 66% of the carbon was re-

exposed to the atmosphere in 100 years (average 37.8 years) 
[Robinson et al. 2014]



In situ experiments are inconclusive. What do 
models say?

Oschlies et al. 2010 
Biogeosciences; Keller et al., 
2014, Nat Comms

Carbon export enhanced 2x with 
continuous simultaneous application of 
iron to entire Southern Ocean

• Increase is largest in first year of 
fertilisation, but less thereafter

• Because macronutrient limitation 
kicks in and previously sequestered 
C returns to the surface



Earth system feedbacks of fertilisation

• Fertilization-induced atmospheric CO2 
drawdown is initially opposed by a net loss of 
carbon from land

• But subsequently countered by decreasing 
fertilisation-induced sequestration efficiency 
and increased terrestrial uptake

• Carbonate counter pump may also reduce 
fertilisation-induced C sequestration [Salter et 
al., 2014]

Keller et al., 2018



Macronutrient fertilisation

• Macronutrient fertilisation (e.g., nitrate) has also been proposed
• Up to 15% of annual global CO2 emissions could theoretically be 

offset [Harrison, 2017]
• If continuous, simultaneous fertilisation of all N+P limited regions  
• Also more expensive than iron fertilisation, because of the much 

greater quantities of nutrients required [Williamson and Turley, 2012]



Summary
• Low sequestration efficiency of additional C fixed by nutrient 

fertilisation, plus ocean circulation, limits the potential for long term 
storage of CO2

• Comments from IPCC SROCC on ocean fertilisation as a CDR: 
• Meagre efficiency, widespread impacts on ecosystems, short-lived climatic 

benefits, low public and political acceptability

• “Because of the many technical, environmental and governance 
issues relating to marine productivity enhancement…there is low 
confidence that such open ocean manipulations provide a viable 
mitigation measure”  IPCC SROCC conclusion 2019

• IPCC AR6 2021 comes to same conclusion



Research questions

• Understanding ecosystem impacts – mess with one part of 
the ecosystem, what happens to the rest?

• Quantifying Earth system feedbacks – mess with one part of 
the Earth’s carbon sink, what happens to the rest?
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Potential CO2 drawdown effect

• Initial ocean uptake of CO2 of 2-4PgC 
yr-1 for the first decade, then ~ 0.5 
PgC yr-1 thereafter with continuous 
application of iron to entire Southern 
Ocean

• Up to 1/3 of carbon returned to 
surface after 100 years if fertilisation 
is terminated [Robinson et al., 2014]Keller et al., 2014, Nat Comms



Side effects of fertilisation

• Decreased productivity in unfertilised regions
• Enhanced ocean acidification
• Increased production of N2O and CH4
• Increased suboxic zone extent in fertilised areas
& shrinkage of suboxic zones outside fertilised areas
• Perturbation to marine ecosystems via reorganisation of community 

structure, including possibly toxic algal blooms

• (Oschlies, 2009; Keller et al., 2014; Jin and Gruber, 2003; Lampitt et al., 2008; Oschlies et al., 
2010; Williamson et al., 2012; Cao and Caldeira, 2010; Oschlies, 2010) 

Keller et al. (2014)



Trade-offs and constraints

• Maximum potential effectiveness 
by 2100 in reducing climatic 
drivers, assuming full theoretical 
implementation: very low

• Co-benefits: low
• Technological feasibility: 

moderate constraint
• Cost-effectiveness: very strong 

constraint
• Governance issues: very strong 

constraint 

IPCC SROCC (2019), Chapter 5



Public perception & governance

• Ocean fertilisation is currently banned under the London Protocol 
(except for research purposes)

• Additional governance constraints in Southern Ocean



Prof. Fei CHAI 
University of Maine

• Past (15-20 years ago) global model estimates and some issues
• Local and regional physical and biogeochemical conditions are important 

for iron fertilization experiments and CDR effectiveness
• Mesoscale processes (eddies, fronts, vertical exchange, etc.), timing and 

duration for fertilization experiments
• Natural and artificial iron fertilization in the equatorial and North Pacific
• Suggestions for future experiments and high-resolution modeling

Role of modeling in assessing CDR by iron fertilization  



The Global Biosphere
Ocean Colors: SeaWiFS

High Nutrient
Low Chlorophyll 

(HNLC)
HNLC

HNLC

HNLC

LNLC

LNLC LNLC

LNLC LNLC

Low Nutrient
Low Chlorophyll 

(LNLC)

~ 30% of 
ocean surface

~ 30% of 
ocean surface

Fe 
limited

N & P
limited

217 million square kilometers (ocean surface: 361 X 0.6) 
(land surface: 149 million square kilometers)



Past global model estimates of CDR for HNLC regions



Past global model estimates of CDR for HNLC regions
Over 100 years period: 

Global cumulative ocean carbon uptake (air-sea flux) 
due to iron fertilization is 20 to 200 GtC

0.2 to 2 GtC/year
Atmosphere CO2 reduction is about 10 to 100 ppm 

0.1 to 1 ppm/year
Raito of cumulative air-sea CO2 flux to 

export production (at ~100m) due to iron fertilization is
0.1 to 0.5

The efficiency of fertilization for CDR decreases as the
duration increases (due to respiration and other limiting factors)



Some issues with previous global model estimates

 Early version of global ocean general circulation models (GCMs) with coarse resolution (100 km)

 Inconsistency among models and often poor performance for the Southern Ocean

 Different designs and approaches to conduct model iron fertilization experiments

 Upper ocean nutrient restoring for different regions and time scaling issues

 Increase phytoplankton growth rates to release iron limitation

 Adding iron to the upper ocean (~50 to 100m)

 Large range of C:Fe ratio (10,000 to 100,000)

 Different fertilization periods and areas: one fertilization per year for the Southern Ocean, 

continue fertilization for the Equatorial Pacific, for 1, 10, 50, and 100 years. Some selected areas 

with different patch sizes or the entire Southern Ocean, etc. 

 Using different atmospheric CO2 values (pre-industrial, current condition, or future RCPs)

 Responses of non-fertilized areas are very different among models and approaches, mainly due to 

nutrient and carbon transport processes, and downstream compensation effects



Regional Ocean Model System 
(ROMS) for Pacific Ocean

10-km, 1991 to 2020

Carbon, Silicate, Nitrogen 
Ecosystem Model (CoSiNE)

(Chai et al., 2002, 2003, 2007, 2009; Fujii and Chai, 
2007; Liu and Chai, 2009; Xiu and Chai, 2011, Palacz
et al., 2011, Xu et al., 2013, Xiu and Chai, 2013, 
2014, Guo et al., 2014; 2015; Zhou et al., 2017; Liu et 
al, 2018; Xiu and Chai et al., 2018; Zhou et al., 2018; 
2020, Lin et al., 2020, Guo et al., 2020)









BSi Sinking 
with time

200m

30 days

Chai et al., 
2007, GBC

IronEX II
Behrenfeld et al. 1996



Size of fertilization patch matters
• Size matters – larger (> 200km X 200km) patches 

have slower dispersion rate
• Location and time dependence 

Xiu and Chai, 2010, Ocean Science

25km X 
25km

100km X
100km

400km X
400km



Inert tracer (200km X 200km)
released near 

the Galapagos IslandsOceanography in 3D






Dissolved Fe

Dissolved Mn

Dissolved Al

P16 Line

Fe biogeochemical cycling and natural sources 
of Fe in different global models

Enormous inter-model variability in the total Fe input. Even “well known” 
sources are very variable Inter-model mean = 67±67 Gmol Fe /year

G
m

ol
Fe

 /
 y

r

FeMIP
Taglibue et al.

2016, GBC

Tagliabue et al., 2017, Nature

A critical intercomparison 
of 13 global ocean 

biogeochemistry models



MODIS chlorophyll

2011
Sept. 6-13

2012
Aug. 28 - Sept. 4

Natural Haida 
eddy fertilization

(chlorophyll ~ 2 mg/m3)

Haida eddy  +
Artificial Fe fertilization

Xiu, Thomas, Chai, 2014
Remote Sensing of 
the Environment

(chlorophyll ~ 5 mg/m3)



Chlorophyll Anomaly

20122008

July

August

September

October

July

August

September

October

Artificial iron
fertilization

Volcanic
ash induced

A factor of 
10 increase

A factor of 
3 increase

Xiu, Thomas, Chai, 2014
Remote Sensing of 
the Environment

100km X 100km800km X 800km



North Equatorial Current

HOTS

North Pacific Current

Chl-a (μg L-1)

North Pacific Subtropical Gyre

Pacific Ocean and NPSG：
Fe/N/P limited regions

High Resolution (10km & 60 layers) 
ROMS-CoSiNE-Fe

• Resolve mesoscale eddies
• Seasonal cycle and ENSO dynamics
• Detailed Fe cycle and N-fixation
• Conducting +Fe, and +Fe+P model experiments

Collaboration with Minhan Dai at XMU 
Peng Xiu at SCSIO, Mark Wells at UMaine

LNLC

HNLC

HNLC



Yoon et al., Biogeosciences, 2018

EXPORTS

Chai et al., 
NREE, 2020

High resolution 3D 
physical-biogeochemical
model & data assimilation

Fertilization experiment 
design & implementation

real-time adaptive sampling

Field observations &
autonomous continuing 

data collection
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