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“Unfortunately, however, many, and for
the most part those not directly con-
cerned with modelling activity, see in
equations facts rather than ideas.”

– Joel W. Hedgpeth (1977)

“Nothing is impossible. Not if you can
imagine it. That’s what being a scientist

is all about.”

– Hubert J. Farnsworth (3001)
from the Futurama sf animation series
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Nomenclature

Symbols

↪→ “Also see...”; only used in this Nomenclature; look under “Symbols”
for operators, quantities and units; look under “Abbreviations and
terminology” for acronyms, initialisms and technical terms

˙ Time derivative; ẋ := ∂x/∂t
:= Definition

[Tr] Concentration of a ↪→tracer ↪→Tr (mol dm−3)
{Tr} Activity of a tracer Tr (mol dm−3)

� Diameter of a ↪→particle
A··· Mathematical notation for ↪→Al concentrations (M); subscript de-

notes phase
A Horizontal ↪→eddy diffusion coefficient (m2 s−1)
B Vertical ↪→eddy diffusion coefficient (m2 s−1)

αTr Dissolution fraction of ↪→Tr from deposited ↪→dust
βTr Dissolution fraction of ↪→Tr from sediment source
C··· Mathematical notation for ↪→C concentrations (M); subscript denotes

phase
cin Weight factor for the Al/Si incorporation ratio
δ Excretion fraction of ↪→DOC
D Root Mean Square Deviation
Dl Root Mean Square Deviation, vertical distribution homogenised

d Day
∆V Gridbox volume (m3)
∆zi Thickness of ↪→model layer i

e Unit vector
γ Activity coefficient, the factor accounting for mixture effects;

{Tr} = γ [Tr]
Γ ‘Dynamical operator’; this is the full derivative plus eddy diffusion

F··· Mathematical notation for ↪→Fe concentrations (M); subscript de-
notes phase

FT ↪→Forcing field of dynamical or biogeochemical tracers at one of the
ocean interfaces (amount time−1 per length, area or volume)



xii Nomenclature

fT Factor to convert forcing FT to a concentration change
f Coriolis parameter (rad s−1)

fTr Mass fraction of an element Tr
fT1:T2 Molar ratio T1/T2 of a source term

Φ Flux of a tracer into the ocean (amount surface−2 time−1)
g Gravity of the Earth, approximately 9.8 m s−2

gzoo Grazing rate (s−1)
G Gravitational constant (G ≈ 6.673× 10−11 N m2 kg−2)

Gmol Gigamole, 109 mol
I Flow of a tracer (mol s−1)
K Half-saturation constant; at this concentration the concerning process

occurs at half the rate
L Limitation term for phytoplankton growth

log Natural logarithm
µ Viscosity (Pa s = kg m−1 s−1)

µphyt Rate of photosynthesis (s−1)
mphyt Phytoplankton mortality rate (s−1)

mi Mass of body i (kg)
mTr Atomic mass of Tr (g mol−1)
mol Mole, about 6.022 · 1023 elementary entities of a substance

Mmol Megamole, 106 mol
M··· Mathematical notation for ↪→Mn concentrations (M); subscript de-

notes phase
M Molar, mol dm−3

µM Micromolar, 10−6 M
nM Nanomolar, 10−9 M
O Measured value of a ↪→tracer (Observation)
P Modelled value of a tracer (Prediction)
p Pressure (Pa = kg m−1 s−2)
p Classical momentum (kg m s−1), p = mv

pM Picomolar, 10−12 M
r Radius of a ↪→particle (m)

rmax Maximum Al/Si incorporated into living ↪→diatom ↪→frustules
RT1:T2 Reaction stoichiometry between reactants ↪→T1 and T2

R Distance between two bodies (m)
rl Correlation coefficient, vertically adjusted
ρ Density (kg m−3)
S Salinity (‰)

S··· Mathematical notation for ↪→Si concentrations (M); subscript denotes
phase

Sv Sverdrup, 106 m3 s−1

T Temperature (◦C) (Chapter 1)
T True value of a tracer (in practice its reference value) (Section 2.4)



Nomenclature xiii

T Mathematical notation for (the concentration of) an arbitrary tracer
Tmol Teramole, 1012 mol

Tr,T1,T2 Any ocean tracer, e.g. Al, Mn, Si, C; only used in this Nomenclature
U , V , W Zonal, meridional and vertical component of the ↪→velocity (m s−1)

v ↪→Velocity (m s−1)
VP Phytoplankton growth rate (M d−1)

waggr Phytoplankton aggregation rate (M−1 d−1)
ws ↪→Settling ↪→speed (often referred to as ‘velocity’) of ↪→particles

(m s−1); −wsẑ is the ↪→settling ↪→velocity
x̄ Average value of a quantity x
x Vectorial location, (x, y, z)

Abbreviations and terminology

1-D One-dimensional
3-D Three-dimensional

AABW AntArctic Bottom Water
AAIW AntArctic Intermediate Water

ADP Adenosine diphosphate
adsorption The adhesion of a substance onto a surface of a ↪→particle

Al Aluminium, member of the boron group with atomic number 13,
3rd most abundant element in the Earth’s crust

Alads ↪→Adsorbed ↪→Al
Albiog Incorporated biogenic Al
Aldiat Incorporated diatom Al
Aldiss Dissolved Al: Al3+, AlOH2+ and ↪→colloids with � < 0.2µM
Alpart ↪→Particulate Al: either Alads or Albiog, lithogenic Al not in-

cluded
alumino-

silicate
Lithogenic minerals mostly composed of aluminium, silicon, and
oxygen

AMOC Atlantic Meridional Overturning Circulation
aphotic zone The deep ocean where there is no light; includes the ↪→disphotic

zone in this thesis
ATP Adenosine triphosphate

BATS Bermuda Atlantic Time-series Study (1988–)
BEC Biogeochemical Elemental Cycling (ocean biogeochemistry

model; previously: biogeochemistry/ecosystem/circulation)
biogenic Created by organisms

Boussinesq
approximation

The assumption that density differences are sufficiently small to
be neglected, except for ↪→ g-dependent terms

C Elemental carbon
CaCO3 Calcium carbonate: calcite and aragonite

clay ↪→Aluminosilicates with � < 2 µm



xiv Nomenclature

CLIVAR Climate Variability and Predictability (2010–), project of the
World Climate Programme

CO2 Carbon dioxide
conceptual

model
Composition of concepts to clarify the working of certain phe-
nomena, usually presented as a schematic diagram

colloid ↪→Particle with 1 nm < � < 1 µm; however, in observational
oceanography particles with � < 0.2 µm are often considered
‘dissolved’

desorption The release of a substance from a surface of a particle
diagenesis The change of sediments after ↪→sedimentation

diatom Functional type of phytoplankton with a silica frustule
DFS3 Third version of the Drakkar Forcing Set (Brodeau et al. 2010)

DIC Dissolved Inorganic Carbon
disphotic zone The layer of the ocean below the ↪→euphotic zone where there is

still some light but not enough for net photosynthesis
DOC Dissolved Organic Carbon

DSOW Denmark Strait Overflow Water
dust Atmospheric ↪→particles, mainly coming from desserts; deposited

again on land and in the ocean
ECMWF European Centre for Medium Range Weather Forecasting

eddy diffusion Parameterisation for subgrid advection
eddy viscosity Parameterisation for subgrid transport and dissipation of energy

empiricism The view that regards observations and experiments as the main
source and test of knowledge

ERA-40 ↪→ECMWF Re-Analysis of 40 yr (sic), a 45-year re-analysis of
the atmosphere and surface conditions from September 1957 to
August 2002

ERS European Remote Sensing; refers to the ERS-1 and ERS-2 satel-
lites

euphotic zone The surface layer of the ocean that is well-lit, i.e. more than 1%
of sunlight penetration

ENSO El Niño–Southern Oscillation, a 2–7 year internal climate oscilla-
tion at the Pacific Ocean

Fe Iron, a metal with atomic number 26, 4th most abundant element
in the Earth’s crust

Fediss Dissolved Fe: Fe3+, ligands and colloids with � < 0.2 µm
fluid Liquid or gas; in case of geophysical fluids the ocean and atmo-

sphere, respectively
forcing An external source of a tracer, typically located at the boundary

of the model domain
frustule Cell wall made of ↪→biogenic ↪→silica

GCM General Circulation Model, a model of general circulation based
on the primitive equations



Nomenclature xv

GEOSECS GEochemical Ocean SECtions Study (1972–1978)
Geotraces Programme aiming to improve our understanding of ocean bio-

geochemical cycles and large-scale distribution of trace elements
and their isotopes in the marine environment (www.geotraces.
org) (2006–)

HAMOCC HAmburg Model for the Ocean Carbon Cycle
HOT Hawaii Ocean Time-series (1988–)

hydrothermal
vent

A fissure in the Earth’s crust, typically found at spreading regions
like the Mid-Atlantic Ridge

IMAU Institute for Marine and Atmospheric research Utrecht
INCA INteraction with Chemistry and Aerosols (atmospheric dust

model)
instrumen-

talism
The view that a scientific theory is a useful instrument in under-
standing the world (agnostic about realism)

IPY 3rd International Polar Year (2007–2009)
isopycnal A surface of constant density

JGOFS Joint Global Ocean Flux Study (1989–2005)
light

reactions
The first of two parts of photosynthesis where light energy is
stored in ↪→ATP and ↪→NADPH

lithogenic Originating from the lithosphere; not ↪→biogenic
LMDzT Laboratoire de Météorologie Dynamique (atmospheric model)

LSCE Laboratoire des Sciences du Climat et l’Environnement
LSG Hamburg Large-Scale Geostrophic ↪→OGCM

mixed layer Ocean layer where properties are mixed by turbulence; between
the air-sea interface and the ↪→thermocline

Mn Manganese, transition metal with atomic number 25, 12th most
abundant element in the Earth’s crust

Mnads ↪→Adsorbed Mn
Mndiss Dissolved Mn: Mn2+ and ↪→colloids with � < 0.2 µm
Mnox Oxidised Mn: MnOx or colloids thereof with � ≥ 0.2 µm
MOC Meridional Overturning Circulation
MOW Mediterranean Overflow Water
model Structure for which at least some sentences of a theory, hy-

potheses or observations are satisfied; ↪→conceptual, ↪→numerical
model

N Elemental nitrogen
NADP+ Nicotinamide adenine dinucleotide phosphate
NADPH Reduced form of ↪→NADP+

NADW North Atlantic Deep Water
Navier-Stokes

equations
Main equations for the description of the motion of fluids: basi-
cally conservation of momentum (based on Newton’s second law)
for a viscous flow

NEMO Nucleus for European Modelling of the Ocean

www.geotraces.org
www.geotraces.org
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numerical
model

Mathematical model for which no analytical solution exists and
hence is typically solved, by approximation, on a computer

O Elemental oxygen, a highly reactive non-metal with atomic num-
ber 8, 1st most abundant element in the Earth’s crust

OGCM Ocean General Circulation Model
OPA Océan PArallélisé, ocean dynamics component of NEMO
opal Biogenic Si (dead ↪→diatoms)

ORCA Any of five meshes based on the conformal mapping of Madec
and Imbard (1996)

ORCA2 Model configuration based on the 2◦ resolution ↪→ORCA mesh,
used in ↪→NEMO

OSF Overturning Stream Function, measure for the ↪→MOC in ↪→Sv
P Phosphorus, a non-metallic essential nutrient with atomic num-

ber 15
particle A localised object, typically larger and heavier than ↪→colloids
Pisces Biogeochemical model developed by ↪→LSCE and community,

component of ↪→NEMO-TOP
plankter Single member of ↪→plankton: a floater
plankton Organisms in the water column that cannot swim but move with

the currents
POC Particulate Organic Carbon
POM Particulate Organic Matter

primary
production

The storage of chemical energy in organic compounds by living
organisms

PS I Photosystem I, a protein complex used in the ↪→light-dependent
reactions

PS II Photosystem II, the first protein complex used in the ↪→light-
dependent reactions

rationalism The view that regards reason as the chief source and test of knowl-
edge

RMSD Root Mean Square Deviation
ROS Reactive Oxygen Species, chemically reactive molecules among

which oxygen ions and peroxides
SAAMW SubAntArctic Mode Water

SAFe Sampling and Analysis of Fe (an international standard for sam-
pling and cross-validation)

sand ↪→Aluminosilicates with � > 63 µm
scavenging The combination of adsorption onto the solid surface of a par-

ticle, followed by ↪→settling due to insufficient buoyancy of the
↪→particle in seawater

sedimentation The last step of particle ↪→settling where ↪→particles in seawater
become part of the sediment

settling The process of sinking of heavy particles through the seawater
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Si Silicon, a metalloid with atomic number 14, 2nd most abundant
element in the Earth’s crust

silica Hydrated silicon dioxide: SiO2 · nH2O
Sibiog Biogenic Si (dead ↪→diatoms)
Sidiss Dissolved Si or silicic acid: Si(OH)4
Sidiat Si incorporated into the ↪→frustules of living diatoms

silt ↪→Aluminosilicates with 2 µm < � < 63 µm
speed The magnitude of the ↪→velocity, ||v||; in the context of sinking of

particles through the water column usually named the ↪→settling
velocity ↪→ ws

SOD SuperOxide Dismutase
structural

realism
The view that regards only structures or relationships as real (as
opposed to concrete objects)

thermocline Layer with a large vertical temperature gradient; between upper
↪→mixed layer and deep ocean

TOP Tracer in the Ocean Paradigm, biogeochemistry and transport
components of NEMO

tracer Any property of seawater, e.g. temperature, salinity, iron concen-
tration

velocity The rate of change of the position, denoted by the vector v
(m s−1)

WOCE World Ocean Circulation Experiment (1990–2002)
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Chapter 1

Introduction

1.1 Rationale

The two trace elements aluminium (Al) (Section 1.3.2) and manganese (Mn)
(Section 1.3.3) are the focus of this thesis. In the oceans, dissolved Al is
present in very small concentrations. It interacts with silicon, a major nu-
trient for silicifying phytoplankton (in particular diatoms) (Section 1.3.1),
and has an influence on the remineralisation of part of these phytoplank-
ton. Furthermore, Al can be used as a proxy for dust deposition in the
ocean, which is important since dust contains essential nutrients like iron
(Fe) and manganese (Mn). Manganese is an essential nutrient for phyto-
plankton in the ocean (and other organisms as well) and also a good tracer
for hydrothermal vent plumes that are strongly enriched in dissolved Mn.
Phytoplankton, with their interaction with Al and Mn, play an important
role in the Earth system. Section 1.2 gives the background necessary to
understand the importance and interconnectedness of these topics.

1.2 Oceans and climate

Since the formation of the Earth about 4.5 billion years ago, the climate has
been changing. Climate is defined as the statistical description in terms
of the mean and variability of quantities like temperature and precipita-
tion over a period of time ranging from months to thousands or millions
of years. This stands in contrast with weather, which is the condition of
the atmosphere at a specific place and time (IPCC 2013, § 1.2.2). At least
until the beginning of the industrial revolution, causes of climate change
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have been primarily natural, i.e. humans did not influence the worldwide
climate in any significant way. Natural climate change can occur because
of internal variability as well as changes in the external forcing. An ex-
ample of internal climate variability is the El Niño–Southern Oscillation
(ENSO) which is purely driven by feedback mechanisms between the atmo-
sphere and the ocean. External factors may influence the climate as well,
among which are variations in the Earth’s orbit affecting the distribution
of sunlight on the Earth, and volcanic activity which affects incoming solar
radiation due to emission of volcanic dust.

These are all natural effects, but since about A.D. 1750 humans have
been influencing the global climate considerably (IPCC 2013, § 7.5.1).
Burning of fossil fuels and land use changes resulted in increased concen-
trations of greenhouse gasses, e.g. carbon dioxide, methane and nitrogen
oxides. Greenhouse gasses absorb infrared radiation emitted by the Earth’s
surface. Subsequently, part of the radiation is emitted back to the surface.
Hence, part of the heat is trapped. Without these gasses the worldwide
average surface temperature would be significantly lower (about −18 ◦C)
than with these gasses (14 ◦C, 1961–1990 average). Due to the anthro-
pogenic increase of greenhouse gasses, since ∼1900 the Earth’s average
temperature of the atmosphere and the upper ∼700 m of the ocean has in-
creased notably (Charney et al. 1979, § 1; Lyman et al. 2010; IPCC 2013,
§ 1.2.2). Overall, the oceans have absorbed about 93 % of all the extra heat
due to increased greenhouse gas concentrations (IPCC 2013, § 3.1).

Since ∼1750 more than half of the anthropogenic carbon dioxide has
been stored in the oceans and terrestrial biospheres, while the remaining
part has stayed in the atmosphere (causing global warming). The impor-
tance of the ocean in the climate system is apparent from the fact that
40–50 % of the anthropogenic carbon storage occurs in the oceans, while
the rest is stored in the terrestrial ecosystem (IPCC 2013, § 6.3.1; Sabine
et al. 2004). Carbon dioxide (CO2) in the atmosphere tends to equilibrate
with the carbon dioxide in the surface layer of the ocean (IPCC 2013,
§ 3.8.1.1). The system is never precisely in equilibrium, primarily because
of the removal of Dissolved Inorganic Carbon (DIC) by two different mech-
anisms, namely, the ‘solubility pump’ (Section 1.2.1) and the ‘biological
pump’ (Section 1.2.2).

Both in the ocean and on land CO2 is assimilated by photo-autotrophic
organisms (plants), through the well known process of photosynthesis.
Photosynthesis is the fixation of inorganic carbon during growth of photo-
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autotrophs, creating carbohydrates. In further biochemical pathways a
variety of complex organic compounds are formed that are commonly clas-
sified as proteins, carbohydrates and lipids. Important photo-autotrophs
in the ocean include diatoms and cyanobacteria. Chemo-autotrophs are
carbon fixers that do not need sunlight and derive their energy source
chemically; these are very interesting, yet quantitatively of less importance
for the overall carbon fixation.

Only a small part of DIC is fixed by phytoplankton (explained below),
while most of it stays in its dissolved phase (IPCC 2013, § 6.1.1). Nonethe-
less, the total amount of fixation in the ocean approximately equals the
net fixation by the terrestrial ecosystem (Field et al. 1998). This stands in
contrast with the much smaller organic carbon pool of aquatic compared
to terrestrial plants. The amounts of carbon fixation are nevertheless sim-
ilar because of the much faster biological overturning in the ocean (Field
et al. 1998; Shurin et al. 2006).

For photosynthesis, solar energy, inorganic carbon, water and nutrients
are needed (Lalli and Parsons 1993, § 3.2). Incoming solar irradiance at
the sea surface penetrates into the upper waters. It is attenuated with in-
creasing depth until only 1 % of light remains, below which photosynthesis
is negligible. The layer above that depth is often considered the euphotic
zone (e.g. Morel 1988). In very clear oceanic waters the euphotic zone
thickness can be as much as 150 m (Lalli and Parsons 1993, § 2.1). The
euphotic zone depth is much shallower in the presence of (self-shading)
plankton, and coloured dissolved organic matter, and in coastal seas re-
suspension of sediment (silt, clay) gives much turbidity blocking sunlight
already within a few metres or less.

While the euphotic zone is an upper-ocean layer that is directly linked
with photosynthesis, for dynamical oceanography the mixed layer is cru-
cial. The mixed layer is regarded as the layer from the ocean surface
downwards where all tracers (salinity, temperature, density; and dissolved
tracer concentrations, e.g. O2, major nutrients, DIC) are uniform with
depth. The mixed layer depth is often defined as the depth where, go-
ing downwards, a first significant density increase is observed. Hence, the
depth and intrinsic stability of the mixed layer is a function of the vertical
density distribution. Alternatively, it can be defined by using a Turbu-
lent Kinetic Energy (TKE) (Nieuwstadt 2008, § 7.2; Cushman-Roisin and
Beckers 2011, § 14.3) criterium, which is more difficult to measure in the
real ocean but is based on the physical causes for the mixed layer. These
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two definitions are consistent with each other to a good approximation.
The mixed layer is caused by wind, waves and buoyancy flux (turbulent
heat flux, and precipitation minus evaporation). From these quantities the
TKE can be calculated. The mixed layer can vary between 10 m in calm
summer conditions to 600 m or more during deep winter convection. The
strong seasonality of the interplay of the euphotic zone (a few to 150 m
depth) and the mixed layer (typically 10 to ∼600 m depth) strongly con-
trols the net primary production. Specifically, if the base of the mixed
layer is deeper than a critical depth, net productivity will drop to almost
zero. This critical depth is defined as the depth at which the primary pro-
duction minus the remineralisation, integrated to the surface, equals zero;
it is typically a few hundred metres deep (Sarmiento and Gruber 2006,
§ 4.3). Among all factors controlling oceanic photosynthesis (light, major
nutrients, trace nutrients, grazing loss) the available light is by far the
most important (Lalli and Parsons 1993, § 3.3).

The major nutrients, i.e. nutrients that are needed in large amounts,
are nitrate, phosphate, and, for silicifying autotrophs like diatoms, silicic
acid (Chester 1990, § 9.1; Tréguer and De La Rocha 2013). In the central
gyres of the temperate ocean, these nutrients have been utilised so much
that they are depleted in surface waters, hence they limit photosynthesis
and plankton growth. Besides the major nutrients, all organisms require at
least six bio-essential trace elements; namely, manganese (Mn), iron (Fe),
cobalt (Co), nickel (Ni), copper (Cu) and zinc (Zn); also called trace nutri-
ents (De Baar and La Roche 2003; Twining and Baines 2013). Also there
is more and more evidence that cadmium (Cd) is also utilised, either as a
substitution of Zn or for intrinsic Cd-requiring biochemical functionality
(Sunda and Huntsman 1996; Sunda and Huntsman 2000). All these 6–7
trace elements exist in very low concentrations in seawater. Bio-limitation
due to shortage of any of these trace elements is well demonstrated (no-
tably for Fe) or expected (e.g. Sunda and Huntsman 1996; Leynaert et al.
2004; Hoffmann et al. 2007; Middag et al. 2013). Knowledge about the
distribution and availability of these nutrients is essential in predicting
the amount of carbon fixation. A shortage of any essential major or trace
nutrient leads to decreased carbon fixation, i.e. less photosynthetic fixa-
tion of carbon dioxide in the Earth system (Sarmiento and Gruber 2006,
pp. 105–7).

Temperature, salinity (dissolved sea salts) and pressure (T , S and p)
are the traditional tracers in physical oceanography and utilised not only
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to derive the density of a water mass (a function of T , S and p), but also
as the classical tracers of hydrography like ocean currents throughout the
oceans. More and more other biogeochemical tracers (e.g. dissolved oxy-
gen and major nutrient elements) and anthropogenic tracers (e.g. tritium of
atomic bomb tests and chlorofluorocarbons CFCs) are also used as tracers
of hydrography. The concentration of dissolved chemical and biogeochem-
ical substances (tracers) in seawater is determined by air-sea interaction,
local biological production and remineralisation, and by physical transport
by currents, water mass mixing and settling of biogenic debris particles.
External sources like rivers and groundwater discharge also play a role near
continents, while deep-sea hydrothermal vents and marine sediments act
as net sources for some tracers and net sinks for other tracers.

The distribution of these biogeochemical tracers (carbon, nitrate, iron
etc.), and the air-sea fluxes of carbon dioxide, are governed by a combina-
tion of physics, chemistry and biology. Since the GEochemical Ocean SEC-
tions Study (GEOSECS) in the 1970s, the number of observations of DIC
and major nutrients has increased. Examples include the World Ocean
Circulation Experiment (WOCE), the Joint Global Ocean Flux Study
(JGOFS), and the CLImate VARiability and predictability (CLIVAR).
Nowadays the Geotraces programme is producing many high-accuracy
observations of trace elements (www.geotraces.org). Despite the increase,
these observations are merely a snapshot both in space of the vast oceans
and in time. For DIC and major nutrients there now evolves a time series
database spanning some four decades (e.g. Sabine et al. 2005; Van Heuven
et al. 2011; Van Heuven 2013), yet for trace elements the first Geotraces
sections are still a one-time snapshot. To interpret the observations and
to obtain an integrated understanding, numerical ocean models are used
that provide information on the time evolution of the ocean. Conversely,
the measurements provide a constraint on ocean models and are therefore
used to assess the model’s reliability and/or improve the representation
of the physical and biogeochemical processes in the model. A thorough
understanding of ocean processes is necessary for estimating, for instance,
the anthropogenic uptake of CO2 by the ocean (Sabine et al. 2004), which
feeds back to the entire Earth system.

1.2.1 Solubility pump

Dissolved biogeochemical tracers are transported from the mixed layer into
the ocean interior by a suite of, sometimes interacting, physical transport

www.geotraces.org
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and mixing mechanisms. The mixed layer can become very thick during
severe winter storms, leading to a uniform distribution of all tracers in
the upper several hundreds of metres. During spring and summer (with
seasonal warming of upper layers and low wind velocity) the deeper part
of this becomes separated from the upper part. In general, these sub-
surface waters that are formed by deep winter convection and subduction
are named mode waters. In different ocean regions this deeper part is
a major conduit for uptake of tracers from the surface; for example, the
SubAntArctic Mode Water (SAAMW) in the South Atlantic Ocean, and
the Subpolar Mode Water and the 18 Degree Water in the North Atlantic
Ocean (Reverdin et al. 2009).

When looking at the oceans over longer annual, decadal or centennial
timescales, i.e. quasi-steady-state distributions, the seasonal deep winter
convection is partly responsible for the 3-D distribution of surfaces of uni-
form density (isopycnal surfaces). These surfaces are not perfectly horizon-
tal but show curvature, and some isopycnal surfaces outcrop at the ocean
surface. Transport by turbulent mixing along such surfaces of uniform
density is several orders of magnitude faster than transport by turbulence
across isopycnal surfaces. Therefore the outcrops of isopycnals in the sur-
face ocean serve as conduits for relatively rapid transport of tracers into
the typically intermediate (∼100–∼1000 m) depth range of the ocean in-
terior. For example for DIC and major nutrients (N, P, Si) this is known
as the ‘solubility pump’; it brings carbon (C) and nutrients, respectively,
into the intermediate and deep ocean.

In the polar oceans, notably in the Nordic Seas and in the Weddell
Sea (Antarctica), winter cooling and seasonal sea ice formation lead to
increasing density of surface waters. As a consequence, these waters sink
to a depth of 1 to 4 km. This may be seen as the very extreme cases of
deep winter convection and, together with an increased solubility of CO2,
contributes to the ‘solubility pump’ (e.g. Riebesell et al. 2009). In the
Labrador Sea and at the Antarctic Polar Front this deep winter convec-
tion does not go deeper than about 1000–1200 m resulting in the Labrador
Sea Water (LSW) and the AntArctic Intermediate Water (AAIW), re-
spectively. In the Nordic Seas the water sinks deeper, and next flows
over the sills in Denmark Strait and Iceland-Faroe-Scotland Ridge into
the North Atlantic as the major source water of the North Atlantic Deep
Water (NADW). In the Weddell Sea the deep winter convection extends
to the bottom, forming the Weddell Sea Bottom Water (WSBW) that
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flows out as AntArctic Bottom Water (AABW) flowing into the three ma-
jor ocean basins. Figure 1.1 presents the major water masses in the West
Atlantic Geotraces transect (plotted over the Sidiss concentration, see
Section 1.3.1). Not shown explicitly is the Mediterranean Overflow Water
(MOW) that is more warm and saline due to net warming and net evapo-
ration within the Mediterranean Sea. This MOW overflows at the Straits
of Gibraltar into the Northeast Atlantic Ocean, where it sinks to a typical
depth of about 1200 m and spreads out widely, also mixing with overlying
and underlying waters. While this MOW is the most important cause for
the generally somewhat higher salinity of the Atlantic versus the Pacific
and Indian oceans, at the western position of our West Atlantic transect it
is not really discernible anymore, hence of lesser importance for this thesis.
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Figure 1.1: The Sidiss distribution (concentration in µM) along the West Atlantic
section that is the subject of this thesis, with main water masses indicated: In-
termediate Water (AAIW), upper Circumpolar Deep Water (uCDW), Antarctic
Bottom Water (AABW), North Atlantic Deep Water (NADW), Labrador Sea
Water (LSW), Denmark Strait Overflow Water (DSOW) and Iceland-Scotland
Overflow Water (ISOW) (Aken 2011; Middag et al. in preparation).

The general circulation in the Atlantic Ocean of northward surface
water transport, the forming of NADW and the subsequent southward
current at 2–3 km depth, is called the Atlantic Meridional Overturning
Circulation (AMOC). It is not only important in transporting DIC and
nutrients to the deep ocean, but variability in the AMOC also influences
climate. For instance, a slower AMOC may result in a smaller flux of water
towards Europe. This means that less heat is transported to Europe, which
could induce a colder climate in western Europe. However, in this thesis
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the interest in the AMOC strength and shape is based on the transport of
trace metals from the surface to the deep Atlantic Ocean.

1.2.2 Biological pump

Biological production in the euphotic zone leads to the accumulation of
biomass, which is almost all phytoplankton, bacteria and zooplankton. A
large part of this plankton remineralises again rapidly within the euphotic
zone or just below, but some small portion escapes such immediate rem-
ineralisation and may settle down into the intermediate and deep ocean
waters as biogenic debris (dead phytoplankton, zooplankton and bacteria;
and faecal pellets of zooplankton). Aggregation of the debris leads to a
larger size of the settling particles, that enhances the overall settling ve-
locity (Jickells et al. 2005; Schmidt et al. 2014) in accordance with Stokes’
law:

ws =
2r2(ρpart − ρfluid)g

9µ
, (1.1)

with r the radius of the particle, ρpart the density of the particle, ρfluid the
density of seawater, g the gravitational acceleration and µ the viscosity
of seawater. Stokes’ law is only valid when the particles are homogeneous
spheres with smooth surfaces, the particles do not interfere with each other
and the flow is laminar. Several of these assumptions are doubtful. For
instance, biogenic debris can take forms different from spheres, resulting
in settling velocities that do not follow Eqn 1.1 (McDonnell and Buesseler
2010). Hence, if used at all, Stokes’ law must be taken as an approximate
model for particles in the real ocean. Otherwise it is interesting to notice
the difference of density of settling particles and seawater as a major driving
factor for downward velocity. On the one hand, soft tissue organic matter
tends to have a density similar to that of seawater. On the other hand, it is
the biogenic ‘hard shells’ of opal (SiO2) or calcium carbonate (CaCO3) (e.g.
Francois et al. 2002; Anderson 2006) that are much heavier than seawater.
Hence, in context of a settling aggregates this gives rise to the so-called
‘ballast effect’ which causes a more rapid settling velocity. In regions with
significant dust input, the heavier dust minerals also contribute to the
ballast effect. In the model simulations of this thesis the opal is included
as a driver of the ballast effect.

This export of biogenic particles from the euphotic zone downwards
into the deep ocean is known as the ‘biological pump’ and is the major
pathway for transfer of carbon and major nutrients as well as many trace
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elements from the surface waters into the deep sea (Sarmiento and Gruber
2006, pp. 102–114).

1.2.3 Ocean carbon cycle

Figure 1.2 presents the cycling of carbon, nutrients and trace elements in
the oceans. Major nutrients (N, P, Si), trace nutrients (Fe, Co, Mn, Ni,
Cu, Zn, Cd) and other trace elements (for this thesis notably Al) enter
the ocean through rivers, by dissolution of deposited dust, diffusion from
pore waters within sediments, and dissolution from resuspended sediment
particles. Hydrothermal vents are a source of some elements (for this
thesis notably Mn; also Fe), while other elements in hydrothermal systems
are removed near the vents by quick settling. For instance, Al is generally
removed (e.g. Middag et al. 2009), though highly active hydrothermal vents
at the East Pacific Rise seem to leave slightly elevated values of [Aldiss] in
the vicinity of the vents (Resing et al. 2014). Lithogenic particles are
supplied by rivers and by dust deposition, and are mostly deposited in
sediments. For sake of simplicity this lithogenic particles pathway is not
shown.

During phytoplankton growth, solar radiation is the energy source for
fixing carbon from CO2 into organic carbon. In this process O2 is released.
Zooplankton consume phytoplankton (grazing) and use O2 for respiration,
releasing CO2 as well as Dissolved Organic Carbon (DOC) and debris (dead
material), here named ‘organic detritus’. Most of the DOC and detritus
enters the microbial loop (dotted arrows), while much smaller amounts
settle into deeper waters. The microbial loop comprises heterotrophic bac-
teria, several types of photo-autotrophs (e.g. cyanobacteria), phagotrophic
protozoa, mixotrophic eukaryotes and viruses (Fenchel 2008), but is of rel-
atively minor interest for this thesis. Within the typically 4 km deep water
column more than half of the settling biogenic detritus is remineralised by
bacteria and deep-sea animals, the other half reaches the seafloor where
another large part is remineralised by the benthic community. Eventually,
only a very small portion escapes remineralisation and becomes part of
the sediment. Within the sediment this is mostly remineralised by bac-
teria, and only a very small fraction is buried permanently in the deeper
sediment.

The red arrow in the middle of Figure 1.2 signifies adsorption of several
trace nutrients (e.g. Mn, Fe) and other trace metals (e.g. Al), onto detri-
tal material. After adsorption they settle downwards with the particulate
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Figure 1.2: Cycling of carbon, major and trace nutrients and other trace elements
in the oceans. Major nutrients and trace nutrients, and other trace elements,
enter the ocean through the sources as depicted in the figure. See the text in
Section 1.2.2 for a detailed description of the sources and internal processes. This
is a simplified conceptual model of the nutrient and carbon cycle, limited to the
seawater, leaving out other parts of the Earth system like the sediment. Lithogenic
particles, and many processes among which nitrogen fixation and denitrification,
are not represented in this figure.

material. The combination of adsorption and settling is called scavenging.
Most scavenged metals can also desorb from particles. In that case, the

process is referred to as reversible scavenging. By (reversible) adsorptive
scavenging nutrients can be exported out of the ocean into the sediment.
Besides being scavenged, major and trace-metal nutrients are also incor-
porated in phytoplankton during growth, entering the food web. When
marine organisms excrete or die, the major and trace nutrients are ex-
ported, similar to the trace nutrients adsorbed onto these detrital products.
Lithogenic particles (mineral particles that are not of biological origin, i.e.
clay, silt and sand) probably also play a significant role in scavenging be-
cause of their ballast (Jickells et al. 2005). Hence, they are important for
exporting nutrients and trace metals into the sediment, but these lithogenic
particles are not fully presented in this conceptual model (Figure 1.2).

Carbon fixation is needed for ‘growth’ (arrow from nutrients to phy-
toplankton in Figure 1.2), and occurs typically through photosynthesis.
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These photosynthesis processes are schematically presented in Figure 1.3.
This process takes place in two parts. The first comprises the light reaction
during which light energy is converted to chemical energy in the form of
Adenosine-5’-TriPhosphate (ATP) and Nicotinamide Adenine Dinucleotide
Phosphate (NADPH). A more detailed description of the light reactions is
presented in the following paragraph. The second part of photosynthesis is
the Calvin cycle in which CO2 is converted to glucose (sugar), using ATP
and NADPH as the energy source (Campbell et al. 1990, pp. 219–221).
Since the Calvin cycle is of less relevance in the context of trace metals, it
is not discussed further.

Light

Light reactions

H2O O2

CO2

sugar

Calvin
Cycle

AT
P

N
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D
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H N
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P
+
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Figure 1.3: Diagram of photosynthesis (adapted from Wikimedia, CC BY-
SA, https://commons.wikimedia.org/wiki/File:Simple_photosynthesis_
overview.svg). Water (H2O), major nutrients (N,P,S,Si), trace nutrients
(Fe,Mn, ...) and light are needed for the first part of photosynthesis (the
light reaction), and O2 is released as a by-product. For the second part of
photosynthesis, the Calvin Cycle, carbon dioxide (CO2) is assimilated to finally
produce sugar.

The light-dependent reactions take place on the thylakoid membranes.
In this, several trace metals play an important role; the role of manganese
will be explained in Section 1.3.3. The thylakoid membrane contains four
membrane protein complexes that catalyse the light reactions. The first

https://commons.wikimedia.org/wiki/File:Simple_photosynthesis_overview.svg
https://commons.wikimedia.org/wiki/File:Simple_photosynthesis_overview.svg
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Figure 1.4: Light-dependent reactions of photosynthesis at the thylakoid mem-
brane (Wikimedia, public domain, https://commons.wikimedia.org/wiki/
File:Thylakoid_membrane.png). The four major protein complexes are, from
left to right, photosystem II (PS II), the cytochrome b6f complex, photosystem I
(PS I) and ATP synthase. The light-green diamond at lower part of PS II repre-
sents the four Mn ions that together with one Ca ion are pivotal in the oxygen-
evolving complex. The role of trace metals is further described in the main text.

protein complex involved in photosynthesis is photosystem II (PS II), which
includes the oxygen-evolving complex that contains four Mn atoms. In
PS II, H2O is split by light (photolysis), creating O2 as a by-product (Silva
and Williams 2001, § 14.5). The second and third are the cytochrome b6f
complex and photosystem I (PS I) that both contain Fe. The last protein
complex in the light reactions is ATP synthase. By means of electron
transport, energy is transported from the PS II via the b6f complex and
PS I where NADP+ is converted to NADPH, to ATP synthase where ADP
is converted to ATP (Campbell et al. 1990, pp. 209–219).

The net reaction of the entire primary production process, which in-
cludes photosynthesis and thus the light-dependent reactions, is given by

106CO2+ 122H2O+ 16NO−
3 +H2PO

−
4 + 17H+

+ light → (CH2O)106(NH3)16H3PO4 + 138O2 ,
(1.2)

https://commons.wikimedia.org/wiki/File:Thylakoid_membrane.png
https://commons.wikimedia.org/wiki/File:Thylakoid_membrane.png
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where the approximate stoichiometric uptake ratios C : N : P = 106 : 16 : 1
as described by (Redfield et al. 1963).

Zooplankton consume phytoplankton (grazing) and respire, releasing
CO2. The net respiration reaction is the opposite of Reaction 1.2. Upon
excretion and death of phyto- and zooplankton, the resulting detritus (dead
material) starts to settle towards the seafloor. Most of the organic detritus
enters the microbial loop (Azam et al. 1983; Sarmiento and Gruber 2006,
p. 122, 138; Fenchel 2008), where respiration (i.e. the opposite of Reac-
tion 1.2) also is dominant. The microbial loop is presented as an ellipse
in the right of Figure 1.2. It is an abstraction of the interaction between
unicellular entities, i.e. bacteria and viruses, that are smaller than the typ-
ical phyto- or zooplankter. In the end, the remaining small part of the
particulate material settles as aggregates and is buried in the sediment.

1.3 Nutrients and trace metals

1.3.1 Silicon

Silicon (Si) is a major nutrient that is of great importance in this thesis, be-
cause of its interaction with Al. Therefore this section gives the necessary
background of Si cycling in the ocean.

Silicon is the second most abundant element in the Earth’s crust (after
oxygen). The element exists in the ocean in the form of silicic acid (Sidiss),
biogenic silica (Sibiog) and lithogenic Si. Silicic acid is used by diatoms,
silicoflagellates, radiolaria and sponges. The silicic acid is converted to
biogenic silica, SiO2·nH2O, to form the skeletons of the organisms. For
example, sponges have an internal skeleton made of either Sibiog or calcium
carbonate, while diatoms have external silicic structures called frustules.1
Diatoms are a class of phytoplankton that accounts for about 35–40 % of
the primary production in the oceans (Nelson et al. 1995; Roberts et al.
2007). Diatoms are heavy (two times the density of seawater) because of
the frustules. This makes them effective in exporting silica, organic carbon
and other diatom-associated elements, into the deep ocean (ballast effect,
see Section 1.2.3). This results in less recycling compared to non-diatom
phytoplankton, and hence a relative export production of about 50 % of

1The term biogenic silica (Sibiog) is reserved for dead, sinking frustules, while diatom
silicon (Sidiat), or frustules, is used for biogenic silica of living diatoms.
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total export production. For these reasons diatoms are central to the
discussion of silicon and climate change.

As a further illustration of the processes shown in Figure 1.2, consider
the example of Sidiss as a nutrient for diatoms. A simplified representation
of Si cycling is shown in the right part of Figure 1.5. Clearly, diatoms can
be limited in growth by the available Sidiss and the amount of sunlight.
If either of these factors is limiting, less diatom growth occurs (bottom-
up limitation). If the number of grazers of diatoms are increased, diatom
growth is limited as well (top-down limitation, only represented in Fig-
ure 1.2) (Sarmiento and Gruber 2006, p. 138f). Section 2.2.3 will present
a mathematical model for the rate of photosynthesis.

Upon settling of Sibiog (bottom-right part of Figure 1.5), part of it is
buried in the sediment. Based on the large amount of Sibiog in the upper
sediment and the low [Sidiss] in the bottom water, Sibiog should not be
preserved but should dissolve and subsequently diffuse out of the sediment
into the water column. However, several factors prevent the dissolution and
help to preserve Sibiog in the sediment. Dissolution depends on the specific
surface area (smaller specific surface area means better preservation), the
organic coating and the temperature. In the sediments of the deep ocean
the low temperature prevents dissolution (Dixit et al. 2001; Van Cappellen
et al. 2002). Hence, Sibiog can accumulate without diffusing out of the
sediment. Furthermore, when aluminium is incorporated in, or adsorbed
onto, diatoms, the solubility of Sibiog is decreased. The incorporation can
be either primary or secondary uptake. Primary uptake is the biological
incorporation during growth of diatoms in surface waters (e.g. Gehlen et al.
2002). Secondary uptake is probably more significant. This occurs after
the frustules have been deposited in the sediments, hence is part of early
diagenesis (Koning et al. 2007) (Section 1.3.2).

1.3.2 Aluminium

One major reason for the importance of Al is the use of Al as a tracer of
aeolian dust supply into the surface ocean. Dust deposition is an important
source of trace nutrients such as Fe and Mn. Aluminium is abundant in
dust (about 8 % by mass), does not form organic complexes and is not
biologically active to such an extent as Fe, which makes it more practical
than iron as a proxy for dust (e.g. Measures and Vink 2000).

Dissolution of Al from dust and other processes determining the distri-
bution of dissolved Al are presented in Figure 1.5. It is currently assumed
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Figure 1.5: Aluminium cycling in the ocean. Just like the nutrients in Figure 1.2,
dissolved Al enters the ocean through dust deposition and sediment resuspension,
while rivers, hydrothermal vents and reducing sediments are negligible. Al is
mostly removed by reversible scavenging (presented in the yellow ellipse). The
dashed arrow from aluminium to diatom frustules signifies incorporation of Al
into diatom frustules. The significance of this removal process is not well known
yet, but it appears that it is small (Chapter 4). Silicic acid (Sidiss) is presented
as well, since it is an essential part of understanding Al cycling. However, not all
sources of Sidiss are presented in this figure; for this see Figure 1.2.

that the major source of Al to the open ocean is dust deposition (e.g.
Kramer et al. 2004; Measures et al. 2005; De Jong et al. 2007; Middag et
al. in preparation). A fraction of the Al in dust (1–15 %) dissolves within
the upper mixed layer (Orians and Bruland 1986; Maring and Duce 1987;
Jickells et al. 2005; Baker et al. 2006; Buck et al. 2006; Measures et al.
2010; Han et al. 2012), deposition while below the mixed layer the disso-
lution of Al from dust is deemed negligible (Chapter 3). Most Al in dust
(i.e. 85–99 %) remains in the particulate phase and sinks to the bottom of
the ocean, where it is assumed to be buried in the sediment. This has been
suggested by many studies on Al in the ocean (e.g. Orians and Bruland
1986; Baker et al. 2006; Buck et al. 2006), but no explicit study has been
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published on the fate of lithogenic dust particles in the water column below
the mixed layer.

The second significant source of Al is sediment resuspension and sub-
sequent dissolution, presented at the bottom (centre) of Figure 1.5. Sedi-
mented particles may contain Al within or on the outside of the particle.
When these particles are resuspended, dissolution may occur by desorp-
tion and/or dissolution of the carrier particle, releasing Al (Moran and
Moore 1991; Middag et al. 2012; Middag et al. in preparation). Indeed, a
high concentration of Aldiss has been measured near the sediment in the
West Atlantic Ocean at 45–50◦ N (Figure 1.7a). In Chapter 4 results of
simulations are presented that support this hypothesis.

Other sources do not appear to play a significant role in adding Al to
the ocean. Even though rivers carry a large amount of Al, most of it is
removed in estuaries and continental shelf sediments and never enters the
open ocean (Mackin 1986; Orians and Bruland 1986; Brown et al. 2010;
Jones et al. 2012). Finally, hydrothermal vents generally are not a notable
source of Al to the deep waters of the ocean either (Hydes et al. 1986;
Lunel et al. 1990; Elderfield and Schultz 1996; Middag et al. 2011b).

The primary removal mechanism of Aldiss from the surface ocean is
the adsorptive scavenging and settling with Sibiog as the major carrier
(light-yellow ellipse in Figure 1.5), hence this removal is large in areas
with high diatom production (Stoffyn and Mackenzie 1982; Orians and
Bruland 1986; Moran and Moore 1988a; Moran and Moore 1989; Bruland
and Lohan 2006). Besides being scavenged by surface adsorption, the
Aldiss becomes incorporated as an apparent trace substitute for Si during
growth of living diatoms. Following diatom death, the incorporated Al is
exported with the Sibiog debris (Stoffyn 1979; Moran and Moore 1988a;
Van Beusekom and Weber 1992; Chou and Wollast 1997; Gehlen et al.
2002; Middag et al. 2009).

Incorporated Al is likely to inhibit the dissolution of Sibiog (Lewin 1961;
Van Bennekom et al. 1991; Van Beusekom and Weber 1992; Dixit et al.
2001). This means that at a high Aldiat/Sidiat ratio in living diatoms
and thus the same ratio Albiog/Sibiog in biogenic debris, less Sibiog will be
remineralised. Furthermore, more silica will be buried and hence lost from
the system. Consequently, less Sidiss will be returned to the surface through
upwelling, resulting in decreased diatom production. This highlights a
possibly important effect that Al has on Si and hence, potentially, the
Earth system.
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Conversely to Al having an impact on the dissolution of Sibiog, Si can
have an effect on the release of Al from resuspended sediments. This
release may be caused by desorption of adsorbed Al (Alads) from Sibiog
and dissolution of biologically incorporated Al (Albiog). Also lithogenic
particles may be dissolved, but the most obvious candidate for dissolution
is Alads since that is on the outside of Sibiog, instead of built in. This
hypothesis has been worked out and its simulated effects are presented in
Chapter 4.

1.3.3 Manganese

While in the open ocean manganese (Mn) exists in small concentrations, it
is the twelfth most plentiful element in the Earth’s crust (Wedepohl 1995).
In the ocean Mn occurs in many forms, among which in dissolved form and
incorporated in organisms and particles. From a chemical oceanographic
perspective two phases are the most important. One is dissolved Mn,
Mn(II), available for uptake by autotrophs. The other is oxidised Mn,
MnOx, not bioavailable and subject to scavenging and aggregation (e.g.
Sunda and Huntsman 1994). After phytoplankton death, incorporated Mn
sinks together with the dead material downwards, but most of the material
remineralises before reaching the sea floor. All significant processes of the
manganese tracers are presented in Figure 1.6.

Manganese is an essential nutrient for all life. One important function
of Mn for phytoplankton is its role in photosynthesis, namely photolysis
in PS II (Sunda and Huntsman 1983; Raven 1990; Campbell et al. 1990,
pp. 209–19). Photosystem II is the first protein complex in the light re-
actions where photons are captured and converted to chemical energy,
namely stored in NADPH (Section 1.2.3). The oxygen-evolving complex
(the light-green square at the bottom of PS II in Figure 1.4) contains four
Mn atoms.

Reactive oxygen species like superoxide (O−
2 ) tend to react quickly

with PS II, decreasing its efficiency. Superoxide dismutase (SOD) enzymes
catalyse the conversion of superoxide into oxygen and hydrogen perox-
ide, hence protecting PS II. Diatoms need Mn-SOD (or, less dominantly,
Fe-SOD), which is a second important function of Mn (Peers and Price
2004; Wolfe-Simon et al. 2005). Briefly, Mn- and Fe-SOD destroy reactive
oxygen species. Under conditions of Fe deficiency, less Fe-SOD is created,
hence less reactive oxygen species are removed. More importantly, under
Fe deficiency the electron transfer pathway (that here and there has Fe in
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Figure 1.6: Manganese cycling in the ocean. Like all nutrients in Figure 1.2,
dissolved Mn enters the ocean through dust deposition, river run-off, sediment
reduction and hydrothermal vents. The reactions between Mndiss (magenta box)
and Mnox (red box below) occur everywhere in the ocean, but reduction is sig-
nificantly faster in the euphotic zone than in the ocean below this layer. In this
conceptual model of Mn, sediment redissolution is neglected, as is the microbial
loop.

enzymes) is largely blocked, and instead the excess energy goes into ROS
production. This results in a decreased efficiency of PS II. Manganese can
compensate the destructive influence of reactive oxygen species by means
of Mn-SOD. Mn can also substitute Fe in some other biologically impor-
tant reactions (Peers and Price 2004). For these reasons, Mn availability is
especially important under low (bioavailable) Fe conditions (Middag 2010,
p. 16, and references therein). This is also referred to as co-limitation of Fe
and Mn. In other words, when too little Fe is present, Mn can compensate
the effects of this deficit for a large part. Co-limitation may occur in the
Southern Ocean where both dissolved Fe and Mn concentrations can be
low (Middag et al. 2013).

An important mechanism of storing Mn in particles other than bio-
logical incorporation is oxidation of dissolved Mn(II) on colloids to insol-
uble Mn(IV) (and possibly other oxidation states, red box in Figure 1.6)
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and the subsequent aggregation by particulate matter (implicitly presented
as settling below the red box). Oxidation occurs everywhere in the ocean
where oxygen is available. This process can be strongly accelerated by
Mn(II)-oxidising microorganisms, primarily bacteria and fungi (Sunda and
Huntsman 1988; Sunda and Huntsman 1994; Tebo et al. 2005).

The reverse process is reduction, reducing Mn oxides to bioavailable
dissolved Mn(II), i.e. Mn2+. This process is significantly faster under the
influence of sunlight, thus referred to as photoreduction. This is the most
important reason why the Mn(II) concentration is relatively high in the
euphotic zone. The relative speed of photoreduction compared to oxidation
is important for Mn(II) availability. A higher oxidation rate means more
scavenging, hence more Mn export. The full redox equilibrium reaction,
in its most simple form, is given by:

MnO2 + 2 H+ 
 Mn2+ + 1

2
O2 + H2O ,

where reduction is towards the right and oxidation towards the left.
Just like Al, Mn enters the open ocean through dust deposition and pos-

sibly resuspended sediments. Dust deposition is the second reason for high
[Mn(II)] in the surface ocean. Especially in the central and north Atlantic
Ocean surface [Mn(II)] is large because of high dust input from the Sahara,
in combination with MnOx reduction (Landing and Bruland 1987; Jickells
1995; Guieu et al. 1994; Baker et al. 2006; De Jong et al. 2007). Similarly,
[Mn(II)] is high in the northern Indian Ocean (Thi Dieu Vu and Sohrin
2013). Rivers are another source of Mn to the ocean (Elderfield 1976;
Aguilar-Islas and Bruland 2006). Anoxic or suboxic shelves diffuse Mn(II)
because sediment microorganisms reduce MnOx if there is no more oxygen
(or nitrate) left (Landing and Bruland 1980; Sundby and Silverberg 1985;
Pakhomova et al. 2007; Middag et al. 2012). Finally, plenty of evidence
is found of manganese fluxing out of hydrothermal vents (Klinkhammer
et al. 1977; Klinkhammer et al. 1985; Hydes et al. 1986; Klinkhammer
et al. 2001; Middag et al. 2011c; Middag et al. 2011b).

While Al is reversibly scavenged by Sibiog, dissolved Mn first oxidises
to Mnox, after which it aggregates and is scavenged by particles. Probably
lithogenic particles play the most significant role, since sediment traps show
a strong correlation between lithogenic particles and Mn (Roy-Barman et
al. 2005). The complete process may be more complicated than described
above, e.g. because Mn possibly binds to ligands such that it stays in solu-
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tion (Sander and Koschinsky 2011; Madison et al. 2013). These processes
are not presented in the simplified conceptual model in Figure 1.6.

Finally, Mn oxides are an important scavenger of other trace metals
like iron, cobalt and zinc (A. Tagliabue, personal communication, March
2013). Therefore, Mn availability does not only directly impact biology
but may also play a role in removing (other) trace metal nutrients from
the surface ocean.

1.4 Research questions

The focus of this thesis is the main processes that distribute aluminium and
manganese throughout the ocean, and their interaction with the carbon
and silicon cycles of the ocean. For both tracers Al and Mn state-of-the-
art models are developed and simulations discussed. The biogeochemical
Ocean General Circulation Model used for studying the ocean distribution
of Al and Mn is NEMO-Pisces (Aumont and Bopp 2006). This model
and the simulated distribution of several tracers (Si, Fe and the dynamical
variables) are described in Section 2.2.

As this thesis is part of the Geotraces programme, and collaborated
with the West Atlantic subprogramme, its aim is to interpret chiefly the lat-
ter measurements. Measurements at unprecedentedly high resolution were
taken in the West Atlantic Ocean, near the western boundary currents,
because of the highly important role of the western boundary currents.
To interpret the observations and to obtain an integrated understanding,
numerical ocean models have been used in this thesis that provide infor-
mation on the time evolution of the ocean. Conversely, the measurements
provide a constraint on ocean models and can therefore be used to assess
the model’s reliability and/or improve the representation of the physical
and biogeochemical processes in the model.

1.4.1 Aluminium

Dust is a main carrier through which many trace nutrients like Fe and Mn
enter the ocean. The primary focus of this thesis is Al, as this element can
be used as a tracer for dust. Aluminium is important on its own since it
affects the Si cycle, but this effect is not studied thoroughly in this thesis.
There are several questions mainly concerning the processes of Aldiss and
its distribution.
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Figure 1.7: Observations of (a) [Aldiss] (nM) and (b) [Sidiss] (µM) at the West
Atlantic Geotraces transect (Middag et al. in preparation). Dots are locations
of measurements.

Firstly, how is the structure of the Aldiss distribution (Figure 1.7a) in
the West Atlantic Ocean explained, and why does [Aldiss] show a ‘mirror
image’ of [Sidiss] (Figure 1.7b)? In the distributions of both tracers the
main water masses can be recognised; chiefly NADW, hence the overturn-
ing circulation plays an important role. See Section 1.2.1 and its Figure 1.1
for a description of all water masses. Clearly, a main source of Al is dust de-
position and the internal cycling occurs by means of reversible scavenging,
mainly by Sibiog, and advection and mixing. In Chapter 3 these processes
are included in an ocean model and its simulations reasonably reproduce
the observations in the upper few km of the ocean. However, at 45–50◦ N
near the sediment in the West Atlantic Ocean, [Aldiss] is strongly elevated
compared to the ambient seawater. This cannot be easily explained by the
above mentioned processes alone. The explaining hypothesis is that sedi-
ment is resuspended in this region, and that after resuspension Al dissolves
in the seawater. This hypothesis is tested in Section 4.3.3.

Secondly, what is the sensitivity of different sources (or solubilities of
the source particles) and model parameters of Al to the ocean Aldiss dis-
tribution? Specifically, the effects of changes in the solubility of Al in dust
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particles, in the internal scavenging parameters and in the redissolution of
sedimented Al are tested in Chapters 3 and 4.

Thirdly, does biological incorporation have an important effect on the
Aldiss distribution and how big are both the biological incorporation and its
effect on [Aldiss]? If Al incorporated into diatom frustules affects the solu-
bility of the frustules, what kind of effects can we expect? These questions
are explored in Chapter 4 and Appendix A.

Finally, in that same text the effects on the Aldiss and Sidiss distribu-
tions of using different dynamics are explored.

For Al, model simulation studies have started with Gehlen et al. (2003)
and more recently followed up with Han et al. (2008), both described
in Section 3.1. In this thesis comparable, though extended, equations
have been implemented in the more evolved model NEMO-Pisces. The
embedded model of aluminium will be described in Chapters 3 and 4.

1.4.2 Manganese

The secondary focus is Mn, not because it is less important than Al, but
because modelling Mn in the world ocean has not been done before and
hence the results are preliminary. In Chapter 6 a model of Mn is intro-
duced in Pisces and its output is compared with observational data. The
observations of the West Atlantic Geotraces transect are presented in
Figure 1.8.

It is the first time that an ocean model for manganese has been written
and assessed. Several questions concerning the distribution of Mndiss in
the ocean are investigated in Chapter 6, namely:

Firstly, why is there no clear signal of the Atlantic Meridional Over-
turning Circulation in the structure of [Mndiss], as opposed to [Aldiss]?

Secondly, what makes the distribution of Mndiss so relatively homoge-
neous in the interior of the ocean, except for a few localised features where
[Mndiss] is notably elevated? The elevated local features are located around
2.5 km depth on the Zero Meridian at 50◦ S (not presented) as well as the
West Atlantic Ocean at, and just south of, the equator (Figure 1.8), and
at the Denmark Strait overflow. The elevations of [Mndiss] in the Southern
Hemisphere can be ascribed to hydrothermal activity near those regions.
The sources north of 40◦ N may be supplied by mixing high [Mndiss] sur-
face waters downwards, but other sources may be (partly) responsible as
well, among which diffusive sediments and hydrothermal vents. Dust de-
position and photoreduction explain the high surface [Mndiss], especially
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Figure 1.8: Observations of [Mndiss] (nM) at the West Atlantic Ocean Geotraces
transect. The analysis was done in the lab through Inductively Coupled Plasma
Mass Spectrometry (ICP-MS) by University of California, Santa Cruz (courtesy
of Rob Middag). These data are strongly consistent with the shipboard Flow
Injection Analysis (FIA) (Section 2.6.3). Dots are the locations of the measure-
ments.

under, and downstream of, dust deposition sites. This leaves the question
of the non-zero homogeneous [Mndiss] ‘background’ distribution in the rest
of the ocean. Even though no unambiguous answer will be given in this
thesis, Chapter 6 discusses and (partly) tests several hypotheses, among
which an aggregation threshold of [Mnox], below which Mnox is not removed
from the model domain, and the possibility of an oxidation threshold, i.e.
a minimum [Mndiss] before oxidation takes place. The latter may be in-
terpreted as the existence of Mn ligands (Silva and Williams 2001, § 14.2),
since these keep Mn in dissolution.
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Chapter 2

Methodology

The goal of this chapter is to set out the methodology of this thesis, in both
a fundamental and practical manner. Section 2.1 sets out the philosophical
background of modelling, after which Section 2.2 introduces the base model
used in this thesis. Then the chapter continues with the observational
methods for determining the dissolved Al and Mn concentrations in the
West Atlantic Ocean (Section 2.3), and the comparison between the model
output and the measurements (Section 2.4).

2.1 Philosophical introduction

Over centuries several scholars have made progress in defining the essence
of science and, closely related, the essence of the scientific method (e.g.
Curd and Cover 1998, pp. 1–82; Hansson 2014). The history and develop-
ment of these topics would require a thesis in itself. For the purpose of the
current thesis we resort to a descriptive and concise definition because it
appears to be quite relevant to the objectives of the thesis.

Science is the ordering and creation of concepts, models, hypotheses
and theories. It is also the enterprise to experiment and measure, and to
predict and explain phenomena in the universe. All scientific statements,
i.e. hypotheses, explanations, predictions and so on, must be testable by
means of measurements. Any experiment set up to test a certain hypoth-
esis must be reproducible. There are different ways to learn about reality,
but they always involve a combination of the empiricist and rationalist
approaches. Modelling is rationalistic in nature, i.e. the focus is on theo-
rising. The empiricist nature of science sometimes tends to be neglected,
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i.e. there is less focus on experimenting and measuring. At the same time,
a new type of ‘empiricism’ is gaining ground. Models are used as empir-
ically accessible systems on their own, in a similar way as the systems in
which we are ultimately interested: the real world or a subsystem thereof.
Clearly, this type of ‘empiricism’ must not be confused with ordinary em-
piricism (e.g. Petersen 2006).

For instance, an Earth system model1 is a theoretical construct with
the goal to simulate the real Earth. This is not necessarily based purely
on fundamental theories, but it is nonetheless typically rationalistic in na-
ture. Model simulations are also like laboratory experiments, since ‘mea-
surements’ are performed by reading variables that the simulation pro-
duces. Hence, the model is an experimental set-up that can be used to
test hypotheses. This highlights the empiristic nature of model simul-
ation. Since clearly model outputs are not the same as measurements in
the real world, models must be assessed by comparison with real observa-
tions (Section 2.4).

2.1.1 Definition of a model

In the literature several mutually consistent and inconsistent definitions of
(mathematical) model can be found, as well as of theory. Here theory is
used in a loose sense; it is any mathematical description (plus interpreta-
tion) of the world. One definition of model that appears to be consistent
throughout several works is the following. A model is a realisation, repre-
sentation or structure of a theory in which all valid sentences of a theory
are satisfied (Tarski 1953, p. 11; Suppes 1961; Frigg 2006; Frigg and Hart-
mann 2012).2

This definition of model is too strict for the purpose of this thesis,
even with a loose definition of theory. It is strict in two senses. Firstly, a
model must cover a whole theory (‘all sentences’) according to this defini-
tion, while often models do not cover whole theories and sometimes they
are models of observations. Secondly, the definition does not allow for
finite predictive error and observational uncertainties (to be defined in
Sections 2.3 and 2.4). Therefore, here a broader definition is chosen, that
allows for uncertainties and can be applied directly to observations and/or

1In this thesis a model is taken to be a quantitative or mathematical model, except
when differently qualified (e.g. conceptual model).

2This is complementary to that a theory is a collection of models, in the semantic
view of theories (Suppes 1961; Van Fraassen 1989; Halvorson 2012).
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(parts of) several theories. Henceforth, a model is a structure for which at
least some sentences of one or more theories, hypotheses or observations
are satisfied within a sufficiently small predictive error.

More intuitively, a model is a virtual physical system that follows im-
posed mathematical equations, derived from general theory (in case of a
model of a theory) and/or parameterisations. Parameterisations can be
based on idealisations of theories and concepts, or on metaphors, analogies
and other principles, or they are based on observations (Petersen 2006,
§ 2.3.1). Often a combination of general theory and parameterisations is
necessary, where parameterisations substitute representations of physical
processes that cannot be explicitly integrated because of the lack of knowl-
edge of the modelled system and/or computational limitations (Petersen
2006; Katzav et al. 2012). In the case of a perfect model of a correct theory,
i.e. if the objects and structures of the equations refer realistically to the
real physical system, the observations will be simulated (in a statistical-
mechanical sense, i.e. as long as chaotic behaviour is averaged out). In the
case of a model that includes parameterisations, tuning of parameters is
often done to simulate the observations (again in a statistical-mechanical
sense). The more tunable parameters there are in the model, the more diffi-
cult it is to independently validate the model. In other words, a correct
simulation of observations does not imply the correctness of the model.

Consider a model of a theory without considering parameterisations at
this point. Suppose that the model does not predict true values T of some
variable that we are interested in. This may be the case because there are
problems with the implementation of the model, or it is non-linear which
calls for an ensemble of simulations to estimate the probability density
function, or it is not a good model of the theory, or the theory is not a
good description of reality. A perfect model of a theory is identical to the
formalism of a theory. When an interpretation (including the reference of
the model objects to reality) is added to the formalism, the model becomes
a theory. For anti-realists this means that a perfect model is identical to a
theory. Only for a realist there is a significant difference between a theory
and a perfect model of a theory.3

3Realism is the view that the world described by science is the real world, including
objects that may be part of a theory but are not observable. Anti-realism is the opposite
of this and includes many types, including e.g. phenomenalism which is the radical view
that physical objects do not exist in themselves, but only as perceptual phenomena or
sensory stimuli; and instrumentalism which is the view that theories are only useful
instruments to understand the world. While these types of anti-realism are outmoded,
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2.1.2 Examples of models

Law of gravitation

As an example of such a theory and model, consider Newton’s law of
universal gravitation. This law states that two masses attract each other
with a force that is directly proportional to the product of their masses
and inversely proportional to the square of the distance between them. In
the form of an equation this is:

F = G
m1m2

R2
e , (2.1)

where F is the force, G the universal gravitation constant, mi the masses,
R the distance between the bodies and e the unit vector directed from
the one mass to the other. This equation alone is the formalism of the
theory,4 while the explanation of the symbols is the interpretation. Only
the combination of formalism and interpretation is a theory of gravitation.
A perfect model of the theory is simply the formalism, i.e. Eqn 2.1. In this
specific case, the formalism of the theory is identical to the model, hence
the model is a perfect model of the theory.

Of course, models are in practice amended with an interpretation as
well, but that is not how the term model is used here. Adversely, the inter-
pretation is more important for the conceptual model, where the formalism
is significantly simplified, such that it only contains signs or directions and
not actual numbers. The complementary conceptual model to the gravi-
tation model as given by Eqn 2.1 can be a picture or a miniature model
of the Sun, Earth, Moon etc. From the picture one can determine the
directions of the forces, while one needs Eqn 2.1 for the numbers. In other
words, a mathematical model is quantitative, while a conceptual model is
qualitative.

more sophisticated forms of anti-realism would require much more explanation that
would not fit in this thesis (e.g. Curd and Cover 1998, pp. 1049–1289). There are also
forms in between like structural realism which is the view that the structures of the
theory are real but not the objects itself (Psillos 1999; Chakravartty 2014).

4For simplicity Eqn 2.1 is called the formalism of a theory, but the complete formalism
of the theory of gravitation contains several extra equations like F = ṗ, where the
momentum p = mẋ and the dot denotes the time derivative; for the calculation of
velocities and locations of masses, these equations, together with the formalism, the
boundary conditions and, typically for this case, the initial conditions, are needed.
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Ocean model of aluminium

As another example of a conceptual model, consider Figure 1.5, whose
caption explains what all terms mean (interpretation). Furthermore, (the
dissolution of) dust is clearly a source of Aldiss, increasing [Aldiss], while
adsorptive scavenging is a sink, decreasing [Aldiss]. However, the quantita-
tive effects of all processes are not displayed in the figure and they cannot
be derived from it. Most of the formalism is left out, hence it is only a
conceptual model.

In Section 3.2.1 an ocean model of aluminium is introduced. The set of
equations in that section is a mathematical model that is associated with
the conceptual model just mentioned. With the mathematical model one
can actually make quantitative predictions, while the conceptual model
is mostly interpretation and contains little formalism. Contrary to the
gravitation model (Eqn 2.1), the model of aluminium is not identical to
the formalism of a theory, since the formalism of the underlying theory is
much too complex to be implemented. The underlying theory describes a
complex interaction between many different types of aluminium and silicon
particles. In the used model these interactions are ignored (if not impor-
tant) or parameterised (if important) into a simple equation. In this model,
described in Section 3.2.1, only two parameters are used to describe these
interactions. These parameters and the parameterisation (Eqns 3.2 and
3.3) introduce a parameterisation error, but the idea is that after tuning,
the model is good enough to reasonably predict the observations. This idea
is illustrated by Figure 2.11(b). While the predictive uncertainty is large,
there is a significant overlap with the observational accuracy domain (Sec-
tion 2.3). Furthermore, the model is implemented on a finite-resolution
grid which introduces a numerical error. This means that the model is not
solved analytically but numerically; henceforth we sometimes use the term
numerical model for this type of mathematical model. There may be prob-
lems in the underlyingbiogeochemical model (Pisces) and the dynamical
model (OPA) as well (Section 2.2). These errors all affect the accuracy
of the predictive capability of the aluminium model, i.e. they increase the
predictive error (Section 2.4). Since this parameterisation only simulates
the underlying processes (theory or reality) by approximation, this model
is not identical to the formalism of the theory. Hence, it is an approximate
model of the theory, assuming the underlying ideas, like electric potential
being a cause of adsorption, are somehow used in constructing the model.
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General circulation model

One type of numerical model is the General Circulation Model (GCM).
This can be regarded as a specific type of box model (Broecker and Peng
1982, pp. 15–22, 275–277; Sarmiento and Gruber 2006, pp. 10–15) with
typically a very large number of boxes (> 105), and hence it is computa-
tionally intensive (Kantha and Clayson 2000, § 2.1.1; Sarmiento and Gru-
ber 2006, pp. 215–221). Such models simulate geophysical fluids like the
ocean and the atmosphere. Conventionally, GCMs are explained as dis-
cretised versions of the Navier-Stokes equations, classical mechanics gener-
alised to fluids, together with several other equations for thermodynamics
and radiation (Cushman-Roisin and Beckers 2011, pp. 77–82).5

Analytical steady-state solutions of the Navier-Stokes equations are
only known for a few artificial systems. It is not even known whether a
general analytical solution exists given any initial velocity field. Therefore,
these equations are approximated by equations that can be solved analyt-
ically (e.g. by reducing the equations to the Eady model for which bottom
friction is neglected), or they are solved numerically (i.e. within GCMs).
In the first case, an approximation of the equations is solved exactly, while
in the second case, the full equations are solved approximately, hence in
both cases the solutions are approximations.

The combination of approximating the equations and after that solv-
ing them numerically is done often as well because of computational limi-
tations. The Navier-Stokes equations are typically approximated before
which they are solved numerically. For instance, in ocean models the
Boussinesq approximation is applied, which is the assumption that density
differences are sufficiently small to be neglected, except for g-dependent
terms. After these kind of approximations, the equations need to be discre-
tised, since computers are discrete as well and there is only finite memory
and computational power in a computer (Burks et al. 1946). This goes

5To be more precise, the Navier-Stokes equations are the combination of Newton’s
second law (F = ṗ) and the postulate that the fluid’s stress is the sum of a diffusing
viscous term and a pressure term. When interpreting every term in the equations as
objects in the real world (e.g. “ṗ represents the rate of change of momentum, where
momentum represents the mass (resistance of being accelerated) times the rate of change
of the position”) one arrives at a theory of fluid dynamics. The mentioned equations are
a perfect model of this theory. The Navier-Stokes equations utilise only part of classical
mechanics, and there are extra assumptions needed. The Navier-Stokes equations are
a model of classical mechanics applied to fluids, but it is also an idealised model of
statistical mechanics (Petersen 2006, pp. 23–24).
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together with a number of assumptions. There are no hard and fast rules
for decisions in writing and implementing such a model: it is more of an
art than sound craftsmanship.

One of the most difficult issues in writing a GCM is the handling of
subgrid processes. At any finite resolution, be it 1000 km or 1 m, there will
always be processes not described by the model. One of the quantities that
cannot be calculated correctly from any GCM is the kinetic energy. There
will be more kinetic energy at smaller and smaller scales until viscosity
gets important and energy dissipates (energy cascade). This occurs at
the Kolmogorov length scale (typically less than 1 mm). At that scale
turbulence converts kinetic energy into heat (Nieuwstadt 2008, pp. 89–94).
However, on the resolution where this takes place, no geophysical fluid
model exists since that is computationally unfeasible.

The difficulty is that in a model with a finite resolution, climate vari-
ables are not calculated on subgrid scales even though they may be sig-
nificant for processes on supergrid scales. This calls for parameterisations.
Typically, parameterisations express unresolved processes through (large-
scale) modelled quantities (e.g. Petersen 2006, p. 24). Eddy diffusion is
introduced as a parameterisation that accounts for subgrid dynamics. The
introduced parameterisation has the samemathematical structure as molec-
ular diffusion. Compared to eddy diffusion, molecular diffusion is negligible
and has no relevance for modelling geophysical fluids. The coefficients for
(eddy) diffusion depend on the spatial scale, and hence the values of the
horizontal and vertical diffusion are different from each other (Section 2.2.2
for the equations).

The model may be run with different sets of boundary conditions.
Boundary conditions include initial conditions and (variable) forcings. Con-
sider for example an atmospheric GCM or a coupled model to project fu-
ture climate. Initial conditions, ideally based on current observed climate
variables, are important for at most the first several decades. Beyond
that timescale the initial conditions are no longer relevant for projection
(Tebaldi and Knutti 2007). Rather, other boundary conditions and, for
a limited time, predictive uncertainty are more important (Hawkins and
Sutton 2009). Among such boundary conditions are solar radiation and
the average concentration of carbon dioxide in the atmosphere (forcings).
Other boundary conditions include those at the ocean–atmosphere inter-
face, the land–atmosphere interface and the top of the atmosphere. The
latter is defined in an arbitrary but practical way; this is part of the art
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of modelling. On longer timescales variability in the deep ocean is impor-
tant, which calls for the coupling of the atmosphere with an Ocean GCM
(OGCM). This implies the need for boundary conditions at the ocean–
sediment boundary. On even longer timescales a sediment model may be
included, in which case a deeper boundary within the sediment is defined.

All this depends on the amount of complexity that one needs for a
future climate projection, and the timescale on which you want to do the
projection. Of course a limiting factor is also our lack of knowledge about
parts of the Earth system. If carbon dioxide would not be prescribed,
one would need a full carbon cycle and socioeconomic model as part of
the system. In that case, long-term climate projections would become like
climate forecasts. However, reliable models of that kind do not exist at
the moment and will probably not be developed in the near future, since
human behaviour is effectively unpredictable.

2.1.3 The need for models

Many systems are outside of our reach of experimental control or are unin-
telligible if described accurately. For these reasons, scientific modelling is
an important tool. Models (analytical or numerical) are often used when
theories are too complex to handle. Therefore, models are not a complete
representation of such a theory (even though they may utilise several theo-
ries at once). It is also possible that there is no theory available, or only an
incomplete one. In that case, models may actually complement theories
and describe phenomena that lack a good theoretical description (Frigg
and Hartmann 2012).

With certain systems, it is very difficult or expensive to perform labo-
ratory experiments. These systems include the very small, like the quark-
gluon plasma, and the very large, like galaxies. The Earth is a relatively
large system, but experiments can be performed on this system. These
include adding carbon dioxide to the atmosphere and painting rooftops
white in an attempt to mitigate some of the consequences of the first. Of
course, the first example is not an intended experiment since the addition
of CO2 is a side effect of extracting energy from fossil fuels (Section 1.1).
The second example is intentional, but neither of the examples are good
scientific experiments. Since there is only one Earth to test our hypotheses
on, it is not possible to perform multiple climate experiments under con-
trolled conditions. For these reasons, in many physical sciences modelling
is important.
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For many systems, models are so complex that it is not possible to
derive analytical solutions (e.g. the Navier-Stokes equations, see discussion
on Page 30. This is a reason why numerical modelling has become relevant.
With such models, hypotheses can be tested in a statistically meaningful
way. From the results of numerical models conclusions can be drawn along
the lines of “This simulation based on this hypothesis is consistent with
the observations, hence it confirms the hypothesis.” or “Based on this
theory this phenomenon cannot be modelled, so the theory must be wrong.”
However, if a hypothesis or theory seems to be verified or falsified, this may
very well be for the wrong reason. Models are structures that are supposed
to be ‘isomorphic’ or similar to some part of a theory or the observations.
There may be no theory available at all, in which case the model in question
is a germ from which a theory may or may not grow.6 Models can contain
wrong parameterisations or assumptions. For this reason, they need to be
critically examined to find out whether they actually fulfil their purpose.
They also need to be checked for correctness: Do the objects and processes
in the model refer to reality in a reasonable way? Field and laboratory
studies must be used for this. Even though it does not answer the last
question in full satisfaction, in this thesis validation is done by comparing
the model output with field observations (Section 2.4).

Even though models may be wrong in a strict sense, they can be very
useful. If formulated and interpreted carefully, models can give insight and
advance science.

2.2 The model NEMO
For the studies in this thesis, the three-dimensional distribution of dis-
solved Al and dissolved Mn have been simulated with numerical models.
These models are embedded in the biogeochemical model NEMO-Pisces
(Aumont and Bopp 2006; Ethé et al. 2006). This section sets out the
relevant details of NEMO and Pisces, while the Al and Mn models are
described in the subsequent chapters. Pisces has been employed for many
other studies concerning trace metals, as well as large-scale ocean biogeo-

6Such a model may be a fit to a guessed function. Another example is given by one of
the solutions to the manganese model issues described in Chapter 6, where oxidised Mn
only settles if its concentration is above a certain threshold. Even though a scientific
hypothesis has been formulated for this model at a later stage, initially that model was
not based on any theory or hypothesis. Even with further explanation, such a model is
often not very mechanistic and will therefore sometimes be named a toy model.
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chemistry (e.g. Aumont and Bopp 2006; Gehlen et al. 2007; Arsouze et al.
2009; Dutay et al. 2009; Tagliabue et al. 2010). In the simulations de-
scribed here, Pisces has been driven by climatological (i.e. for a typical
or average year) velocity, temperature and salinity fields obtained from
the general circulation model called Nucleus for European Modelling of the
Ocean (NEMO). This method is also referred to as running Pisces off-
line, while running it coupled to the dynamical part of NEMO, including
possible feedbacks from the biogeochemistry to the dynamics, is referred
to as an on-line simulation (not done in this thesis).

NEMO is a framework for ocean models (Madec 2008).7 This frame-
work is intended to be a flexible tool for studying the ocean and its in-
teractions with the other components of the Earth’s climate system (at-
mosphere, land, sediments) over a wide range of space and timescales.
Its seawater and sea ice (thermo)dynamics components are Océan PAral-
lélisé (OPA) and Louvain-la-neuve Ice Model (LIM), respectively. Further-
more, Tracer in the Ocean Paradigm (TOP) models the biogeochemistry.
TOP contains both transport (TRP) and sources minus sinks (Lobster,
Pisces).8

NEMO-Pisces has been used with ORCA2, one of its standard config-
urations. This configuration resolves all dominant water masses and has
a high enough resolution to resolve most of the relevant processes studied
in this thesis. Its resolution is similar to that of the observational dataset
that is intensively used in this work. In both the resolution and the mod-
elled tracers, this model is flexible enough for our purposes of modelling
trace metals, but at the same time it does not introduce too many degrees
of freedom. The latter would lead to underdetermination of the model
parameters.

2.2.1 Configuration: ORCA2

All model fields are defined on the ORCA2 coordinate frame (or grid), an
irregular grid covering the whole world ocean with a nominal resolution
of 2◦× 2◦, with the meridional resolution increased near the equator and
Antarctica, and both the meridional and zonal resolutions in the Mediter-

7NEMO and its components are released under the CeCILL (CEA CNRS INRIA
Logiciel Libre) licence, an international free software licence that is explicitly compatible
with the GNU GPL. Its source code can be downloaded from www.nemo-ocean.eu.

8In this thesis only Pisces is used, not Lobster. Neither Lobster nor Pisces are
acronyms.

www.nemo-ocean.eu
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Figure 2.1: The ORCA2 coordinate frame. The nominal resolution is 2◦× 2◦,
with an increase in resolution near the equator, near Antarctica and in several
large seas. The apparent singularity at the north pole is moved out of the sea.
This grid is the same at all model depth levels (Murray 1996; Madec and Imbard
1996).

ranean, Red, Black and Caspian Seas. On the Northern Hemisphere, it
has two coordinate singularities, one in Canada and the other in Russia.
More usual grids, like the commonly used geographic projection and the
Mercator projection, have their singularity at the geographic north pole.
The problem with this is that the north pole happens to be in the sea
(the Arctic Ocean). Hence, it is not possible to integrate the primitive
equations near the north pole on a geographical projection. Since a coor-
dinate singularity is an apparent singularity, it can be removed by choosing
a different coordinate frame. One such a frame is the ORCA2 grid that
has removed the coordinate singularity from the geographic north pole to
points on land which lay outside the effective model domain. The grid has
no singularity on the Southern Hemisphere, since it is not defined south
of 78.2◦ S. Figure 2.1 presents the ORCA2 grid laid over the geographical
grid.
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Figure 2.2: The layer thickness ∆z (m) of the ORCA2 configuration as a function
of depth (m). The upper layers are 10 m.

The vertical resolution of the ORCA2 grid is 10 m in the upper 100 m,
increasing downwards to 500 m, such that there are 30 layers in total and
the ocean has a maximum depth of 5000 m (Madec and Imbard 1996;
Murray 1996). Figure 2.2 shows the layer thickness as a function of depth.

2.2.2 Dynamical model: OPA

The dynamical component of NEMO is OPA, optionally coupled with the
sea ice component LIM. The OPA model is an Ocean General Circulation
Model (OGCM) that numerically solves the primitive equations on a rotat-
ing sphere (the Earth). These equations consist of approximations of the
Navier-Stokes equations (conservation of momentum), the continuity equa-
tion (conservation of mass) and the equation of state (relating temperature,
salinity and density). In all OGCMs, including OPA, several approxima-
tions are made. Firstly, the geometry of the ocean is assumed to be spher-
ical and thin compared to the radius of the Earth. Secondly, the effect
of density variations are neglected, except when they give rise to buoy-
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ancy forces (Boussinesq approximation), and the fluid is incompressible.
Thirdly, parameterisations are introduced to describe subgrid processes
(turbulence closure) (Kantha and Clayson 2000, pp. 36–44; Cushman-
Roisin and Beckers 2011, pp. 77–92; Madec et al. 2012, pp. 12–14). The
next subsection gives the equations (details can be found in Madec et al.
(2012)).

Model equations

The development of any conservative tracer T follows the conservation
equation, which is given by:

∂T
∂t

= −∇ · vT +∇ · (D · ∇T ) , (2.2)

where t is the time, and the first term on the right-hand side is advection
with v the 3-D advection velocity. The second term represents diffusion,
where D is the diffusivity tensor.

The fluid is assumed to be incompressible (∇ ·v = 0), hence advection
is simplified to ∇ · vT = T ∇ · v + v · ∇T = v · ∇T . Furthermore,
molecular diffusion is negligible and here the diffusion term is rather eddy
diffusion or turbulence, parameterising subgrid processes. Assuming the
fluid is Newtonian, incompressible and homogeneous, the eddy diffusion
term can be presented by two divergence-free scalars, one for the horizontal
diffusion and one for the vertical. Hence, (eddy) diffusion is simplified to
A∇2

h +B∂2/∂z2, with ∇h the horizontal divergence, and where A and B are
the horizontal and vertical eddy diffusivity coefficients, respectively. An
eddy-induced velocity vGM is added to the original velocity, following the
Gent-McWilliams eddy parameterisation scheme (Gent and McWilliams
1990; Gent et al. 1995).

Since all tracers are advected and mixed according to the same equa-
tions, these effects may be put together in a generic operator Γ, following
Sarmiento and Gruber (2006, p. 115):

Γ :=
∂

∂t
+ (v + vGM) · ∇ − A∇2

h + B ∂2

∂z2
. (2.3)

Γ represents all conservative dynamical processes, where ‘dynamical’ in-
cludes both advection by the velocity field, and eddy diffusion. The Γ-notation
is used for convenience since it concentrates the dynamical processes in one
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term, and we are primarily interested in the biogeochemistry. It is also pos-
sible to use this generic operator for the biogeochemical model equations,
since the dynamical processes apply to all tracers in the same way. Since
the dynamical tracers (T , S, v) are conservative and do not sink down
through the water column, the conservation equation for any dynamical
tracer T reduces to:

Γ(T ) = 0 , (2.4)

where boundary fluxes are not included.
The primitive equations, including boundary fluxes, are

Γ(v)h + f (e3 × v)h = − 1

ρ0
∇hp+ Fv (2.5a)

∂p

∂z
= −ρg (2.5b)

∇ · v = 0 (2.5c)
Γ(T ) = FT (2.5d)
Γ(S) = FS (2.5e)

ρ = ρ(T, S, p) , (2.5f)

where v is the 3-D velocity, the subscript h indicates the horizontal part
of the vector, f is the Coriolis acceleration, e3 = (0, 0, 1) the unit vector
in the z-direction, ρ is the in-situ density given by the equation of state
(last equation) and ρ0 a reference density, p the pressure, z is the vertical
coordinate, and g is the gravitational acceleration. Fv, FT and FS are the
surface forcing terms (Madec et al. 2012).

Boundary conditions

Precipitation, evaporation, river runoff and solar radiation (FT and FS)
have an effect on salinity and temperature, and hence the density of seawa-
ter (equation of state). These forcings feed through the pressure gradient
into the primitive Eqns 2.5a–f). All mentioned forcings also affect mixing,
which has an influence on the currents as well. River inflow is specified as
a fresh water flux at the river mouth. At the solid boundaries (sediment
and coastlines) the seawater flow is parallel to the boundary, and heat and
salt fluxes are neglected. At the interface between sea ice and the ocean,
heat, salt and fresh water are exchanged, and temperature and salinity in
the upper model layer are calculated.
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Dynamical forcings

In this thesis two climatologies of the dynamical fields are used. They were
obtained by forcing NEMO in the ORCA2 configuration with two different
sets of air-sea boundary conditions. Both sets of boundary conditions
consist of heat, fresh water and momentum fluxes that were derived from
bulk formulae. They are functions of wind, sea surface temperature, air
temperature, air humidity and evaporation minus precipitation. These
input variables were taken from two different sources as described next.

For the first climatology, Dynamics 1, daily wind stress based on Eu-
ropean Remote Sensing (ERS) satellite data is used for the tropics, and
NCEP/NCAR re-analysis data for the polar regions (Kalnay et al. 1996;
Kistler et al. 2001). Surface salinity is restored with a timescale of 60 days
towards the seasonal Polar Science Center Hydrographic Climatology (PHC)
dataset to avoid model drift (Timmermann et al. 2005). The last year of
this simulation is used as our one-year ‘climatology’ with a resolution of
five days of the dynamics. This climatology is referred to as Dynamics 1,
since it corresponds to the earlier Al simulations performed in this thesis,
namely those in Chapter 3, as well as the Mn simulations (Chapter 6).

The other climatology, Dynamics 2, is forced by DFS3, a forcing dataset
based on uncorrected surface atmospheric state variables of ERA-40 ex-
tended in time until 2007 with fields of the ECMWF operational analysis.
ERA-40 is the Re-Analysis performed by ECMWF of the global atmo-
sphere and surface conditions for 45 years, over the period from September
1957 through August 2002 (Uppala et al. 2005). The radiation and precip-
itation products were proposed by Large and Yeager (2004) and Uppala
et al. (2005). The wind velocities are taken from ERA-40. The model was
initialised from the ocean conditions in 1958 from Levitus et al. (1998).
A more detailed description of the creation of this dynamics can be found
in Brodeau et al. (2010). From this simulation years 1959 to 1972 were
averaged to obtain a monthly climatology with a reasonable Atlantic over-
turning (next subsection). This climatology is named Dynamics 2 and
corresponds to the later simulations of aluminium in this thesis, namely
those in Chapter 4. Appendix A utilises both dynamics, and only when
relevant for the simulation it will be noted which dynamics is used.
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General characteristics: ocean currents

Figure 3.1 presents the annually averaged surface velocity field of the OPA
output, for both dynamical forcing fields. Both show the main features of
the ocean circulation such as the equatorial current systems, the western
boundary currents (among which the Gulf Stream and Kuroshio), as well as
the Antarctic Circumpolar Current. There are minor differences between
the two dynamics. For instance, the equatorial currents are weaker in
Dynamics 2.

(a) Dynamics 1 (b) Dynamics 2

Figure 2.3: Modelled velocity at the surface, yearly average. The colour indicates
the speed in m s−1, while the vectors represent the direction of the flow. Vectors
are plotted at every fifth gridpoint.

Figure 2.4 presents the Overturning Stream Function (OSF) of the
Atlantic Ocean for both dynamics. The OSF is defined as the zonally
(through the basin) and vertically (from the surface downwards) inte-
grated meridional current speed. It is used as a measure for the Atlantic
Meridional Overturning Circulation (AMOC, Section 1.2.1). The upper
overturning cell has a strength of about 14 Sv (1 Sv = 106 m3 s−1) in both
dynamics. Observations suggest higher values of about 19 ± 5 Sv (Talley
et al. 2003; Cunningham et al. 2007; Rayner et al. 2011).

Even though both dynamics reproduce the AMOC, there are pro-
nounced differences between them. Firstly, the return flow is localised
around 2 km depth in Dynamics 1, while this is deeper for Dynamics 2. Sec-
ondly, the lower cell, associated with AntArctic Bottom Water (AABW),
is much stronger in Dynamics 1 compared to Dynamics 2. The value of
3 Sv in Dynamics 2 is more realistic than the 7 Sv of Dynamics 1 (Talley
et al. 2003; Rayner et al. 2011). This has significant consequences for bio-
geochemical tracers, among which dissolved aluminium (Aldiss) and silicic



2.2 The model NEMO 41

(a) Dynamics 1 (b) Dynamics 2

Figure 2.4: Atlantic Overturning Stream Function (OSF), a measure for the
AMOC in Sv (1 Sv = 106 m3 s−1). The erratic behaviour at 36◦ N is an arte-
fact from cross-land mixing through the Strait of Gibraltar. This is a model
parameterisation that attempts to resolve the problem that the Strait of Gibral-
tar is significantly smaller than the model resolution, while the fluxes between the
Atlantic Ocean and the Mediterranean Sea are important for the world ocean.

acid (Sidiss). The effect on [Sidiss] is presented in Section 2.2.3 and the
effect on [Aldiss] is discussed in Section A.1.

2.2.3 Biogeochemical model: PISCES

The model Pisces simulates the cycles of carbon, the major nutrients (ni-
trate, phosphate, ammonium, silicic acid) and the trace nutrient iron, along
with two phytoplankton types (nanophytoplankton and diatoms), two zoo-
plankton grazers (micro- and mesozooplankton), two classes of particulate
organic carbon (small and large) with differential settling speeds, as well
as calcite and biogenic silica. The Pisces model distinguishes three sili-
con pools: the silicon content of living diatoms (Sidiat), the silicon content
of dead settling diatoms (Sibiog), and dissolved silicic acid (Sidiss). In the
model, Sidiss and other nutrients are supplied to the ocean by means of
atmospheric dust deposition and rivers, while iron enters the ocean addi-
tionally through diffusion from anoxic sediments (Aumont and Bopp 2006).

For the studies in this thesis a single version of Pisces has been used,
namely version 3.1. While the model has been superseded by newer ver-
sions, for consistency reasons, all model simulations have been performed
with Pisces v3.1. This choice implies that none of the improvements
since v3.1 and hardly any of the bug fixes have been applied to the model
simulations presented here. Without expanding further on coding issues
of Pisces, it is likely that many simulations yield slightly different results



42 Methodology

when a newer version were used. We do not know whether the results of
the simulations in that version would give results that differ significantly
from those in this thesis.

In this section several details important for trace metal modelling will
be discussed. These details include how the Pisces tracers behave in
general, the sources of the tracers which are important for both the major
and the trace nutrients, and the characteristics of specific Pisces tracers.
For a more detailed description of Pisces, see Aumont and Bopp (2006)
and Aumont (in preparation).

Model equations

At any location in the ocean away from the boundaries, every tracer T is
conserved, except for internal chemical and biological conversions, which
are often referred to as the internal Sources Minus Sinks (SMS). The tracer
conservation equation has the form:

Γ(T ) = − ∂

∂z
(wT · T ) + SMST + fT · FT , (2.6)

where the dynamics (advection and mixing) are included in Γ (Eqn 2.3).
The first term on the right-hand-side represents the settling of heavy par-
ticles through the water column with z the depth (negative downwards)
and wT the settling speed of tracer T . In Pisces it is assumed that there
are two different settling velocities, one for small and one for big particles
(and, in principle, one where wT = 0 for dissolved substances and colloids).
Another simplification in the version of Pisces used in this thesis (v3.1) is
that T ∂wT /∂z is neglected, or that wT can be put in front of the vertical
gradient. The second term is the SMS, and the third term presents the
forcing fields (Page 45).

Settling of particles is, similar to advection and mixing, a purely phys-
ical process and hence conserves tracers. Nonetheless, this term is not
included in Γ for several reasons. Firstly, the settling speed is not the
same for all tracers. Secondly, it should not be part of a (generalised)
material derivative since settling is transport through seawater. Thirdly,
settling is very important for the biological pump (Section 1.2.2), so it
should be explicit in the notation of the biogeochemical equations.

Specific cases include drifting tracers (dissolved particles and colloids)
where wT = 0 and hence Γ(T ) = SMS(T ); conservative tracers (no biol-
ogy/chemistry) such that Γ(T ) = ∂(wT · T )/∂z; and drifting, conservative
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tracers for which Γ(T ) = 0. All this is valid as long as FT = 0, i.e. away
from the boundaries.

The standard version of Pisces accounts for 24 tracers. They can
chemically or biologically transform from one state to another (SMS) as
long as the two states concern the same chemical element (conservation of
atoms). E.g., iron in small particles can form iron in big particles, but it
cannot transform to any tracer of nitrogen.

As an example, consider the equation for carbon that is fixed in phy-
toplankton (Cphyt):

Γ(Cphyt) = (1− δ)µphytCphyt −mphyt
Cphyt

K + Cphyt
Cphyt

− waggrC
2
phyt − gzooCphytCzoo ,

(2.7)

where the first term on the right-hand side is the production term of phy-
toplankton, with δ the excretion rate of Dissolved Organic Carbon (DOC)
and µphyt the rate of photosynthesis (see below). The second term sim-
ulates mortality, with mphyt the phytoplankton mortality rate and K the
half-saturation constant for mortality. This means that for small phy-
toplankton concentration (Cphyt � K) mortality is quadratic, while for
large phytoplankton concentration (Cphyt � K) mortality is proportional
to Cphyt; relative mortality halves when Cphyt = K. The third term on the
right-hand-side represents aggregation, with waggr the phytoplankton ag-
gregation rate, which depends on the shear rate, as the main driving force
for aggregation is the local turbulence. The fourth term models grazing by
zooplankton, with gzoo the grazing rate and Czoo is carbon in zooplankton.
All these terms together form the SMS for carbon in phytoplankton. In-
deed, elements other than C, e.g. Fe or N, are not present in this equation,
since transformations between C and other elements are not allowed. This
equation applies to both functional classes of phytoplankton in Pisces,
namely nanophytoplankton and diatoms.

The rate of photosynthesis µphyt is a function of light intensity, the
chlorophyll concentration, the temperature and several limitation func-
tions (Aumont and Bopp 2006, for details). Diatoms, for instance, can
be Si-limited. In that case, µphyt is a function of the Monod limitation
function (Monod 1949) of the Sidiss concentration S:

L =
S

KSi + S
, (2.8)
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where KSi is the half-saturation constant; this is the Sidiss concentration
for which µphyt is half the maximum photosynthesis rate (rate is maximal
when S → ∞). If iron (Fe) is limiting as well, the rate of photosynthesis is
modelled as the minimum of two Monod functions (Sarmiento and Gruber
2006, p. 132):

L = min
(

S

KSi + S
,

F

KFe + F

)
, (2.9)

where F is the Fediss concentration.9 This example illustrates the influence
of nutrients on photosynthesis and hence diatom growth. Of course, also
other factors like temperature and acidity have an effect on the diatom
growth rate, but these influences are neglected in this model.

The equation for particulate organic carbon (Cdet) is given by:

Γ(Cdet) = mphyt
Cphyt

K + Cphyt
Cphyt + waggrC

2
phyt

+ other terms − ws
∂Cdet
∂z

.

(2.10)

Since this is a heavy tracer, the settling term is not zero (ws > 0). ‘Other
terms’ includes SMS from the two zooplankton carbon tracers and DOC.
The other terms were defined before. When adding the different equations
for carbon (not limited to Eqns 2.7 and 2.10), the result would be Γ(C) = 0,
if it were not for the settling terms, hence carbon is conserved.10 This
stands in contrast to the individual tracers, like fixed carbon (Cphyt), which
are non-conservative, also if all settling velocities involved are zero.

9The choice for a minimum in Pisces is relatively arbitrary. It can also be modelled
as the product of two Monod functions, which more accurately represents the idea of
co-limiting nutrients. Thus: µphyt ∝ (S/(KSi + S))(F/(KFe + F )). In such a model,
addition of Fe can partly neutralise Si limitation, or vice versa. In that case, if S = KSi
and F = KFe, and F were to be halved, then S must be multiplied with 3 to get back
to the original rate of photosynthesis. Proof: We must solve 1/4 = (x/(1 + x)) · 1/3 for
x, in case of S = x ·KSi. Its solution is x = 3. Thus, beginning from the half-saturation
concentrations for both the silicic acid concentration S and the dissolved Fe concentra-
tion F , decreasing one of the concentrations, the other must disproportionally increase
to keep the production rate the same. However, in the Pisces model either Si or Fe is
limiting, depending on which limitation term is smaller.

10When integrating over z, and including SMS at the boundaries, after sufficient time
one should arrive at a dynamical equilibrium: limt→∞

∫ 0

−D

∑
i(Γ(Ci) + FCi)dz = 0,

where D is the depth of the ocean.
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Boundary conditions

Besides transport and internal SMS within the ocean, tracers are added
to and removed from the oceans at its boundaries (sea surface, coast,
sediment and mid-ocean ridges). Sources and sinks are modelled as a
concentration change of the tracer at the boundaries. As long as the model
is not coupled to other models at the boundaries (e.g. an atmospheric
model), the flux of solid, liquid and dissolved tracers is prescribed by an
external forcing flux (last term in Eqn 2.6). Addition of these tracers is
given by ∂T /∂t = fT · FT , where FT is a forcing field that may need
to be scaled by measures of the corresponding gridbox and/or conversion
between elements (fT ). Since most of these input fluxes are only used for
the manganese ocean model in this thesis, the equations are given in the
respective Section 6.2.1.1. In the case of gasses (e.g. CO2), increase and
decrease is a consequence of a pressure difference. Removal of non-gaseous
tracers occurs near the sediment by burial of particles that are heavier
than water. The removal is determined based on the internal state of the
model.

Figure 2.5 shows the four source fields of Pisces v3.1, and Table 2.1
lists the relative input of the different basins for each of these sources.
Relative amounts per source will be discussed in Section 6.2.1.1 and given
(for Mn) in Table 6.3.

Basin Dust Sediment Fluvial Hydrothermal
Atlantic Ocean 49.1 24.9 41.7 13.6
Pacific Ocean 20.6 43.6 35.3 58.5
Indian Ocean 22.9 16.3 11.8 18.2
Southern Ocean 0.12 6.3 0.11 7.4
Arctic Ocean 0.56 7.4 7.6 2.2
Mediterranean Sea 6.8 1.5 3.5 0.00
total 100.0 100.0 100.0 100.0

Table 2.1: Relative amount of yearly dust, sediment, river and hydrothermal input
into each basin (%). The Southern Ocean is defined as the ocean south of 59◦ S.
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(a) Dust deposition (g m−2 yr−1) at the
ocean surface

(b) Dissolved carbon flux by river dis-
charge (g m−2 yr−1)

(c) Iron input by marginal sediments
(µmolFem−2 yr−1)

(d) Hydrothermal vent 3He input flux
(nmol m−2 yr−1)

Figure 2.5: Source fluxes of tracers to the ocean. Three-dimensional fields are
vertically integrated.

Characteristics of the output fields

This section presents and discusses the behaviour of silicic acid, iron and
oxygen as modelled by Pisces v3.1 as they are relevant for the rest of this
thesis. A more concise presentation of the general characteristics of chloro-
phyll, nitrate, silicic acid, oxygen, Dissolved Inorganic Carbon (DIC), al-
kalinity and iron will be given by Aumont (in preparation) and references
therein.

Figure 2.6 presents modelled [Sidiss] for both dynamical fields, with
measured [Sidiss] as coloured dots. Clearly, Figure 2.6a, corresponding with
Dynamics 1, presents a strongly overestimated [Sidiss] in the deep ocean,
while this overestimation is significantly reduced in Figure 2.6b (Dynam-
ics 2). The reason for this reduction is that in Dynamics 2 less Sidiss is
transported northwards with the AABW than in Dynamics 1 (Figure 2.4).
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(a) RefDyn1 (Dynamics 1) (b) RefDyn2 (Dynamics 2)

Figure 2.6: The modelled silicic acid concentration at the West Atlantic Geo-
traces section. Coloured dots are measurements (data from K. Bakker,
E. van Weerlee, M. Rijkenberg and H.J.W. de Baar). Both simulated and ob-
served concentrations are in µM (on a non-linear scale).

This means that the more realistic deep overturning cell in Dynamics 2
results in a more realistic simulation of [Sidiss] in the deep Atlantic Ocean.
A statistical comparison of the effects of the two dynamics on [Aldiss] and
[Sidiss] is given in Section A.1.

Of many trace elements is insufficient knowledge about the cycling,
which makes modelling them difficult. Of these trace elements, iron is the
most important trace nutrient (e.g. Raven 1990; Leynaert et al. 2004; Tim-
mermans et al. 2004; De Baar et al. 2005; Hoffmann et al. 2007; Denman
2008; Breitbarth et al. 2010; Rijkenberg et al. 2011; Tagliabue et al. 2012).
For this reason Pisces v3.1 includes iron (as the only trace element).

Figure 2.7 presents the modelled and measured dissolved iron (Fediss)
concentrations at the West Atlantic Geotraces cruise section. This
simulation is based on Dynamics 2. General properties of the iron dis-
tribution are captured by the model. These include the depletion at the
ocean’s surface and the subsurface minimum at 10–30◦ N. However, there
are important deviations from the measurements. Between 0 and 18◦ N at
300–1000 m depth [Fediss] is elevated in the measurements (coloured dots
in the figure). This is probably from remineralisation since it coincides
with the Oxygen Minimum Zone (OMZ). The model does not reproduce
this, even though an OMZ is present in the model (Aumont in prepara-
tion). For this, consider the oxygen (O2) concentration, which is presented
in Figure 2.8. A low [O2] can be seen around 300 m depth from about
20◦ S to 20◦ N. Finally, the high measured [Fediss] deeper than 2 km are
probably due to hydrothermal vents, which are not included in this model
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Figure 2.7: Modelled [Fediss] (nM) at the West Atlantic Geotraces cruise track,
based on Dynamics 2. Measurements of [Fediss] were taken during the Geo-
traces cruises (Rijkenberg et al. 2014) and are presented as coloured dots (same
non-linear scale).

simulation. These measurements have been described by Rijkenberg et al.
(2014) in more detail.

Figure 2.8: Modelled [O2] (µM) at the West Atlantic Geotraces cruise track,
based on Dynamics 2. Measurements of [O2] were taken during the Geotraces
cruises and are presented as coloured dots (same linear scale).
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Further details on the Pisces model can be found in the supplementary
material of Aumont and Bopp (2006) and in Aumont (in preparation), and
the source code of the model can be found at http://www.nemo-ocean.
eu/. Since Pisces v3.1 (Aumont and Bopp 2006), which is used in this
thesis, there have been improvements in simulating iron (Tagliabue et al.
2009; Tagliabue and Völker 2011; Tagliabue et al. 2014).

2.3 Observational data
The measured value of an observable (shortly: measurement) is never
exactly equal to the real value of the observable (shortly: truth). The
observational error consists of at least a random error and potentially a
systematic error (also named bias or accuracy):

measurement = truth + bias + random error . (2.11)

Probability
density Accuracy

Precision
Value

Reference value

Figure 2.9: Accuracy is the proximity of measurement results to the reference
value. Precision is the reproducibility of the measurement (based on http://
commons.wikimedia.org/wiki/File:Accuracy_and_precision.svg).

Figure 2.9 presents a hypothetical measurement, or average of several
measurements, with a probability distribution around that value. The

http://www.nemo-ocean.eu/
http://www.nemo-ocean.eu/
http://commons.wikimedia.org/wiki/File:Accuracy_and_precision.svg
http://commons.wikimedia.org/wiki/File:Accuracy_and_precision.svg
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typical spread of this distribution is the precision or reproducibility of
the measurement. The random error lies, with a high probability, within
the precision. Another value in the figure is denoted as reference value.
The difference between this reference value and the measured value is the
accuracy of the measurement. Ideally, the reference value is equal to the
‘truth’ or ‘real value’, but that is in principle empirically inaccessible.

In the case of recent oceanographic programmes like Geotraces, so
called ‘reference samples’ were taken, of which subsamples were sent to
different laboratories. The individual so-called ‘reference samples’ must
not be confused with the above reference value. Next in each laboratory
the values of such reference samples were determined with the methods
used by the respective laboratories. An independent referee does at first
remove statistical outlier laboratories (if any) and from the remaining sub-
mitted data of remaining laboratories derive ‘consensus values’ with stan-
dard deviations from these samples. Comparison with the reported values
and standard deviations of anyone’s given laboratory provides an extra
indication of the accuracy and precision of that one laboratory. These con-
sensus values are used only as an additional quality control for providing
extra confidence of the given laboratory, but are not used for adjustment
of the datasets of ocean seawater measurements. Whereas in this thesis
the model output of the dissolved Al and Mn concentrations is regularly
compared with the latter datasets of ocean seawater measurements, the ex-
tra information of these ‘consensus values’ does not affect this model-data
comparison. Henceforth, both truth and consensus value may be used for
the reference value, and the difference between these terms is of no further
use for the goals of the rest of the thesis.

In this thesis the focus is mainly on the Aldiss and Mndiss distributions
obtained from the recent sampling along the Geotraces Atlantic Merid-
ional transect, which is presented in Figure 2.10. The complete methods
for producing the ocean seawater measurements and datasets of dissolved
Al and Mn, and the latter datasets in themselves, were the work of Dr. Rob
Middag. Only for the sake of complete information of the readership of
this thesis, these methods are included as the final appended Section 2.6
of this chapter.
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Figure 2.10: Sampling stations. With a total of 60 full water column depth profiles
sampled, the transect was completed in four separate cruises. Stations 1.2–1.19
were sampled during cruise 64 PE 319 aboard RV Pelagia in April/May 2010 (blue
dots). Stations 2.21–2.41 were sampled during cruise 64 PE 321 (black dots) in
June/July 2010 and stations 4.3–4.7 were sampled during cruise 64 PE 358 (yel-
low dots) in August 2012 aboard RV Pelagia completing sampling in the Northern
Hemisphere. Sampling of the GA02 Geotraces transect in the Southern Hemi-
sphere was conducted from the British research vessel RRS James Cook (cruise
74 JC057) in March/April 2011 (red dots). Numbers in this figure indicate the
leg and station numbers (NLeg.NStation). Figure with the courtesy of R. Middag
and M. Rijkenberg.



52 Methodology

2.4 Model-data comparison

This section sets out how to judge how well a model performs with respect
to the observations (i.e. how reliable it is), and how this relates to the
accuracy of the measurements and the predictive error of the model.

If some modelled variable and the corresponding measured variable
coincide sufficiently, the model may be reliable in the statistical sense, but
it may give the right results for the wrong reasons. This means that in
principle such a result does not say anything about the intrinsic11 goodness
of the model, another type of reliability (Petersen 2006, p. 58). It only
says something about the statistical reliability of the model, or how well
it performs within the context where it is used. If the model simulation
output and the observations are not sufficiently similar, the model is not
reliable (in the first, statistical sense).12 In that case, if the model is based
on a theory, most likely it is not a good model of the theory. However, if it is
a good model of the theory (especially when the model is isomorphic to the
theory’s formalism), either the theory or the observations are inadequate.
If in that case the observations are correct, the model provides evidence
for the falsity of the theory.13

2.4.1 Predictive uncertainty and error

A model can make predictions of variables in a system. How these predic-
tions relate to observations and the true state of the system is depicted in
Figure 2.11. This figure includes all quantitative aspects of the reliability
of a model simulation relevant for the purposes in this thesis. For a wider
typology of uncertainties, refer to Petersen (2006).

The reference value T (or truth) is represented by the green circle, and
the measured value O (or observation) by the blue circle. The dotted circles

11Realists and structural realists would say ontological, while empiricists and the like
would probably not call it that. Moreover, some anti-realists may even not consider any
other type of reliability than the statistical model performance.

12In the case of chaotic behaviour, an average of an ensemble of simulations with
small variations in the internal state or initial conditions of the model may be taken to
compare with the observations. An ensemble average cannot be taken of observations,
so the chaotic error cannot be averaged out. This error must hence be taken into account
when defining ‘sufficiently similar’.

13The latter option is unlikely. Theory falsification is characterised as “extraordinary
research” instead of “normal science” (Kuhn 1970). More likely is that the model is not
a good model of the theory.
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Figure 2.11: Accuracy, precision, residual, predictive error and predictive uncer-
tainty. The green circle represents the true value of a variable (T ), the blue circle
is the observation (O) and the red circle is the prediction (P ) by the model. The
random error of the observation is the precision and that of the model is the
predictive uncertainty. They are represented by the large dashed circles around
O and P . The distance between the observation and the truth is the accuracy.
The residual is defined by the distance from the prediction to the observation,
while the distance to the truth is called the predictive error. In (a) there is no
overlap between the domain of predictive uncertainty around P and the domain
of precision around O, which signifies that there are structural problems with the
model (as opposed to parameter or numerical errors), while there is a big overlap
in (b), hence in that case the prediction is relatively good. This figure is loosely
based on Stow et al. (2009), though the terminology is different from theirs.

around observation O and prediction P represent the typical spreads in
the measurements and simulated values, respectively. More precisely, they
represent levels of constant probability density of P and O, respectively,
such that the integrated densities outside their circles are low, say, 5 %.

The observation O should be close to T . The distance between O
and T is the accuracy of the observation. Of course, T and hence the
accuracy and the predictive error are not known. If there is no significant
systematic error in the method of measurement, the truth T lies within the
observational precision. The precision is also referred to as reproducibility
and is equal to the standard deviation of several measurements of a certain
reference sample.

A modelled value P (prediction) of a variable should be as close as
possible to the true value T as well. The smaller the difference between
P and T , the more predictive the model is. Therefore this distance is
simply called the predictive error. This error consists of structural errors,
including the errors of the underlying model structure and parameterisa-
tion. As with observations, models have a sort of random error, which is
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here referred to as predictive uncertainty. This uncertainty includes the
parameter space, numerical errors and, often, representation errors. The
latter type signifies that model variables do not correctly represent observ-
ables, because of a finite gridbox size and the fact that, as is done in this
thesis, the seasonal cycle is averaged out. In the Al and Mn models in this
thesis (Chapters 3, 4 and 6) interannual variability and chaotic behaviour
from the model’s dynamics do not occur either because the dynamics are
prescribed by a one-year climatology (Section 2.2), and the trace metal
models are linear and do not feed back to the underlying model. Further-
more, the underlying dynamical model is very viscous (because of its low
resolution). Seasonal variability and numerical errors are assumed to be
small. Hence, the predictive error mainly concerns the free range of pos-
sibilities in the choice of parameters. Those are not extensively probed in
this thesis, except for a small number of sensitivity simulations in the core
parameters of the Al and Mn model (not the underlying NEMO-Pisces
model).

To some extent the parameters are tuned such that the model better
reproduces the measurements, i.e. minimises the residual, and generally
with that the predictive error. This does not mean, however, that the
predictive error can always become zero. Firstly, if the halo around the
prediction does not include the observation, as in Figure 2.11(a), tuning of
parameters can decrease the residual only to a certain extent, i.e. it cannot
escape the original halo. For further reduction structural model changes
are needed. Secondly, the total number of degrees of freedom of the 3-D
model (even taking only the yearly average of a quasi-steady-state year)
is much higher than the number of tunable parameters. For instance, a
reduction of the residual in the Southern Ocean may result in an increase
of the residual in the Arctic Ocean.

2.4.2 Goodness of fit

The precision and accuracy of [Aldiss] and [Mndiss] are very high as shown
in Section 2.6. This means that its metrical distances are small, as depicted
by Figure 2.12. As long as the precision and accuracy are high (i.e. small
in a metrical sense) compared to the predictive error (or residual), one can
decrease the predictive error by decreasing the residual, i.e. the difference
between the prediction and the observation. This is important, since the
observations are known, while the truth is empirically inaccessible. The
goodness of fit measures the performance of a model. It is defined as
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some function of the residuals, and modellers typically try to optimise the
goodness of fit.

In Figure 2.11(a) there is no overlap between the domain of predictive
uncertainty around P and the domain of precision around O, which signifies
a wrong prediction and should correspond to a low goodness of fit, while
there is a big overlap in Figure 2.11(b), corresponding to a high goodness
of fit, hence in that case the prediction is relatively good.

P
T

O
residual

predictive error

  predictive
uncertainty

Figure 2.12: See the caption of the more general Figure 2.11, but in this figure we
illustrate how the accuracy and precision compare with the predictive uncertainty
and predictive error in this thesis. The accuracy and precision are both very high
for the observations of [Aldiss] and [Mndiss], while the predictive uncertainly and
predictive error are assumed to be much higher.

Recall our original definition of model: a structure in which at least
some sentences of a theory, hypotheses or observations are satisfied within a
sufficiently small predictive error. To define the right criterium for ‘some’
sentences being ‘sufficiently’ good, a goodness-of-fit function should be
introduced. Note, however, that such a function typically (as in what
follows) only takes into account the residual while leaving out other aspects
of uncertainty.

To compare quantitatively the model results of this thesis with the
observations, the focus is on the West Atlantic Ocean. The data points of
the Geotraces transect in that region are used. First the observations
are linearly interpolated onto the model grid, after which sensible residuals
can be defined as Pi −Oi for each i ∈ {1, ..., N}, where N are the number
of data points. The interpolation introduces a representative error that is
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now taken to be part of the residual (Figure 2.12). Then several statistics
are determined, namely the Root Mean Square Deviation (RMSD), the
Reliability Index (RI) and the correlation coefficient r. Definitions of these
statistics can be found in Stow et al. (2009). However, since there are many
more observations and grid boxes in the upper part of the ocean, more
weight would go to the upper layers of the ocean if these statistics were
to be used unadjustedly. To compensate for the inhomogeneous sample
distribution in depth, for each of these statistics adjusted versions are
defined as follows:

The RMSD is determined by

Dl =

(∑30
k=1∆zk ·

∑J
j=1(Pjk −Ojk)

2

J ·
∑30

k=1∆zk

)1/2

, (2.12)

where O is the observed and P the modelled [Aldiss] or [Mndiss], weight-
ing with model layer thickness ∆zk of layer k ∈ {1..30} for every station
j ∈ {1..J}, where J is the number of stations (60 for [Aldiss] and onshore
[Mndiss], or 55 for shipboard [Mndiss]). The l signifies the vertical weight-
ing modification of the standard RMSD with the model layer thickness
∆z (Figure 2.2). This is done to compensate for the overrepresentation
of data points near the ocean surface. Furthermore, for each sensitivity
simulation the significance of the change in the RMSD compared with the
corresponding reference simulation is calculated. This is determined by
means of a Monte Carlo simulation on the reference simulation for which a
subsample of 400 has been randomly selected from the original set of 1800
or 1650 data–model points. They are the pairs of observations and model
output, both on the model grid. This is done 50 000 times, and from this
the 2σ confidence interval is calculated (the mean ± two times the stan-
dard deviation). Suppose that we wish to simulate q, and assume q is in
steady state. Given a simulation X, for each model simulation Y resulting
in qY (x), the average RMSD of the Monte Carlo simulation of qY (x) must
be outside the 2σ confidence range of the RMSD distribution of qX(x) to
say that Y is a significant improvement or worsening compared to X.

The reliability index adjusted by weighting with the model layer thick-
ness is defined as

RIl = exp

∑30
k=1∆zk

∑J
j=1(logOjk

Pjk
)2

J ·
∑30

k=1∆zk

1/2

. (2.13)



2.5 Epilogue 57

Finally, the adjusted correlation coefficient is defined as

rl =

∑30
k=1∆zk

∑J
j=1(Ojk −O)(Pjk − P )√(∑30

k=1∆zk
∑J

j=1(Ojk −O)2
)(∑30

k=1∆zk
∑J

j=1(Pjk − P )2
) ,

(2.14)
where the bars denote averages over all j ∈ {1..J} and k ∈ {1..30}. The
significance in changes of RIl and rl between simulations X and Y are
calculated in the same way as for Dl.14

2.5 Epilogue

Models are used to test our knowledge of the real world, and to make
predictions (e.g. future climate projections). If base assumptions about
the Earth are put into the model, the phenomena in the real world should
be present in the model simulations as well. If that is not the case, the
model or our understanding of the world is wrong. If the model shows a
high goodness of fit with observations, this suggests that our understanding
is correct. This ‘testing approach’ will be applied in Chapters 3, 4 and 6.

Instead of trying to model the real world, it is also possible to do
sensitivity simulations in which boundary conditions or internal variables
of a model are changed. The effect on the system (e.g. the change in
surface temperature or the effect of pollution on certain plants) may then
be quantified relative to the perturbation in the boundary condition or
internal variable. This is a way to find out what the most important
processes in a model are. This approach will be applied in Chapters 3
and 6, and Appendix A. If changing certain parameters has a big effect
in the model, the processes that include these parameters may be the
most important ones in the real system. These processes should be looked
at most carefully when modelling the Earth or when changing things on
our Earth.

14Often the significances will be the same for the different goodness-of-fits, but that
does not need to be in general. For instance, the RMSD is more a measure for the
absolute difference between measurements and model, while the correlation coefficient
says more about how well the simulated tracers are distributed.
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2.6 Appendix: Shipboard methods by Dr. Rob
Middag

2.6.1 Sample collection
For the determination of tracer concentrations, notably [Aldiss] and [Mndiss], sam-
ples were collected along the Geotraces Atlantic Meridional section of the
Netherlands (Figure 2.10). Sampling was done with an all-titanium ultraclean
CTD sampling system for trace metals (De Baar et al. 2008) with novel PVDF
samplers. Immediately upon recovery, the complete titanium frame with its 24
PVDF samplers was placed inside a clean room environment sampling from where
the sub-samples for trace metal analysis were collected. The water was filtered
from the PVDF samplers over a 0.2 µm filter cartridge (Sartobran-300, Sartorius)
under pressure (1.5 atm) of (inline prefiltered) nitrogen gas. Sub-samples for dis-
solved metals were taken in cleaned (Middag et al. 2009, for cleaning procedure)
LDPE sample bottles. All sample bottles were rinsed five times with the sample
seawater. Seawater samples were acidified with HCl to a concentration of 0.024 M
HCl which results in a pH of 1.7 to 1.8 with Baseline® Hydrochloric Acid (Seastar
Chemicals Inc.).

2.6.2 Analysis of dissolved Al
Analyses of dissolved Al were performed on shipboard with the improved lumo-
gallion fluorescence flow injection method of Brown and Bruland (2008), adapted
from Resing and Measures (1994). This method is a flow injection analysis, based
on the fluorescence from the reaction between lumogallion and Al. Samples were
stored in a refrigerator (4◦C) and analysed usually within 24 h after sampling
but always within 36 h. Samples were acidified 1 h before the start of a run of 10
samples with the equivalent of 2 ml 12 M ultraclean HCl (Baseline® Hydrochloric
Acid, Seastar Chemicals Inc.) per litre of sample to 0.024 M HCl which results
in a pH of ∼1.8. In the flow injection system the samples were buffered inline
to a pH of 5.5 ± 0.1 with ultraclean 2 M ammonium acetate buffer. This buffer
was produced by diluting a saturated solution of ammonium acetate crystals to
a 2 M solution with MQ (Millipore Milli-Q) deionised water R > 18.2 MΩ cm−1.
The pH was subsequently adjusted to be between 8.8 and 8.9 with ultraclean
ammonium hydroxide. The latter was produced by bubbling 0.2 µm filtered high
purity ammonia gas through MQ water.

The buffered sample was pre-concentrated during 150 s on a Toyopearl AF-
Chelate 650M (TosoHaas, Germany) column. Hereafter the column was rinsed
for 60 s with MQ water to remove interfering salts. The Al was subsequently
eluted from the column with 0.16 M HCl (Suprapure, Merck) during 180 s. The
eluate of Al in HCl entered the reaction stream which consisted of a lumogallion
(Pfaltz & Bauer) solution in 4 M ammonium acetate buffer. The 4 M buffer was
produced similar to the 2 M buffer (see above), but with the pH adjusted to be
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between 6.4 and 6.5 and the lumogallion was a 4.8 mM solution in MQ. The
mixing of the HCl and the buffer results in a reaction pH between 5.3 and 5.4 at
which an Al-Lumogallion chelate complex is formed which can be detected by its
fluorescence. The complex was mixed in a 10 m reaction coil placed in a water
bath of 50 ◦C. Hereafter a 5 % Brij-35 (Merck) solution in MQ was added to
increase the sensitivity (Resing and Measures 1994) and mixed in a 3 m length
mixing coil. Afterwards the emission of the fluorescent complex was detected on
a FIA-lab PMT-FL detector with a 510 until 580 nm emission filter and a 480
until 490 nm excitation filter. Concentrations of Al were calculated in nanomole
per litre (nM) from the peak heights of triplicate measurements.

The system was calibrated using standard additions from a 5000 nM Al stock
solution (Fluka) to filtered acidified seawater of low Al concentration that was
collected in the sampling area. A five-point calibration line (0, 3, 6, 12 and 24 nM
standard additions) and blank determination were made every day. The three
lowest points (0, 3 and 6 nM) of the calibration line were measured in triplicate
and the two highest points (12 and 24 nM) in duplicate in order to add more
weight to the lower part of the calibration line. The resulting concentration in
nM were converted to nmol kg−1. The blank was determined as the intercept of
the signals of increasing pre-concentration times (30, 60, 120 and 240 seconds)
of the calibration water and was 0.15 nM (σ = 0.035 nM; n = 57). The value
of 0.2 nM was the maximum allowed blank before starting a series of analyses.
The limit of detection, defined as three times the standard deviation of the lowest
concentration observed, was 0.05 nM. The flow injection system was cleaned every
day by rinsing with a 0.5 M HCl solution.

An internal reference sample was measured in triplicate every day. This was a
sub-sample of a 25 dm3 volume of filtered seawater that was taken at the beginning
of Leg 1 (also used during Leg 2, i.e. Iceland to the equator) and Leg 3 (Punta
Arenas, Chile, to the equator). The relative standard deviation (i.e. the precision)
of this replicate analysis seawater sample that was analysed 40 times on different
days in triplicate was 3.34 % (Leg 1 and 2) and 2.27 % for 17 analyses during
Leg 3. The relative standard deviation on single days was on average 1.3 % and the
absolute values were 6.46 and 9.83 nM for the first two legs and Leg 3, respectively.

As external comparison the samples collected on the Geotraces Intercal-
ibration Cruise (www.geotraces.org) as well as some samples from the SAFe
cruise (Johnson et al. 2007) were analysed for Al. At this station the results
listed in Table 2.2 were obtained. The dissolved Al data at the Bermuda Atlantic
Time-series Study (BATS) from the Geotraces cruises by Royal Netherlands
Institute for Sea Research (NIOZ) were checked for accuracy by comparison with
the consensus values calculated from an independent referee. This lab had re-
ceived seven reference values from the cross-sections of seven different cruises,
including the values that were determined by NIOZ. Of these cruises one refer-
ence value was removed, leaving six values. These reference values were averaged,
resulting in a consensus value, which is here considered as the true value. These

www.geotraces.org
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[Aldiss] (nmol kg−1) Consensus Middag et al.
SAFe S 1.67± 0.10 (n = 6) 1.68± 0.03 (n = 4)
Geotraces S 27.5± 0.2 (n = 6) 27.4± 0.3 (n = 12)
Geotraces D 17.7± 0.2 (n = 6) 17.5± 0.3 (n = 21)

Table 2.2: Consensus values of [Aldiss] in the SAFe and Geotraces reference
samples as of November 2011 and the according values of those determined by
NIOZ (Middag et al. in preparation).

values are listed in Table 2.2, together with the values determined by NIOZ. The
observations by NIOZ have accuracies (compared to the reference values) that are
smaller than the precisions of both the consensus and NIOZ values.

Besides the high accuracy with the consensus value, the profile at the BATS
station shows a good comparison with another cruise (Figure 2.13). The differ-
ences between the two are notable, but this is because of variability (at a timescale
of seasons or more).

Figure 2.13: [Aldiss] of NL 2010 (at the BATS station): good agreement with
US 2008. [Aldiss] data by Middag (2010) and Brown and Bruland (2008). Re-
drafted after Cutter and Bruland (2012).
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2.6.3 Analysis of dissolved Mn

Analyses of dissolved Manganese (Mn) were performed on shipboard with the
method developed by Doi et al. (2004) with some slight modifications in the
preparation and brands of the chemicals used. Furthermore, samples were buffered
in-line with an ammonium borate sample buffer (see text below). Samples were
acidified with the equivalent of 2 ml 12 M ultraclean HCl (Baseline® Hydrochloric
Acid, Seastar Chemicals Inc.) per litre of sample to 0.024 M HCl which results
in a pH of ∼1.8 at least 6 h before analysis. In the flow injection system, the
samples were buffered in-line to a pH of 8.5± 0.2 with ammonium borate sample
buffer. This buffer was produced by dissolving 30.9 g of boric acid (Suprapure,
Merck) in 1 L MQ water (Millipore Milli-Q) deionised water R > 18.2 MΩ cm−1

and adjusting the pH to 9.4 with ammonium hydroxide (Suprapure, Merck).
The buffered sample was pre-concentrated during 150 s on a Toyopearl AF-

Chelate 650M (TosoHaas, Germany) column. Hereafter the column was rinsed for
60 s with MQ water to remove interfering salts. The Mn was subsequently eluted
from the column with 0.16 M HCl (Suprapure, Merck) during 170 s. The Mn was
subsequently eluted from the column for 200 seconds with a solution of 0.1 M three
times quartz distilled formic acid (reagent grade, Merck) containing 0.1 M hydro-
gen peroxide (Suprapure, Merck) and 12 mM ammonium hydroxide (Suprapure,
Merck). The pH of this carrier solution was adjusted to 2.9 ± 0.05. The eluate
with the dissolved Mn passed a second column of immobilised 8-hydroxyquinoline
(Landing et al. 1986) to remove interfering iron ions in the carrier solution (Doi
et al. 2004). Hereafter the carrier mixed subsequently with 0.7 M ammonium
hydroxide (Suprapure Merck) and a luminol solution. The latter luminol solution
was made by diluting 600 µl luminol stock solution and 10 µl TETA (triethylenete-
tramine, Merck) in 1 dm3 MQ. The luminol stock solution was made by diluting
270 mg luminol (3-aminophtalhydrazide, Aldrich) and 500 mg potassium carbon-
ate in 15 ml MQ. The resulting mixture of carrier solution, ammonium hydroxide
and luminol solution had a pH of 10.2±0.05 and entered a 3 m length mixing coil
placed in a water bath of 25 ◦C. Hereafter the chemiluminescence was detected
with a Hamamatsu HC135 Photon counter. Concentrations of dissolved Mn were
calculated in nanomole per litre (nM) from the photon emission peak height of
triplicate measurements.

The system was calibrated using standard additions from a 5000 nM Mn stock
solution (Fluka) to filtered acidified seawater of low Mn concentration that was
collected in the sampling area. A five-point calibration line (0, 0.1, 0.2, 0.6 and
1.2 nM standard additions) and blank determination were made every day. The
three lowest points (0, 0.1 and 0.2 nM) of the calibration line were measured in
triplicate and the two highest points (0.6 and 1.2 nM) in duplicate in order to add
more weight to the lower part of the calibration line. The blank was determined by
measuring acidified MQ which was below the detection limit and subsequently no
blank was substracted. The limit of detection defined as three times the standard
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deviation of the lowest value observed was < 0.01 nM. The flow injection system
was rinsed every day with a 0.5 M HCl solution.

An internal reference sample was measured in triplicate every day. This was a
sub-sample of a 25 dm3 volume of filtered seawater that was taken at the beginning
of Leg 1 (also used during Leg 2, i.e. Iceland to the equator) and Leg 3 (Punta
Arenas, Chile, to the equator). The relative standard deviation (i.e. the precision)
of this replicate analysis seawater sample that was analysed 40 times on different
days in triplicate was 2.57 % (Leg 1 and 2) and 1.21 % for 17 analyses during
Leg 3. The relative standard deviation on single days was on average 1.37 %
and the absolute values were 0.45 and 0.61 nM for the first two legs and Leg 3,
respectively.

As external comparison the samples collected on the Geotraces Intercali-
bration Cruise (www.geotraces.org) as well as from the SAFe cruise (Johnson
et al. 2007) were analysed for Mn. At this station the results listed in Table 2.3
were obtained. In this case for Mn the same procedure as for Al has been done,
but with more than six samples (Table 2.3). Again, the BATS intercomparison or
cross-over station showed excellent agreement between sampling and processing
systems used by NIOZ. In this case the distributions of the measurements from
NIOZ lie within the precision of the consensus values (not denoted in Figure 2.9
– the consensus values here are determined from multiple values while a ‘true
value’ would be only one value). In other words, the accuracy is smaller than
the precision of both the consensus and NIOZ values, i.e. the reference value lies
within the bell curve of Figure 2.9.

[Mndiss] (nmol kg−1) Consensus Middag et al.
SAFe D2 0.35± 0.05 0.33± 0.01 (n = 24)
Geotraces S 1.46± 0.14 1.47± 0.03 (n = 10)
Geotraces D 0.21± 0.03 0.18± 0.01 (n = 5)

Table 2.3: The BATS intercomparison or cross-over station used by the NIOZ
(Netherlands).

Besides the good agreement with the consensus values, the measurements also
agreed well with those of an independent lab. The profiles of both laboratories
at BATS are presented in Figure 2.14. The difference between the two profiles
is significant mostly in the mixed layer. Furthermore, these Mn profiles are also
consistent with the profiles determined by Landing et al. (1995).

Figure 2.15 shows the correlation between the two methods of analysis for
the determination of [Mndiss], shipboard and laboratory measurements, by NIOZ
(courtesy of R. Middag). There is a very good agreement between the shipboard
and mass spectrometer analyses, which strongly suggests a high observational ac-
curacy. In Chapter 6 the observational data obtained from the shipboard Flow

www.geotraces.org
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Figure 2.14: [Mndiss] at the NL 2010 (Bermuda) station: good agreement be-
tween two different methods of two labs with independent primary lab standards
prepared by Rob Middag at NIOZ and Geoffrey Smith at UCSC. Samples were
analysed by Rob Middag both at sea (FIA NIOZ) and in the lab (ICPMS UCSC).

Injection Analysis (FIA) analysis is used for the comparison with the model simul-
ations.

Figure 2.15: The correlation between the two methods of analysis for the deter-
mination of [Mndiss], shipboard and laboratory mass spectrometry.
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Chapter 3

Aluminium in an ocean
general circulation model
compared with the West
Atlantic Geotraces cruises1

Abstract

A model of aluminium has been developed and implemented in
an Ocean General Circulation Model (NEMO-Pisces). In the
model, aluminium enters the ocean by means of dust deposi-
tion. The internal oceanic processes are described by advection,
mixing and reversible scavenging. The model has been evalu-
ated against a number of selected high-quality datasets cover-
ing much of the world ocean, especially those from the West
Atlantic Geotraces cruises of 2010 and 2011. Generally, the
model results are in fair agreement with the observations. How-
ever, the model does not describe well the vertical distribution
of dissolved Al in the North Atlantic Ocean. The model may
require changes in the physical forcing and the vertical depen-
dence of the sinking velocity of biogenic silica to account for
other discrepancies. To explore the model behaviour, sensitiv-

1This chapter is based on Van Hulten et al. (2013) that has been published in Journal
of Marine Systems.
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ity experiments have been performed, in which we changed the
key parameters of the scavenging process as well as the input
of aluminium into the ocean. This resulted in a better under-
standing of aluminium in the ocean, and it is now clear which
parameter has what effect on the dissolved aluminium distribu-
tion and which processes might be missing in the model, among
which boundary scavenging and biological incorporation of alu-
minium into diatoms.

3.1 Introduction

The distribution and cycling of aluminium (Al) in the ocean has received
attention for a variety of reasons. Firstly, if the Al cycle is understood well,
aluminium surface concentrations can be used to constrain atmospheric
dust deposition fields (Gehlen et al. 2003; Measures et al. 2005; Han et
al. 2008; Measures et al. 2010), which are used to predict aeolian iron
addition to the euphotic zone. This is important, since iron is an essential
trace-nutrient for phytoplankton, thus its availability has a direct effect on
primary production and air-sea CO2 exchange (Martin 1990; De Baar et al.
2005; Boyd et al. 2007). Secondly, there is evidence that Al inhibits the
solubility of sedimentary biogenic silica (Lewin 1961; Van Bennekom et al.
1991; Dixit et al. 2001; Sarmiento and Gruber 2006; Emerson and Hedges
2006). If less biogenic silica gets dissolved from sediments, eventually there
will be less silicic acid available in the euphotic zone, which will reduce
diatom production as silicon is an essential major nutrient for diatoms.
Modified diatom productivity will impact ocean food webs and the export
of organic carbon to the ocean’s interior. For advancement in both of these
fields of interest a good understanding of the Al cycle is pertinent.

Currently it is assumed that the major source of Al to the ocean is via
dust deposition (e.g. Orians and Bruland 1986; Maring and Duce 1987;
Kramer et al. 2004; Measures et al. 2005). When dust enters the ocean,
a part of its aluminium content (1–15 %) dissolves in the uppermost layer
and is quickly distributed over the mixed layer by turbulent mixing. Most
dust remains in the particulate phase and sinks to the bottom of the ocean,
while a small fraction might dissolve in the water column. The dust that
does not dissolve at all is buried in the sediment (Gehlen et al. 2003;
Sarmiento and Gruber 2006).
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Arguments that dissolution occurs primarily in the upper layer of the
ocean come from shipboard experiments and atmospheric moisture con-
siderations. Maring and Duce (1987) and Measures et al. (2010) showed
that within a day after deposition most of the soluble Al will be dissolved.
Assuming a sinking speed of dust of 30 m d−1 (metre per day), most Al
would then dissolve in the upper 30 m of the ocean. This depth is generally
shallower than the mixed layer depth, which means that there is little dis-
solution below the mixed layer. Even though some earlier studies showed
that most deposition is dry (Jickells et al. 1994; Jickells 1995), more recent
work shows that dust deposition is mostly wet (Guerzoni et al. 1997; Vink
and Measures 2001). It has been argued that most dust passes through
low-pH environments in the atmosphere, which means that for wet depo-
sition Al is already dissolved when it enters the ocean surface. Since the
wetly deposited Al is most important, dissolution in the surface ocean is
most relevant (as a lower bound, since dry deposition results in both sur-
face and water column dissolution). Furthermore, based on the same low
pH argument, soluble Al from dry deposition is likely to instantaneously
dissolve in the surface ocean (Measures et al. 2010, and references herein),
making the relative amount of surface dissolution even higher compared
to water column dissolution.

As rivers carry large concentrations of Aldiss, fluvial input could be
thought to be important as well. However, Aldiss is quickly removed in es-
tuaries and coastal regions by scavenging (Mackin 1986; Mackin and Aller
1986; Orians and Bruland 1986; Brown et al. 2010). This is also referred to
as boundary scavenging and involves both lithogenic and biogenic particles
(e.g. Roy-Barman 2009). There are also indications for Al input as a con-
sequence of sediment remobilisation, as in the Arctic Ocean (Middag et al.
2009) and North Atlantic Ocean (Moran and Moore 1991). However, the
importance of sedimentary sources can vary by basin. E.g. in the South-
ern Ocean sediment sources are small as shown by Moran et al. (1992)
and Middag et al. (2011a). Finally, hydrothermal vents are thought to
only play a minor role (e.g Hydes et al. 1986; Middag 2010). In summary,
the dominant external source of aluminium in the ocean is atmospheric
dust deposition.

Dissolved aluminium (Aldiss) is removed mainly by particle scaveng-
ing (Stoffyn and Mackenzie 1982; Orians and Bruland 1986; Moran and
Moore 1989; Bruland and Lohan 2006). This is the combination of ad-
sorption onto the solid surface of a particle, followed by sinking due to
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insufficient buoyancy of the particle in the seawater (Goldberg 1954; Ba-
con and Anderson 1982; Bruland and Lohan 2006). Typically, scavenging
is deemed to be reversible, which means that during sinking release of
the adsorbed, or particulate, aluminium (Alads) may occur. This happens
both directly (by desorption) and indirectly (by dissolution of the biogenic
carrier particles). As a consequence, Aldiss concentrations increase with
depth (Bacon and Anderson 1982; Anderson 2006). In this way Aldiss is
distributed over depth more efficiently than due to mixing and water mass
transport. Aluminium is scavenged relatively efficiently and therefore has
a relatively short residence time in the ocean (100–200 yr) (Orians and
Bruland 1985).

Except for scavenging, there are strong suggestions from observations
in certain regions that Al is biologically incorporated into the siliceous
cell walls of diatoms (MacKenzie et al. 1978; Stoffyn 1979; Moran and
Moore 1988a; Gehlen et al. 2002). It appears that Al does not play an
essential role for the diatoms, but it can be incorporated functioning as a
replacement for silicon (Si), since the atom is similar in size. Therefore it is
likely that the incorporation ratio Al : Si is close to that of the surrounding
waters. These regions include the Arctic Ocean (Middag et al. 2009) and
the Mediterranean Sea (MacKenzie et al. 1978; Hydes et al. 1988; Chou
and Wollast 1997). Given the ratio Al : Si of incorporation into the diatom
in the euphotic zone, after remineralisation anywhere in the water column,
the same dissolved Al : Si will be present, as long as this is the only source
of Al and Si. When the dissolved Al and Si is then advected and mixed into
North Atlantic Deep Water (NADW), and advected towards the Southern
Hemisphere, this signal slowly disappears because of other sources of Al
among which dust deposition and possibly sediment resuspension (Middag
et al. 2011a) and a source of Si from Antarctic Bottom Water (AABW).

Recent years have seen the development of models of the marine bio-
geochemical cycle of Al. Gehlen et al. (2003) implemented a basic scav-
enging model, while Han et al. (2008) also included a biological aluminium
incorporation module. Gehlen et al. (2003) had the objective of testing
the sensitivity of modelled Al fields to dust input and thus to evaluate
the possibility for constraining dust deposition via Aldiss. To this purpose
they embedded an Al cycle in the HAMOCC2 biogeochemical model. The
model consists of an equilibrium relation between, on the one hand, Alads
and, on the other hand, Aldiss. In chemical equilibrium, [Alads] is pro-
portional to the biogenic silica (Sibiog) concentration. In their work, as
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well as this paper, the term biogenic silica or Sibiog refers to the detrital
silicic fraction that is fuelled by diatoms and other silicifying phytoplank-
ton. When Sibiog sinks to the seafloor (together with adsorbed Al), it is
buried. The resulting concentration of modelled Aldiss was of the same
order of magnitude as the then published observations, but it suggested a
significant overestimation of Saharan dust input (Gehlen et al. 2003) when
the dust deposition field of Mahowald et al. (1999) was used. The main
goal of Han et al. (2008) was to better constrain the dust deposition field.
For this purpose they used the Biogeochemical Elemental Cycling (BEC)
model improved by Moore and Braucher (2008) as a starting point. They
used all dissolved Al datasets used by Gehlen et al. (2003) and added more
datasets. Besides scavenging, Han et al. (2008) also added a biological Al
uptake module where the Al : Si uptake ratio is a function of the ambient
dissolved Al and Si concentrations. The surface residence time of Al for
both modelling studies varies strongly between different locations (from
less than one year to almost 80 years).

Overall, there are a number of questions regarding the oceanic Al cycle
that remain to be fully addressed. These touch on issues of ocean circu-
lation, the specific sources and sinks of Al in different parts of the world
ocean and what processes are needed to accurately simulate the oceanic
distribution of Al. Firstly, there is the question of the meridional (north
to south) distribution of Al through the Atlantic Ocean. In the North
Atlantic Ocean and northern seas, water sinks and forms NADW, which is
then transported southwards (e.g. Lozier 2010; Gary et al. 2011). In the
deep Atlantic Ocean the dissolved Si concentration increases from north
to south (Ragueneau et al. 2000; Sarmiento and Gruber 2006), while the
concentration of Aldiss stays relatively constant until about 20◦ S and then
decreases (see Section 3.3 and Chapter 5). Thus it has a generally oppo-
site behaviour compared to Si. Since there are strong suggestions that the
processes controlling the distribution of Si and Al are linked, the question
is raised how this negative correlation is possible. Secondly, there is the
question about the observed profiles of Aldiss at different locations in the
ocean. Generally, profiles of Aldiss have a reversible-scavenging profile (in-
creasing with depth) and often with a minimum near 1 km depth and a
maximum at the surface because of dust deposition. However, observa-
tions in the Mediterranean Sea (Hydes et al. 1988; Chou and Wollast 1997)
and IPY-Geotraces-NL observations in the eastern Arctic (Middag et al.
2009) show that there is a strong positive relation between aluminium and
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silicon. This supports the hypothesis of biological incorporation of alu-
minium into the cell wall of diatoms.

These issues can be analysed further by the use of numerical models.
Since there is a strong spatial variation in aluminium concentration (and its
relation to silicon), an ocean general circulation model is used to simulate
the distribution of Aldiss. Potentially crucial parameters and sources can
be modified in the model to test its sensitivity to these changes. In this
way a better understanding of the aluminium cycle can be reached.

In this chapter the observed distribution of Aldiss is modelled and the
processes driving it are examined. Based on new observations and previ-
ous work on aluminium modelling (Gehlen et al. 2003; Han et al. 2008) a
model of aluminium based on dust deposition and scavenging by biogenic
silica is formulated. This model and the configuration of the simulations
will be set out in the following section. Then the observations which are
used to check and improve the model will be discussed. The results of
the several experiments follow in Section 3.3, as well as a comparison with
the observations. The discussion in Section 3.4 comprises of a comparison
between our model results and Gehlen et al. (2003), a timescale analysis,
and based on that a discussion of our simulations. The results are not com-
pared with Han et al. (2008), since simulations with biological aluminium
incorporation have not been performed in this chapter. The last section
(3.5) sums up the conclusions, gives an outline for further development of
the model and suggests what further study is needed.

3.2 Methods

3.2.1 Model description

To model the three-dimensional distribution of Aldiss, the Ocean General
Circulation Model (OGCM) called Nucleus for European Modelling of the
Ocean (NEMO) is used (Madec 2008). For this study we use Pisces, one
of the biogeochemical components available in NEMO (Aumont and Bopp
2006; Ethé et al. 2006), which has been employed for many other studies
concerning trace metals, as well as large-scale ocean biogeochemistry (Au-
mont and Bopp 2006; Dutay et al. 2009; Arsouze et al. 2009; Dutay et al.
2009; Tagliabue et al. 2010; Tagliabue and Völker 2011). Pisces is run
off-line forced by a climatological year of physical fields including subgrid
turbulence. The forcing frequency was set to five days. These physical
fields were calculated by the circulation component of NEMO named OPA
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Figure 3.1: Velocity at the surface of Dynamics 1, yearly average. The colour
indicates the speed in m s−1, while the vectors represent the direction of the flow.
Vectors are plotted at every fifth gridpoint.

(Madec et al. 1998), which was forced by satellite-derived wind stress data.
Details on the forcings and model configuration can be found in Section 2.2.

All input and output fields are defined on the ORCA2 grid, an irregular
grid covering the whole world ocean with a nominal resolution of 2◦× 2◦,
with the meridional resolution increased near the equator, and it includes
two ‘north poles’ in Canada and Russia to eliminate the coordinate sin-
gularity in the Arctic Ocean. Its vertical resolution is 10 m in the upper
100 m increasing downward such that there are 30 layers in total. In Fig-
ure 3.1 the annually averaged surface velocity field of the OPA output
is plotted on a lon-lat grid. It shows the main features of the ocean
circulation such as the equatorial current systems, the western boundary
currents (chiefly the Gulf Stream and Kuroshio) as well as the Antarctic
Circumpolar Current.

Biogeochemical model

The aluminium cycle (next section) is implemented in Pisces, a biogeo-
chemical model simulating the cycle of carbon and the major nutrients
(nitrate, phosphate, ammonium, silicic acid, and iron), along with two
phytoplankton types (diatoms and nanophytoplankton), two zooplankton
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grazers (micro- and meso-zooplankton), two classes of particulate organic
carbon (small and large) of differential labilities and sinking speeds, as well
as calcite and biogenic silica. The standard version of Pisces accounts for
24 tracers. For a more detailed description of Pisces see the auxiliary
material of Aumont and Bopp (2006), and Section 2.2.3.

The aluminium ocean model interacts with the silicon cycle. The
model Pisces distinguishes three silicon pools: the silicon content of living
diatoms (Sidiat); the silicon content of dead, sinking diatoms (Sibiog) and
dissolved silicic acid (Sidiss). In the model Sidiss and other nutrients are
supplied to the ocean by means of atmospheric dust deposition, rivers and
sediment mobilisation (Aumont and Bopp 2006; Gehlen et al. 2007).

Aluminium model

For the modelling of Al, two new tracers are introduced to Pisces: dis-
solved aluminium (Aldiss) and adsorbed aluminium (Alads). The Al model
follows the approach of Gehlen et al. (2003): the internal processes (de-
scribed below) of adsorption and desorption are identical to the model
of Gehlen et al. (2003), although the associated biogeochemical model is
more complex.

For the standard model configuration, the sole source of Al to the
ocean is by dissolution of dust particles in the ocean surface. In one of
the sensitivity experiments, a small fraction is also dissolved in the water
column (Section 3.2.1). The used Al : Fe dust fraction of 8.1 : 3.5 is based on
the mass percentages of Al and Fe known to be present in the Earth’s crust
(Wedepohl 1995). The solubility of Al from dust is not well constrained,
with reported values ranging from 0.5–86 %, but it is probably in the range
of 1–15 % (Orians and Bruland 1986; Measures and Vink 2000; Jickells et
al. 2005). Furthermore, it is likely that the source of dust has an impact on
the solubility of the Al in the dust (Baker et al. 2006; Measures et al. 2010,
and references herein). The solubility of dust is taken as a constant with
respect to the origin and location of deposition. The dissolution occurs
only in the upper model layer, and is described by the following equation:

∂Adiss
∂t

∣∣∣
z=0

=
αAl · fAl
mAl ·∆z1

· Φdust , (3.1)

where Adiss is the concentration of dissolved Al; Φdust is the Al flux into
the ocean, α is the fraction of Al that is dissolved, and ∆z1 is the thickness
of upper model layer. Since in the mixed layer vertical mixing is rapid,
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adding Aldiss in the first layer is effectively the same as adding it spread
out over the mixed layer. The Al that does not dissolve from dust, either
at the surface or in the water column, is assumed not to play any role in
the biogeochemical cycle of Al on our timescales of interest, and can be
thought of as being buried in marine sediments.

Dissolved Al is assumed to adsorb onto biogenic silica particles and,
aside from external inputs, the Aldiss concentration is essentially governed
by adsorption and desorption. The Aldiss and Alads concentrations follow
a reversible first-order adsorption equation (Gehlen et al. 2003):

∂Aads
∂t

∣∣∣
ad/desorption

= κ(Aeq
ads −Aads) , (3.2)

where
Aeq

ads = kd ·Adiss · Sbiog , (3.3)
in which Sbiog stands for biogenic silica and Aeq

ads is the chemical equilibrium
concentration of Alads. The parameter kd is the partition coefficient and
κ is the first-order rate constant for equilibration of Aads to Aeq

ads. Since
total Al is conserved when only internal processes are concerned, the time
derivative of Adiss is equal to the negative of the time derivative of Aads.

Eqn 3.3 describes the chemical equilibrium between Aldiss and Alads,
and Eqn 3.2 illustrates that some time is needed before equilibrium is
reached (it is not modelled as an instantaneous process). As noted by
Gehlen et al. (2003), this is a purely empirical model and a more mechanis-
tic description of the adsorption/desorption of Aldiss onto Sibiog is difficult,
since in reality, the pool of observed “dissolved aluminium” is operationally
defined: it exists as different kinds of ions as well as colloids that can go
through a filter of, e.g., 0.2 µm. Also the adsorbent, Sibiog, exists in var-
ious forms. It is, for instance, difficult to even define the charge density,
which is important for its potential to adsorb Aldiss. Usually the surface
is covered by natural organic matter, which may shield its electric field
(Lead and Wilkinson 2007; Filella 2007). Furthermore, the main scav-
engers for aluminium in the open ocean also include Particulate Organic
Matter (POM), calcium carbonate (CaCO3) and even particulates that
are not part of Pisces (such as lithogenic particles that do not participate
actively in biogeochemical cycles). Hence it is difficult to conceive a mech-
anistic model of ad- and desorption of “Aldiss” onto the poorly-defined pool
of particulates.

In our model only Sibiog is used as a scavenger of Aldiss. Biogenic silica
is likely to be the most important because (1) it sinks quickly, so that Al
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has little chance to significantly desorb from Sibiog (ballast effect), and (2)
positively charged aluminium ions are easily adsorbed onto the negatively
charged surface of Sibiog particles (Dixit and Cappellen 2002; Loucaides
et al. 2010).

In the model, Sibiog sinks with a speed of wML = 30 m d−1 in the mixed
layer. Below the mixed layer, it increases linearly with depth, reaching a
value of w4km = 200 m d−1 at 4 km below the mixed layer (Aumont and
Bopp 2006). This means that Alads also sinks with this speed, while it
can desorb following Eqns 3.2 and 3.3. For every layer in the model, the
following equation holds:

∂Aads
∂t

∣∣∣
sinking

= −ws
∂Aads
∂z

, (3.4)

where ws is the sinking speed, given in the mixed layer by a constant wML
and below the mixed layer increasing with depth according to

ws = wML + (w4km − wML) ·
z −∆zML

4000m −∆zML
, (3.5)

where z is the model depth. Once sunk to the ocean floor, we assume that
the aluminium is buried permanently. This is described by the following
change of Aads in the bottom layer: ∂Aads/∂t

∣∣
burial = −Aads ·ws/∆zbottom

where ∆zbottom is the thickness of the bottom model layer.
Adding advection and mixing, the full equations for Aads and Adiss

away from the boundaries are as follows:

Γ(Aads) = κ(Aeq
ads −Aads)−

∂

∂z
(ws ·Aads) (3.6a)

Γ(Adiss) = −κ(Aeq
ads −Aads) , (3.6b)

where the general advection and eddy diffusion are implicit in the gener-
alised full time derivative Γ (Eqn 2.3; see Section 2.2.2 for details).

The code of the NEMO model, as well as Pisces and the aluminium
model, is free software: software that can be used, studied, and modified
without restriction (except that published modifications must fall under
the same license). It is available at http://www.nemo-ocean.eu/. Ver-
sion 3.1 of the NEMO model is used, specifically svn revision 1183. This
can be accessed through http://forge.ipsl.jussieu.fr/igcmg/svn/
modipsl/. The aluminium specific code is available under the same con-
ditions as an electronic supplement to Van Hulten et al. (2013): trcal_-

http://www.nemo-ocean.eu/
http://forge.ipsl.jussieu.fr/igcmg/svn/modipsl/
http://forge.ipsl.jussieu.fr/igcmg/svn/modipsl/
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sed.F90 describes aluminium deposition into the ocean and into the sed-
iment, and trcal_rem.F90 describes the internal processes of ad- and
desorption.

Input fields

The dust deposition field was taken from the output of the INCA model,
an atmospheric dust model (Hauglustaine et al. 2004). INCA is the aerosol
module of the LMDzT atmospheric model (Schulz et al. 2009). The re-
sulting climatology is used and described by Aumont et al. (2008) and
evaluated in Textor et al. (2006). The yearly averaged dust deposition is
shown in Figure 3.2a. Most dust is deposited in the Atlantic Ocean, west

(a) Dust deposition (g m−2 yr−1) at the
ocean surface

(b) Sediment source of Al in Pisces
(mol Al m−2 yr−1).

Figure 3.2: Aluminium sources used to force the model, based on the Fe input in
Pisces, using using an Al : Fe crustal ratio of 8.1 : 3.5.

of the Sahara and west of the Kalahari Desert. Another important dust
deposition site is found in the northern Indian Ocean. Dust deposition
east of Asia in the Pacific Ocean is much smaller, and in the South Pa-
cific Ocean, the Southern Ocean and the Arctic Ocean there is almost no
deposition of dust. The amount of dust per basin is listed in Table 3.1.

According to Textor et al. (2006) the model that is used to create
this dust deposition field is validated against high-quality observational
datasets, but there are a number of uncertainties, because there are not
enough observations available to sufficiently constrain any dust model glob-
ally. The spatial resolution is nominally 2◦, and the temporal resolution
is one month (twelve time steps per year). In reality, dust deposition is
highly sporadic and local (Aumont et al. 2008; Rijkenberg et al. 2008).
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Basin Dust deposition Sediment sources
Gmol yr−1 % Gmol yr−1 %

Atlantic Ocean 19.36 49.1 21.5 24.9
Pacific Ocean 8.12 20.6 37.6 43.6
Indian Ocean 9.02 22.9 14.1 16.3
Southern Ocean 0.05 0.12 5.5 6.3
Arctic Ocean 0.22 0.56 6.4 7.4
Mediterranean Sea 2.66 6.6 1.3 1.5
total 39.44 100.0 86.4 100.0

Table 3.1: Amount of yearly dust and sediment input in each basin. The Southern
Ocean is defined as the ocean south of 59◦ S, without overlap with the Pacific, At-
lantic and Indian Oceans. Small seas that are resolved by the model are included
in the fluxes to the connected basins.

However, there is sufficient horizontal mixing to dilute the Aldiss distribu-
tion, such that there is no significant concentration change caused by dust
deposition events. This has been observed in the North Atlantic Ocean
(Rijkenberg et al. 2012). Furthermore, our aim is to look at averages of
[Aldiss] over at least several months, and therefore it is acceptable to use
monthly averaged dust deposition fields. The deposition field (Figure 3.2a)
is very similar to the one used by Jickells et al. (2005), except that in our
field there is almost no dust deposition near Argentina and Chile.

Figure 3.2b presents the sediment source that is used for one of the sen-
sitivity experiments. It is a function developed for Fe fluxes and depends
on the sea floor topography (which accounts for the degree of oxygenation
of the sediments), as described by Aumont and Bopp (2006). The Al : Fe
mass ratio used is 8.1 : 3.5, the same as for the dust deposition field.

Simulations

The goal in this study is to better understand how the assumptions made
in the model impact on the distribution of Aldiss. Specifically, we aim to
examine the importance of different Al cycle processes and external Al
sources. To that end, five sensitivity experiments were performed (Ta-
ble 3.2) with parameters different from the reference experiment.

For the reference experiment (RefDyn1) a five percent dissolution of
the Al fraction is used, which is within the known range and close to the
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values used by Gehlen et al. (2003) (3 %) and Han et al. (2008) (5 %).
The partition coefficient kd is set to 4× 106 l kg−1. This quantity signifies
the amount of Al that can adsorb onto biogenic silica particulates, which
means that if kd is to be increased, Aldiss is exported in larger quantities
by scavenging. Our value is four times higher than that of Gehlen et al.
(2003), but much smaller than the one used by K. Orians and J. McAlister
(5.6× 107 l kg−1) that was used for both shelves and open ocean regions
(McAlister and Orians 2011).2 The first-order rate constant κ, which sig-
nifies how quickly the equilibrium between Aldiss and Alads is established,
is not constrained by the literature. All these parameters for the reference
experiment are chosen in such a way that the model simulates the Aldiss
distribution from the observations of the selected cruises (Section 3.2.2)
reasonably well, while all the parameters remained within literature ranges.

After 600 yr the reference experiment is forked into several sensitivity
simulations. These sensitivity experiments are run, along with the refer-
ence experiment, for another 1300 yr or more to a steady state. The total
model time for the reference simulation is 2200 yr. An overview of all key
parameters for the simulations is given in Table 3.2. For all experiments we
use the OPA physical fields and atmospheric dust deposition as described
in Section 3.2.1. In all simulations, except for the third which tests the
sensitivity of water column dissolution, Al is dissolved only in the surface
ocean. In the third experiment Al is dissolved in the water column as well
with the fraction a · e−z/z0 of the dust deposition field, where a = 10−4,
z is the depth in km and z0 = 1 km. The extra term added to Eqn 3.6b
is a · e−z/z0(fAl/mAl)Φdust/∆zi for i ≥ 2, where ∆zi is the thickness of
layer i, and a forms with the exponent the fraction of Al that is dissolved
in layer i.

The sensitivity simulations can be divided into two types of sensitivity
experiments: the first three test the sensitivity to Al sources (amount of
dust dissolution into the surface ocean and into the ocean water column,
and the inclusion of ocean sediment dissolution) and the last two test the
sensitivity to the internal Al cycling (lower partition coefficient kd and
lower first-order rate constant κ).

2We did not use the kd value from Gehlen et al. (2003), because initial experiments
showed that this would leave too much Aldiss in the ocean surface, especially at high
latitudes.
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3.2.2 Observations

The recent Geotraces observations in the Arctic (Middag et al. 2009),
North-east Atlantic (Middag 2010, Chapter 5), West Atlantic (Middag et
al. in preparation) Oceans and the Atlantic section of the Antarctic Ocean
(Middag et al. 2011a) are used for a detailed comparison and optimisa-
tion of the model parameters. These datasets (upper part of Table 3.3)
comprise overall 4013 individual data values for dissolved Al. All values
have been verified versus international reference samples and their con-
sensus values of the SAFe and Geotraces programmes, see appended
Section 3.6 of this chapter. Moreover, during cruise 64 PE 321 (2010) ex-
cellent agreement was obtained for a complete vertical profile of dissolved
Al at the BATS station between a previous occupation and dissolved Al
data in 2008 by the US Geotraces group (Section 3.6). The data points
of Remenyi (2013), south of Australia (SAZ-Sense and SR3), were added
to the updated figures. However, they are not discussed in the text, be-
cause they were not available at the time of writing the paper on which
this chapter is based (Van Hulten et al. 2013). The same is true for the five
extra stations in the North-west Atlantic Ocean by Middag et al. (in prepa-
ration) (64 PE 358). This large amount of observations give the possibility
to compare the model with deep ocean observations of [Aldiss], allowing us
to validate the model in the deep ocean and to study the global Al cycle
in more detail.

For a worldwide global ocean comparison one has to rely on data
that was collected in the era before the reference samples of SAFe and
Geotraces were available. Inevitably the definition of criteria for se-
lecting such previously published datasets is less rigorous, see Section 3.6,
appended to this chapter, for the criteria used for each of the selected
datasets. The selected datasets are listed in Table 3.3, lower part, and
positions are presented in Figure 3.3.
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Figure 3.3: Stations of the cruises: M 60 [yellow]; MC-80 and VERTEX [red];
IOC96 [green]; IRONAGES III [blue]; KH-98-3 [pink]; EUCFe [black]; Geo-
traces [purple]. See Table 3.3 for an overview with references and the number
of observations.



3.2 Methods 81

C
ru

ise
R

es
ea

rc
h

ve
ss

el
Ye

ar
Lo

ca
tio

n
So

ur
ce

A
m

ou
nt

A
R

K
X

X
II

/2
Po

la
rs

te
rn

20
07

A
rc

tic
M

id
da

g
et

al
.(

20
09

)
10

80
A

N
T

X
X

IV
/3

Po
la

rs
te

rn
20

08
So

ut
he

rn
O

ce
an

M
id

da
g

et
al

.(
20

11
a)

an
d

M
id

da
g

et
al

.(
20

12
)

91
9

SA
Z-

Se
ns

e
A

ur
or

a
A

us
tr

al
is

20
07

So
ut

he
rn

O
ce

an
R

em
en

yi
(2

01
3)

14
6

SR
3

A
ur

or
a

A
us

tr
al

is
20

08
So

ut
he

rn
O

ce
an

R
em

en
yi

(2
01

3)
29

2
64

PE
26

7
Pe

la
gi

a
20

07
N

or
th

-e
as

t
A

tla
nt

ic
M

id
da

g
et

al
.(

in
pr

ep
ar

at
io

n)
13

7
64

PE
31

9
Pe

la
gi

a
20

10
N

or
th

-w
es

t
A

tla
nt

ic
M

id
da

g
et

al
.(

in
pr

ep
ar

at
io

n)
38

3
64

PE
32

1
Pe

la
gi

a
20

10
C

en
tr

e-
w

es
t

A
tla

nt
ic

M
id

da
g

et
al

.(
in

pr
ep

ar
at

io
n)

50
4

64
PE

35
8

Pe
la

gi
a

20
10

C
en

tr
e-

w
es

t
A

tla
nt

ic
M

id
da

g
et

al
.(

in
pr

ep
ar

at
io

n)
12

0
JC

05
7

Ja
m

es
C

la
rk

R
os

s
20

11
So

ut
h-

w
es

t
A

tla
nt

ic
M

id
da

g
et

al
.(

in
pr

ep
ar

at
io

n)
43

2
Su

bt
ot

al
us

ed
pr

im
ar

ily
fo

r
de

ta
ile

d
co

m
pa

ris
on

an
d

op
tim

isa
tio

n
of

th
e

m
od

el
:

40
13

C
om

pi
la

tio
n

of
se

le
ct

ed
ot

he
r

ob
se

rv
at

io
ns

fo
r

gl
ob

al
oc

ea
n

co
m

pa
ris

on
IO

C
96

K
no

rr
19

96
C

en
tr

al
-s

ou
th

A
tla

nt
ic

V
in

k
an

d
M

ea
su

re
s

(2
00

1)
10

49
M

60
M

et
eo

r
19

82
N

or
th

-e
as

t
A

tla
nt

ic
K

re
m

lin
g

(1
98

5)
91

IR
O

N
A

G
ES

II
I

Pe
la

gi
a

20
02

N
or

th
-e

as
t

A
tla

nt
ic

K
ra

m
er

et
al

.(
20

04
)

18
1

EU
C

Fe
K

ilo
M

oa
na

20
06

Eq
ua

to
ria

lP
ac

ifi
c

Sl
em

on
s

et
al

.(
20

10
)

19
5

M
C

-8
0

T
ho

m
ps

on
19

80
Pa

ci
fic

O
ria

ns
an

d
B

ru
la

nd
(1

98
6)

92
V

ER
T

EX
-4

W
ec

om
a

19
83

N
or

th
Pa

ci
fic

O
ria

ns
an

d
B

ru
la

nd
(1

98
6)

54
V

ER
T

EX
-5

T
ho

m
ps

on
19

84
N

or
th

Pa
ci

fic
O

ria
ns

an
d

B
ru

la
nd

(1
98

6)
59

K
H

-9
8-

3
H

ak
uh

o-
M

ar
u

19
96

Ea
st

In
di

an
O

ba
ta

et
al

.(
20

07
)

15
2

Su
bt

ot
al

co
m

pi
la

tio
n

of
se

le
ct

ed
ot

he
r

ob
se

rv
at

io
ns

fo
r

gl
ob

al
co

m
pa

ris
on

:
18

73
G

ra
nd

to
ta

lo
fa

ll
di

ss
ol

ve
d

A
lv

al
ue

s
us

ed
in

th
is

st
ud

y:
58

85

Ta
bl

e
3.

3:
O

bs
er

va
tio

na
ld

at
a

us
ed

fo
r

co
m

pa
ris

on
w

ith
m

od
el

.
Fo

r
po

sit
io

ns
se

e
Fi

gu
re

3.
3.



82 Aluminium in an ocean model compared with observations

3.3 Results

3.3.1 Reference simulation

The reference experiment is performed for a spin-up period of 2200 yr.
The resulting total ocean Al budget in the reference simulation is around
7 Tmol (1 Tmol = 1012 mole). Already after 600 yr the total Al distri-
bution is more or less in a steady state as shown by Figure 3.4, where
the total integrated aluminium (dissolved and adsorbed) is plotted against
time. Therefore, from 600 yr our sensitivity experiments (Section 3.3.2)
are forked.3

Figure 3.5 presents the Aldiss surface concentration of the reference ex-
periment. As in all subsequent plots, yearly averages are shown. There is a
seasonal cycle in [Aldiss] in our model, but it is small relative to the spatial
trends. The observed Aldiss concentrations from our Al data compilation
(Section 3.2.2) are plotted as circles over the modelled Aldiss concentration
in this and later figures. A comparison of the model with the observations
will be done in Section 3.3.1. Consistent with the dust deposition field (Fig-
ure 3.2a), the largest modelled [Aldiss] at the surface are in the central At-
lantic Ocean, with values between 30 and 40 nM (1 nM = 10−9 mol dm−3)
near 20◦ N, decreasing northwards to values in the order of several nM
north of 60◦ N. The concentration of Aldiss between 40◦ N and 60◦ N is
larger than expected based on the dust deposition field (Figure 3.2a).
This is because the Gulf Stream and the North Atlantic Current trans-
port Aldiss northwards before most of it is scavenged. As will be shown in
Section 3.4.2 and 3.4.5, most Aldiss is scavenged before it passes Iceland.
The result is that [Aldiss] in the surface waters of the Arctic Ocean is in
the order of 1 nM. On the other side of the globe, south of 40◦ S, the Al
concentration is even lower, less than 1 nM. This is to be expected on the
basis of [Sibiog] (Figure 3.6) and the dust deposition flux (Figure 3.2a). In
the Pacific Ocean the concentration is relatively low as well, except near
20–35◦ N where a wide band of high [Aldiss] can be found. This maximum
arises from the large dust deposition along the Asian continental margin
between 20◦ N and 60◦ N. North of 40◦ N, the concentration of Sibiog is
high, as can be seen in Figure 3.6. Therefore, in that region the dissolved
Al is quickly depleted by the high Sibiog concentration in the surface, while

3The relevant tracers of the raw model output can be found at http://data.zkonet.
nl/index.php?page=Project_view&id=2916&tab=Datasets.

http://data.zkonet.nl/index.php?page=Project_view&id=2916&tab=Datasets
http://data.zkonet.nl/index.php?page=Project_view&id=2916&tab=Datasets
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Figure 3.4: Total Al budget ([Alads] +[Aldiss]) (Tmol) in the world ocean, plotted
against the model years

Figure 3.5: Dissolved aluminium concentration (nM) from the reference experi-
ment at the surface ocean, with respective observations plotted on top of it. Note
that the scale is expanded for low concentrations.
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Figure 3.6: Biogenic Si concentration (nM) in the Pisces model, at the surface,
yearly average.

south of 40◦ N the North Pacific Current transports it eastwards into the
central North Pacific Ocean.

In Figure 3.7 the modelled Aldiss concentration of the reference experi-
ment is shown at selected depths (surface, 500 m, 2500 m and 4500 m) and
in Figure 3.8 the Geotraces cruise sections in the West Atlantic Ocean
and at the Southern-Ocean prime meridian. This section was calculated
from the three-dimensional model data by converting the ORCA2 gridded
model data to a rectilinear mapping and after this interpolating the recti-
linear data onto the cruise track coordinates. In the Atlantic Ocean there
is a maximum of [Aldiss] from about 40◦ S at 2 km depth, getting higher
northwards (Figure 3.8). According to the model, deep Aldiss concentra-
tions are low in the Southern Ocean, the Arctic Ocean and the Pacific
Ocean (Figure 3.7).

Comparison with observations

In Figures 3.5, 3.7 and 3.8 observed Aldiss concentrations (Section 3.2.2)
are plotted as circles over the modelled results. The precision of the mea-
surements performed during the Geotraces cruises at a 1 nM level and



3.3 Results 85

Figure 3.7: Dissolved aluminium concentration (nM) from the reference experi-
ment at several depths, with respective observations plotted as dots.

Figure 3.8: Dissolved aluminium (nM) from reference experiment along the West
Atlantic, and the prime meridian in the Southern Ocean, Geotraces cruise
tracks. Observations are presented as dots, in the same colour scale.



86 Aluminium in an ocean model compared with observations

lower (polar oceans) was about 4 % and at a 20 nM level (West Atlantic
Ocean) about 2 % (Middag 2010, p. 25). These observations have a stan-
dard deviation that is smaller than can be distinguished based on the
colour bar. Older observations generally have lesser precision, but are of
sufficient quality (Sections 3.2.2 and 2.3 for details). Therefore the model
results can in principle be compared with the observations without regard
of measurement errors.

Figure 3.5 shows that the model and the observations reveal similar
patterns in the surface ocean: high concentrations in the central Atlantic
Ocean and low concentrations in the polar oceans and the Pacific Ocean.
However, details in the modelled Aldiss distribution do not agree with the
observations. For instance, the large concentration in the Pacific Ocean
between 20 and 35◦ N is not visible in the observations of Orians and
Bruland (1986). Also between 45 and 65◦ N in the West Atlantic Ocean
the concentration of Aldiss in the model is overestimated compared with the
Geotraces observations near Greenland (Middag et al. in preparation).
This suggests that Al is not sufficiently scavenged in this area. This is
further discussed in Section 3.4.2. The model underestimates [Aldiss] near
Brazil. This can be related to errors in ocean currents (Figure 3.1), as
the transport of small-[Aldiss] water might be too strong in the Brazil
current. In reality this current is narrower than the 2◦ resolution of the
model. Another possibility is that the dust deposition field is not realistic
in this area. Furthermore, the observations generally have more spatial
variability than the modelled [Aldiss]. Many of these differences depend on
several model boundary conditions (dust deposition distribution, velocity
field, particle sinking speed) as well as temporal variability, because the
presented model results are yearly averages, while observations are done
throughout the year in precise locations.

Figure 3.8 shows that similar patterns are present in the West Atlantic
Ocean in the model and the observations. There is a clear pattern of
NADW, which is mainly visible between 40◦ S and 20◦ N in both the model
and the observations. In Figure 3.9 the Atlantic Overturning Stream Func-
tion (OSF) is plotted over the model results, showing that the patterns of
the OSF and [Aldiss] coincide. In the Southern Ocean, low concentra-
tions of Aldiss in the upper km are clearly penetrating from the Southern
Ocean northwards to at least 20◦ S around 500 m depth. This is Antarctic
Intermediate Water (AAIW) and Subantarctic Mode Water (SAAMW).
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Figure 3.9: The quantity in the coloured area is the model [Aldiss] (nM) at
the Geotraces West Atlantic cruise section. The contours represent the model
Atlantic Overturning Stream Function (Sv).

From the Southern Ocean near the bottom, there is also AABW flowing
northwards, visible in the observations and the model.

The similarity between the model and the observations lessens in the
deeper North Atlantic Ocean, where according to the observations [Aldiss]
increases with depth (for depths below 800 m), while in the model there is a
decrease with depth below 1.5 km. Besides this general pattern of increase
of [Aldiss] with depth in the observations, a very high concentration of
Aldiss is present between 45 and 50◦ N near the sediment, which enhances
the dissimilarity between the model and the observations. This problem
will be discussed further in Section 3.4.5.

Furthermore, in the Southern Hemisphere in the model the maximum
of [Aldiss] is at about 2 km depth, indicating a southward flow around 2 km
depth. In the observations this maximum is at 3 km depth, indicating a
southward flow at 3 km depth. Indeed, according to the hydrographical
analysis of the West Atlantic Geotraces cruise (Aken 2011; Krauss and
Beckmann 1996) the flow is at 3 km depth. As can be seen in Figure 3.9
the southward flow is too high in the water column compared to the ob-
servations.

Another feature that is not captured by the model is the [Aldiss] profile
in the eastern Arctic Ocean, which is shown in Figure 3.10. It shows that
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Figure 3.10: [Aldiss] (nM) profile in the eastern Arctic of reference experiment
(blue dashed line) and the observations of IPY-Geotraces-NL observations
(black solid line) at 213.6◦ E, 87.03◦ N.

the modelled [Aldiss] increases with depth from a minimum near 150 m
to a maximum near the bottom by a factor of three (and is in the order
of 2 nM). The observations show an increase as well (as also presented in
Figure 3.7), but here it is far more pronounced with a small minimum at
the surface (less than 1 nM) to a large maximum near the abyss (around
18 nM) (Middag et al. 2009). Thus in the Arctic Ocean the vertical change
in [Aldiss] in the model is by far not as pronounced as in the observations.
The absence of sediment sources of Al might play a role in this. The results
of a simulation with sediment sources will be discussed in Section 3.3.2.

3.3.2 Sensitivity simulations

Section 3.2.1 described how our sensitivity simulations are set up. The
reasons why we performed these specific experiments are closely related
to the problems we encountered while interpreting the results from the
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reference experiment (Section 3.3.1). After a brief summary of two of
these problems and associated sensitivity simulations, the results of these
simulations will be presented.4

How can it be that in the Atlantic Ocean from 800 m depth to the
bottom of the ocean there is a decrease in the Aldiss concentration in
the model, while according to the observations there is an increase (Fig-
ure 3.8)? The only transformation mechanism in our model is reversible
scavenging, which should give a profile where [Aldiss] increases with depth,
and the only source is dust. However, the model biogenic silica concentra-
tion, its sinking speed, advection and mixing and the first-order rate con-
stant κ are all relevant for the vertical distribution of Aldiss as well. Since
the biogenic silica concentration and the physical fields can both be as-
sumed to be reasonably realistic (Section 3.2.1), no sensitivity simulations
concerning these fields are described in this paper. We do perform one
simulation with a different first-order rate constant to investigate where in
the ocean this parameter influences the Aldiss distribution. The value of κ
is significantly decreased in this simulation (this parameter is very poorly
constrained by observations).

Concerning the strongly depth-increasing profile of Aldiss as observed
in the eastern Arctic Ocean (Figure 3.10), we perform a simulation where
sediment ocean margins are added as a source of Aldiss, following the ap-
proach of Aumont and Bopp (2006) and assuming an Al : Fe ratio of 8.1 : 3.5
from the sediment source (thus we assume that sediment Al supply is cou-
pled to Fe). Furthermore, an experiment is performed where the partition
coefficient is decreased from 4× 106 dm3 kg−1 to 2× 106 dm3 kg−1, which
is a way to evaluate the importance of relative partitioning between the
dissolved and adsorbed fraction.

Increased dust dissolution

To examine the impact of greater dust dissolution on the cycling and distri-
bution of Aldiss, we increase the surface dissolution percentage of Al from
5 to 10 % (Dust10%). In Figure 3.11 the resulting change in [Aldiss] in the
surface ocean. In the West Atlantic Ocean along the Geotraces cruise
transect the increase in [Aldiss] is everywhere between 99 and 100 % (not
presented). The [Aldiss] is increased with a factor of two at most locations
in the ocean.

4The relevant tracers of the raw model output can be found at ftp://zkoclient:
zko@dmgftp.nioz.nl/zko_public/00056.

ftp://zkoclient:zko@dmgftp.nioz.nl/zko_public/00056
ftp://zkoclient:zko@dmgftp.nioz.nl/zko_public/00056
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Figure 3.11: The relative difference of the dissolved aluminium concentration
between the experiment with a doubled dissolution (Dust10%) and the reference
experiment (RefDyn1) at the surface, after 1490 yr. The scale is in percentages,
of which the largest part from 90 % to 100 %.

The doubling can be explained when the model equations (Eqns 3.2
and 3.3) are considered. Consider a one-box model in which equilibration
is instantaneous (κ = ∞). If we increase dust dissolution everywhere
with a factor of two and wait until steady state, we also get a doubled
particulate Al burial. This means that [Alads] must be doubled in the
ocean since the sinking/burial speed does not change. Since in steady
state [Alads] is proportional to [Aldiss] (Eqn 3.3), [Aldiss] must be doubled
as well. Hence a doubled [Aldiss] is expected. In other words, the total
Al budget is linear with the input (for instance Broecker and Peng 1982,
for background). This means that the amount of dissolution in the surface
ocean has an effect everywhere in the ocean, i.e. the effect is global and
not restricted to dust deposition sites.

The Al budget is not doubled everywhere. Figure 3.11 shows that in the
coastal upwelling region near Chile the increase is only around 95 %. This
is because the model is not completely spun up, as presented in Figure 3.12,
so that the increased dissolution of Al from dust has not reached the deep
Pacific Ocean yet. Therefore the percentages in Figure 3.11 indicate how
close the subsequent sensitivity simulations are to steady state in different
regions of the ocean.
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Figure 3.12: Total Al budget (Tmol) in world ocean during spin-up of 1490 years
for increased dissolution sensitivity simulation (solid black line; forked from the
reference simulation at year 600). The dashed blue line signifies the Al budget of
the reference simulation.

Water column dust dissolution

For the reference experiment dust dissolution is included only in the surface
ocean. A priori there is no reason to assume that Al from dust only
dissolves in the surface ocean. During sinking of dust more Al might be
dissolved. To test the effect of water column dissolution we performed a
sensitivity simulation with water column dissolution included (DustWC).

Gehlen et al. (2003) have included Aldiss input at the surface only, but
they do compare different dust deposition distributions, as do Han et al.
(2008). The latter also dissolve dust below the surface layer, but no sensi-
tivity experiments have been presented for water column dissolution. None
of our sensitivity experiments, as part of an OGCM, have been published
before.

DustWC resulted in slightly higher values of [Aldiss] of up to 0.7 nM
more in some places. Figure 3.13 compares [Aldiss] in the water column
dissolution experiment with the reference experiment (Figures 3.5 and 3.8).

On first sight, north of the equator, water column dissolution moves the
modelled [Aldiss] away from the observations. This is clear if the decrease
in [Aldiss] with depth is considered in the reference simulation, while in
the observations [Aldiss] increases with depth. The simulation with water
column dissolution makes the modelled decrease even more pronounced.
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(a) World ocean surface difference (nM) (b) West Atlantic section difference (nM)

Figure 3.13: Difference in [Aldiss] (nM) between the simulation with water column
dissolution (DustWC) and the reference simulation (RefDyn1).

Also the high [Aldiss] in the upper 500 m is only slightly improved, and not
at precisely the right location: in the upper 500 m the model especially
underestimates [Aldiss] between 20 and 35◦ N. Therefore, water column
dissolution does not improve the model results.

Ocean sediments source

It is possible that dissolution of dust is not the only way in which alu-
minium enters the ocean. River input and hydrothermal vents are excluded
as a significant sources of Al (Section 3.1). Another source that might
be significant, and might also help our model to produce more realistic
[Aldiss] (e.g. in the Arctic Ocean), is redissolution of Al from sediment re-
suspension. Therefore, in one of the simulations, we have included a rough
approximation of Al margin sources (SedMarg). The resulting [Aldiss] and
its difference with the reference experiment is presented in Figure 3.14.
The influence of shelf sediment sources on the surface distribution of alu-
minium can clearly be seen. Especially in the Arctic Ocean, the Indonesian
Archipelago and near the east coast of North America, dissolved aluminium
is increased substantially when sediment input is added to the model. This
is to be expected, since, in the model, the largest sediment source is on the
shelf areas (see Figure 3.2b for the added Al source).

Figure 3.14c represents the difference between the sediment source ex-
periment and the reference simulations at the ocean surface. There is a
clear increase at and near the surface between 20 and 40◦ N in the West
Atlantic Ocean. The cruise section difference plot in Figure 3.14d shows
a large increase in the NADW. So it seems that high [Aldiss] can be ex-
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(a) World ocean surface concentration (nM) (b) West Atlantic section concentration (nM)

(c) World ocean surface difference (nM) (d) West Atlantic section difference (nM)

Figure 3.14: Simulation with sediment input: [Aldiss] (a,b) and its difference with
the reference run (c,d)
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plained by not only dust deposition but also by sediment sources. This is
consistent with the explanation of Middag et al. (in preparation) (Chap-
ter 5), even though their arguments mostly concern deep sediment resus-
pension and to a lesser extent margin sediments. The sediment source in
our model is mostly from near-shore sediment resuspension (Figure 3.2b),
in line with the findings of Mackin and Aller (1986). The current results
suggest that margin sediments do not effectively reproduce this maximum.
Alternatively, a deep sediment source might explain the high [Aldiss] near
the sediment at 45–50◦ N. This will be tested in Chapter 4.

The concentration in the model gets significantly higher in the Arctic
Ocean, which is bad for depths between the surface and a few km, but bet-
ter for deeper waters, where a much higher concentration of aluminium was
observed. This is shown in the profile plots of Figure 3.15. Sedimentary

Figure 3.15: [Aldiss] (nM) profile from a station in the eastern Arctic
(ARKXXII/2): observations (black solid line), the reference simulation (blue
dashed line), and sediment sensitivity simulation (red dash-dotted line), all at
213.6◦ E, 87.03◦ N.

input has as an effect that [Aldiss] increases everywhere in the Arctic Ocean
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(a) World ocean surface difference (%) (b) West Atlantic section difference (%)

Figure 3.16: The difference of the experiment with a decreased kd relative to the
reference experiment.

and especially with depth, giving a profile that has the same form as the
observations, suggesting the potential importance of margin Aldiss sources
herein. However, the modelled [Aldiss] is too large compared with the ob-
servations. Potential reasons for this will be described in Section 3.4.3.

Decreased partition coefficient

One of the key parameters in our model is the partition coefficient kd. It
regulates the amount of Al that can be adsorbed by Sibiog. To see what
effect this parameter has in our model setup, we performed an experiment
in which kd is decreased by a factor of two (LowPaCo).

Figure 3.16 shows that a decrease of kd leads to the most significant
relative increase of [Aldiss] in the Southern Ocean. The reason for the large
increase in [Aldiss] in the Southern Ocean, and also a significant amount
in the northern seas, is that these are locations of high diatom production,
which results in large [Sibiog]. As can be seen from Eqn 3.3, the equilib-
rium concentration of Alads is proportional to kd and [Sibiog], hence kd is
important in regions with high [Sibiog]. This will be further explained by
looking at the Al budget and timescales in Section 3.4.4.

Decreased first-order rate constant

The second most important scavenging parameter is the first-order rate
constant κ. This parameter should have a dynamic effect on the distri-
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bution of Aldiss, since it describes how quickly Aldiss and Alads equilibrate
(Eqn 3.3). To test this in our model, κ is decreased from 104 to 102 yr−1.

Figure 3.17 shows that surface [Aldiss] is significantly higher in Low-
FORC compared with RefDyn1 (compare Figure 3.5 with Figure 3.17a).
Figure 3.17d shows the relative change in [Aldiss] in the West Atlantic
Geotraces transect. From the equator northwards below 2 km depth
an increase of [Aldiss] is visible. There is also an increase near the deep
sediment between 45 to 50◦ N, but it is too small to explain the elevated
concentration in this area found in the West Atlantic Geotraces obser-
vations (bottom right in Figure 3.8).

(a) World ocean surface concentration (nM) (b) West Atlantic section concentration (nM)

(c) World ocean surface difference (%) (d) West Atlantic section difference (%)

Figure 3.17: [Aldiss] (nM) in the slow equilibration experiment (κ = 100 yr−1)
and the relative difference with the reference experiment (κ = 104 yr−1).
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3.4 Discussion

3.4.1 Comparison with Gehlen et al. (2003)

Since our model is very similar to the model of Gehlen et al. (2003), a good
agreement between our results and theirs is expected. Even though several
features in the two model results are the same, there are also noteworthy
differences. These can arise because of differences in the ocean physics,
the dust deposition field, as well as the biogeochemical model.

For the velocities the output of the NEMO model on the ORCA2 con-
figuration is used in our model. In the model of Gehlen et al. (2003) a cli-
matology from the Hamburg Large-Scale Geostrophic (LSG) OGCM was
used (Maier-Reimer et al. 1993). The basic characteristics of the physics of
the two models are the same, but a few features, like the mixed layer depth
and the Atlantic Meridional Overturning Circulation (AMOC), are signifi-
cantly different. Even though LSG is a low-resolution model, the depth of
the meridional southward return flow of the AMOC is almost 3 km deep,
which is realistic. In the OPA model (with the ORCA2 configuration)
this return flow is much more shallow (a bit over 2 km deep), as shown in
Figure 3.9. A shallow return flow is typical for low resolution models (e.g.
Dutay et al. 2002). Furthermore, the AABW in LSG goes to 15◦ N, while
in our model it goes all the way to 40◦ N. Overall, the physics of the two
models are comparable, but one should keep in mind that the overturning
in the ORCA2 configuration of OPA is too shallow and AABW goes too
far north, compared with the LSG model.

In both the simulations of Gehlen et al. (2003) and in RefDyn1, the
highest concentration of Aldiss is found in the surface model layer (Fig-
ure 3.5) in the Atlantic Ocean around 20◦ N. In both models the Aldiss
concentration is low in the Southern Ocean and in the Pacific Ocean. How-
ever, there are distinct differences of [Aldiss] in the surface ocean between
the two models. Several features visible in the observations are better
captured by the model of Gehlen et al. (2003), while other features are
simulated better by our model. These differences are likely to be due to
the different dust deposition fields used in the model of Gehlen et al. (2003)
compared to the one used here.

In the eastern Atlantic Ocean around 20◦ N near the coast of Africa,
Gehlen et al. (2003) simulated a Aldiss concentration of over 300 nM, or
around 50 nM for a different dust deposition field. The concentrations in
our model and the observations, however, are generally around 30 nM.
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In and near the Indonesian Archipelago [Aldiss] ranges from 1 to 20 nM
in both models, while the observations of Obata et al. (2007) and Slemons
et al. (2010) are much more homogeneous, about 10 nM. This might be
because the ocean currents in both models are not realistic because of a too
low resolution of the model for this region. Possibly other effects in the real
ocean play a role, like sedimentary input from the Indonesian Archipelago
and east of Indonesia (see Figure 3.2b for the relative importance).

The vertical meridional section in Figure 3.8 through the West Atlantic
Ocean shows a reasonable correspondence between the two models. The
concentration at the surface is high in both models, it roughly decreases
with depth in the Atlantic Ocean. In the Southern Ocean aluminium
concentrations are low in the whole column, but especially at the surface
(Figure 3.8, very left). However, in our model between 10◦ S and 45◦ N
there is a significant decrease of [Aldiss] with depth, which is not present
in the model results of Gehlen et al. (2003) where below 2 km north of
the equator [Aldiss] is rather homogeneous in both dimensions along the
cross-section. The model of Gehlen et al. (2003) shows North Atlantic
Deep Water (NADW) in the Aldiss distribution, spreading southwards at
a depth of almost 3 km, as also shown by the observations (Figure 3.8, but
also Van Aken, in preparation). Our model also captures NADW, but this
is at only 2 km depth, as explained before.

3.4.2 Advection versus scavenging

While Al is entering the ocean through the surface by dust deposition
and leaving it at the bottom through burial, it is also transported by the
currents. In this section the objective is to find out whether scavenging or
advection is more important in setting the modelled Al concentration at
different regions of the ocean.

In our model scavenging is reversible, which is based on a priori argu-
ments (Bacon and Anderson 1982; Anderson 2006) and the general increase
of [Aldiss] with depth in observations. Therefore it was not expected that
the model would reproduce a depth-decreasing profile of Aldiss in the At-
lantic Ocean (e.g. Figure 3.17b). It has been shown that the sinking of
Sibiog is too large in Pisces (Dutay et al. 2009). Still the modelled Sibiog
distribution appears realistic, as it is used in several modelling studies (Au-
mont and Bopp 2006; Dutay et al. 2009; Arsouze et al. 2009; Tagliabue
et al. 2010) and has the same spatial patterns as known Sibiog export fields
(e.g. Sarmiento and Gruber 2006).
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It should be emphasised that Al is scavenged only by biogenic silica. Of
course CaCO3 and POC might also scavenge in reality. Looking back to our
comparison with the observations of Middag et al. (in preparation), it was
found that near Greenland [Aldiss] was overestimated by the model. This
would be an example where the addition of other scavengers, especially
CaCO3, can help in decreasing the modelled [Aldiss] near Greenland, and
also in the western South Atlantic Ocean between 30 and 40◦ S. Refer to
e.g. Dittert et al. (2005) and Sarmiento and Gruber (2006) for export of
Sibiog, CaCO3 and POC; or Lam (2011) for concentrations.

The importance of scavenging is visible from several features in our
model data. Firstly, Figure 3.7 shows that on a global scale the pattern
of [Aldiss] has roughly the same form at different depths, which is a result
of reversible scavenging: at the surface where [Sibiog] is high, Al is mainly
adsorbed onto Sibiog, while at depth Al is mostly desorbed from Sibiog.
Specifically, [Aldiss] is high in the Atlantic and Indian Oceans north of
30◦ S, and much lower in other regions of the ocean. Secondly, the fact
that the concentration in the Pacific Ocean is low at all depths, is because
Aldiss is removed by scavenging before it reaches the Pacific Ocean. These
are just a few of the features in the Aldiss distribution that suggest that
on a large scale scavenging is more important than advection.

However, the observations and the model show that advective transport
by ocean currents is important as well. For instance, Figure 3.2a shows that
large quantities of dust are deposited just west of the Sahara. However,
large concentrations of Aldiss are not only visible directly below the dust
deposition site, but even higher concentrations are found further to the
west (Figure 3.5). Large amounts of dissolved Al are advected from the
dust deposition site towards Central America. Hereafter it appears to be
advected northwards until Iceland, where [Aldiss] is high despite very little
dust deposition. Deeper in the North Atlantic Ocean the original dust
signal decreases, and at 2 km depth in the model (or 3 km depth in the
observations) Aldiss is transported into the Southern Hemisphere by the
NADW. This southward transport can be seen clearly in Figure 3.8, but
no further than 40◦ S. South of this latitude the Aldiss concentration is
low. These examples indicate that also advection plays an important role
in the redistribution of Al.
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Timescales

While the analysis of [Aldiss] distributions points to the combined impor-
tance of scavenging and advection in setting its overall pattern, it does not
allow to quantify their relative importance. In order to assess the relevance
of these different processes, associated timescales are defined based on our
model equations.

A priori the relative relevance of scavenging can partly be derived from
the model equations. Substituting Eqn 3.3 into Eqn 3.2 yields:

∂Aads
∂t

∣∣∣
ad/desorption

= κ · (Aeq
ads −Aads)

=
1

τads
Adiss −

1

τeq
Aads , (3.7)

where τads = 1/(κkdSbiog) is the typical adsorption timescale. This is the
typical time necessary for Al to transform from Aldiss to Alads (or vice
versa). This process depends on the amount of available Sibiog and the
amount of Aldiss that can adsorb onto Sibiog, giving the actual rate of
conversion between Aldiss and Alads. The addition of Alads is equal to the
removal of Aldiss, so τads is either the typical time necessary to add Alads,
or the time to remove Aldiss. Another timescale in Eqn 3.7, τeq = 1/κ, is
the time it takes for Alads to equilibrate with Aldiss. This process provides
a stabilising feedback on the growth of Aads (or decrease of Adiss).

Scavenging is the process of adsorption and sinking, so we need to know
how fast particles sink. This is used together with the adsorption timescale
to define a scavenging timescale. Since the surface ocean is analysed, the
typical sinking speed might be defined as sinking through the upper 10 m,
the thickness of the upper model gridbox. However, after exporting Alads
out of a gridbox by sinking, the particles sink through the mixed layer
(which is generally thicker than 10 m). During sinking, the particles will
partly be mixed back into the upper model layer. Therefore to speak of
a removal, it is a necessary condition for Al to sink out of (at least) the
mixed layer. In our model, the sinking velocity of Sibiog and Alads is set
to be constant in the mixed layer, namely ws = 30 m d−1. Now it is easy
to define the typical sinking timescale: τsink = DML/ws, where DML is
the mixed layer depth. The scavenging timescale can be defined as the
maximum of the adsorption and the sinking timescales:

τscav = max(τads, τsink) . (3.8)
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Figure 3.18: Mean local residence time (in months) of dissolved Al in the surface
mixed layer based on scavenging and advection processes.

This signifies how fast Al is exported from the mixed layer. Except for
a few places where the mixed layer is very deep, like the centre of the
Labrador Sea, the time it takes to sink out of the mixed layer is generally
very small compared to the time it takes the Al to adsorb onto a particle
(τsink � τads) and thus almost everywhere τscav = τads.

The typical advection timescale is defined as follows:

τadv = min
(
L

V
,
DML
W

)
, (3.9)

where L is the typical length scale, defined as the horizontal diameter of a
gridbox, and V is the horizontal speed. Since the vertical velocity compo-
nent is very small (W � (DML/L)U), at most locations only the horizontal
components need to be considered, but for correctness the vertical advec-
tion W is included in the calculation as well. The meaning of this timescale
is that within a time τadv dissolved Al (or any other non-buoyant tracer)
is advected out of a gridbox (if it is not scavenged before).

The residence time is defined as the minimum of the scavenging and
the advection timescales: τadv = min(L/V,DML/W ). It is the typical time
that Aldiss stays within a volume box of horizontal grid resolution (about
2◦× 2◦) times DML. This quantity is presented in Figure 3.18. The olig-
otrophic gyres in the Atlantic, Pacific and Indian Oceans are clearly visible.
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Figure 3.19: log10(Υ), when κ = 104 yr−1 and kd = 4× 106 l kg−1. For the
advection time τadv the definition of Eqn 3.9 is used, and the scavenging time
τscav is the maximum of τads and τsink.

In the centre of these gyres it takes much longer than one year before Al
is exported out of a volume box, either by advection or by scavenging.
The modelled [Aldiss] of Figure 3.5 shows in the Atlantic Ocean the largest
values between 10 and 30◦ N. This is partly explained by the large dust
input between 5 and 20◦ N, where Aldiss is removed relatively fast by ad-
vection. However, dust deposition keeps [Aldiss] large, and partly by the
large residence time between 20 and 30◦ N, where there is no large dust
input but Aldiss simply stays there for a long time, since there is no Sibiog
present for scavenging and advection is very small. A similar argument
can be given for the high [Aldiss] near the North Pacific gyre.

If one wants to know which of the timescales are more important, a
relative relation between τscav and τadv must be defined. The number for
relative importance of scavenging versus advection for Al export is the
following:

Υ =
τadv
τscav

. (3.10)

The logarithm of this quantity is plotted in Figure 3.19. In regions where
Υ � 1, like north of 40◦ N in the Atlantic and Pacific Oceans and in the
Southern Ocean, scavenging is more important than advection. On large
scales the large Υ regions coincide very well with the large Sibiog regions
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(Figure 3.6). Looking more in detail, we can see that Υ is less homogeneous
than [Sibiog]. For instance, in the Drake Passage and in the Pacific sector
of the Southern Ocean at 150◦ W the timescale fraction is smaller than
one would expect based on the Sibiog distribution. This is because of the
strong velocity of the Antarctic Circumpolar Current (Figure 3.1).

In regions where Υ � 1, in the low latitudes, advection is more im-
portant than scavenging. One can say that if Υ � 1, [Aldiss] is advection
driven, while for Υ � 1, [Aldiss] is scavenging driven. In the high Υ regions
a one-dimensional (1-D) model would be a reasonable approximation, pro-
vided that there is sufficient Al input to keep [Aldiss] in steady state. One
region where this should perfectly work is the Mediterranean – there Υ is
very large and the dust flux is high. Several other regions like the Ross
and Weddell Seas (Antarctica) and some other coastal areas would also be
good candidates for a 1-D model. Other regions of the ocean cannot be
well described by a 1-D model. For instance, the temperate and equatorial
oceans, as well as the Arctic Ocean would not be a good candidates. Even
though the latter is a semi-closed basin, internal circulation has an effect
of the same order of magnitude as scavenging. These arguments must be
taken into consideration when using 1-D models.

3.4.3 Ocean sediments source

Including margin sediment input of Al results in overestimated values for
[Aldiss] compared to the observations in the Arctic Ocean. Potential rea-
sons for this will now be discussed.

As described in Section 3.2.1 the Al flux is proportional to the Fe flux
which depends on the degree of oxygenation of the sediments. This pro-
portionality is probably not a reasonable assumption, since generally Al
does not flow out of undisturbed sediments, but enters the water column
through resuspension of the sediments (e.g. Mackin 1986; Van Beusekom
et al. 1997). Since there is not enough data on resuspension rates, this
simplistic parametrisation is chosen for our sensitivity experiment. A pri-
ori there is therefore no reason to expect an improvement in the model.
The sensitivity experiment can only be used to get an idea of the first-
order effects of an ocean sediment source of Al, henceforth referred to as
“sediment input”.

Since the sediment input in the Arctic Ocean is treated in the same way
as the rest of the ocean, it is surprising that [Aldiss] gets much too high
(Figure 3.14), certainly when considering the improvement in the West
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Atlantic as described below. There is a lack of knowledge of boundary ex-
change processes (e.g Arsouze et al. 2009), which keeps open the possibility
that the large sediment source from the margins is compensated by bound-
ary exchange processes. In our model only Sibiog was used as a scavenger,
while near the margins, other scavengers like POC and CaCO3 might play
an important role. Also scavengers not present in the Pisces model, like
clay minerals (Walker et al. 1988) might be important for reducing [Aldiss].
The possibility of this boundary scavenging (Bacon et al. 1988; Arsouze
et al. 2009) is convincingly shown to be present in observations (e.g. Brown
et al. 2010).

Since most of the data used here is from the open ocean and not from
coastal areas, and our model is too coarse for an analysis of the coastal
aluminium concentrations, it is not possible to make a good a priori es-
timate of the amount of sediment input needed for a better simulation.
Since dust input and internal processes contain parameters that are, just
like sediment input, not completely constrained, a change in sediment in-
put could result in a simulation that predicts the open ocean aluminium
concentration better, but does a bad job in other areas. Nevertheless, con-
sistent with work by Moran and Moore (1991), Moran et al. (1992), and
Middag et al. (2011a), there are clearly some areas where sediment supply
of Aldiss appears important and a better understanding of the processes
governing its supply is needed.

3.4.4 Internal coefficients

For the experiments where two internal parameters (kd and κ) were changed,
the simulations can now be analysed in a more sophisticated manner by
using the above timescale approach.

As can be seen from the black dash-dotted line in Figure 3.20, the effect
of a halved partition coefficient kd on the whole ocean is an almost doubling
of the total Al budget. According to Eqn 3.3 indeed a halved kd means half
as high Aeq

ads. In all experiments equilibration is very fast, except the one
where κ is decreased significantly. Because of the fast equilibration, with
halved kd, export will be half as fast. In a steady state, this would result
in a doubled Aldiss content, if Sibiog would be distributed homogeneously.
Since it is not, this does not hold for the model. At the dust deposition
site in the Atlantic Ocean, Figure 3.16a shows an increase of [Aldiss] of less
than 100 % in the Atlantic Ocean near the dust deposition site. Because
of the reduced kd more Aldiss is available to be transported northwards.
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Figure 3.20: Total Al budget (Tmol) in the world ocean after a partial spin-up
of 600 yr of the reference simulation. From this point the reference simulation
together with the sensitivity experiments is run for another 1300 yr or more. The
blue solid line is the budget of the reference simulation, the red dashed line of
the slow-equilibration simulation and the black dash-dotted line of the simulation
with a decreased partition coefficient.

When it reaches large [Sibiog], it is scavenged with twice the rate compared
to the reference simulation. Since this extra Aldiss was able to reach the
high [Sibiog] site, the effect of the reduced kd is dampened and therefore
the ocean Al budget is less than doubled.

Since the relative effect of advection compared to scavenging can be
different in this simulation, Υ should be analysed. This timescale ratio is
proportional to kd and [Sibiog] (Eqn 3.10). Halving kd results in only a
small change in importance of scavenging relative to advection (compare
Figure 3.19 with Figure 3.21a).

A decrease of the first-order rate constant κ means that equilibration
goes slower (Eqn 3.2). After dust is (instantaneously) dissolved in the
surface ocean, its conversion to Alads is slower, so that Aldiss is scavenged
slower. Because of the resulting higher [Aldiss], more aluminium is trans-
ported northwards by the North Atlantic Current. Figure 3.6 shows the
Sibiog concentration according to the model at the surface. In the Atlantic
Ocean concentrations of Sibiog are high north of 40◦ N. The dissolved Al
that arrives in this area, is scavenged by this high [Sibiog]. This results in
high concentrations at all depths around 40◦ N. However, because of slow
equilibration, Aldiss can go farther north before it is actually scavenged.
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(a) decreased kd (kd = 2 · 106 l/kg) (b) decreased κ (κ = 100 yr−1)

Figure 3.21: log10(Υ), for different adsorption parameters. For the advection
time τadv the definition of Eqn 3.9 is used, and the scavenging time τscav is the
maximum of τads and τsink.

This is the reason why a significant increase in [Aldiss] is visible around
60◦ N at all depths, and also farther south at a depth around 2 km because
this extra Al is advected southwards via the AMOC (Figure 3.17d). Also
desorption goes slower, which means that Aldiss that is adsorbed at the
ocean surface around 40◦ N, will desorb slowly while sinking, such that
compared to the reference simulation a relatively large quantity of Aldiss
will appear in the deep Atlantic Ocean. This is shown in the bottom-right
of Figure 3.17d.

According to Figure 3.17d there is a decrease of [Aldiss] at low latitudes
around 500 m and 1 km depth. Less dissolved Al from dust in the surface
ocean is scavenged and therefore less adsorbed aluminium is present in the
deeper regions to desorb at depth. So in the deep ocean there are regions
of increased [Aldiss] and regions of decreased [Aldiss].

If a lot of adsorbed aluminium sinks where there is almost no biogenic
silica, it will desorb and the resulting Aldiss will stay there. According
to the equations, with a very large κ this will happen instantaneously
and the dissolved aluminium will stay there indefinitely (in the limit of
zero biogenic silica and zero advection), i.e. τres = ∞. This really means,
as discussed in Section 3.4.2, that in that case advection is much more
important than scavenging. If κ is decreased, the adsorbed aluminium
has enough time to fall out of this domain of low biogenic silica before it
desorbs.

Figure 3.21b shows the logarithm of the relative importance of scav-
enging, Υ, for the slow equilibration experiment. It shows that everywhere
advection is more important than scavenging. As a consequence, the Aldiss



3.4 Discussion 107

Figure 3.22: The quantity in the coloured area is [Sidiss] (µM) at the Geotraces
West Atlantic cruise section. The contours represent the Atlantic Overturning
Stream Function (Sv).

distribution obtained with a low κ is more homogeneous than in the refer-
ence experiment. As presented by the dashed red line in Figure 3.20, the
relative increase of the Al budget is very small. The only strong increase is
in the surface ocean. In the rest of the ocean, [Aldiss] is just homogenised.

3.4.5 Al versus Si in NADW

The modelling results in the Atlantic Ocean show that at around 2 km
depth [Aldiss] decreases from north to south, while the concentration of
Sidiss increases, all the way into the Pacific Ocean, both following the
AMOC. This is shown in Figures 3.22 and 3.9, representing the concen-
trations of Sidiss and Aldiss respectively in the West Atlantic Ocean. On
top of these figures a contour of the Atlantic Overturning Stream Function
(OSF) in Sv (1 Sv = 106 m3s−1) of the physical forcing is presented.

The patterns for both [Aldiss] and [Sidiss] are in first order easily inter-
preted by looking at the source of the tracer and the general currents in
the Atlantic Ocean. The source of Aldiss is dust dissolution in the surface
of the central Atlantic Ocean. It is transported northwards by the Gulf
Stream and the North Atlantic Current. Before the Aldiss reaches locations
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where NADW is formed, most of it is scavenged by biogenic silica from
40◦ N northwards (Figure 3.6) and based on our timescale analysis (Fig-
ure 3.19) possibly already near 30◦ N. Because of remineralisation [Aldiss]
increases in the NADW. This is consistent with the fact that in the model
Aldiss does not nicely follow the AMOC in the very north of the Atlantic
Ocean, but rather tends to sink into the NADW indeed near 30◦ N. After
this the Aldiss is taken along with the NADW, reaching 40◦ S at around
2 km depth. To complete the picture of the modelled Aldiss distribution,
low [Aldiss] SAAMW and AAIW enter just below the surface of the At-
lantic Ocean from the Southern Ocean, and low [Aldiss] AABW flows into
the Atlantic Ocean below 4 km depth.

The source of Sidiss is the large amount of diatoms that sink and rem-
ineralise south of 50◦ S, after which it is advected as AABW as clearly
shown in Figure 3.22. Other features visible are the SAAMW and AAIW
moving below the surface of the Atlantic Ocean and low [Sidiss] NADW
diluting the dissolved Si concentration in the Atlantic Ocean. The pattern
of [Sidiss] is similar to the observations (Figure 1.7b). The main difference
is that the model overestimates [Sidiss] in the deep North Atlantic Ocean,
and is a little bit too low in the deep South Atlantic Ocean. This is con-
sistent with the overestimated AABW inflow in the model velocity field.
According to observations, in the lower cell of the AMOC, the OSF reaches
a maximum of 1 or 2 Sv, while according to our physical model forcing its
maximum is about 5 Sv. Furthermore, the AABW does not go as far north
as in our model. Because of this the transport of any tracer following the
pathway of AABW will be too large. Therefore [Sidiss] is overestimated
in the deep North Atlantic Ocean. Coming back to the discussion in Sec-
tion 3.3.1, because of the same reasons [Aldiss] is too quickly diluted in the
deep North Atlantic Ocean.

The underestimation of [Aldiss] in the deep North Atlantic Ocean is
more significant than the overestimation of [Sidiss] in this same area. This
suggests there might be another process playing a role. A likely candidate
is an adjusted depth-depending sinking velocity of Sibiog and Alads, which
is depth-increasing in the current model. Recent observations (McDonnell
and Buesseler 2010; McDonnell et al. 2011) suggest that sinking speed is
not strictly depth-increasing, but other functions with depth should be
considered. Such simulations have been performed and are listed in Sec-
tion A.3 of the Appendix. Also more sophisticated aggregation methods
should be studied, as for instance done in models by Kriest and Evans



3.5 Conclusions and outlook 109

(1999), Oschlies and Kähler (2004), Gehlen et al. (2006), and Burd and
Jackson (2009), even though none of these specific efforts give results con-
sistent with the study by McDonnell and Buesseler (2010). Another possi-
bility is that the model needs sediment sources more sophisticated than in
the sensitivity experiment in this chapter, as also shown by observations
by Moran et al. (1992) and Middag et al. (in preparation) and references
therein. This will be pursued in Chapter 4.

3.5 Conclusions and outlook

The objective of this study is to come to a better understanding of the
behaviour of Al, by means of simulating the Aldiss distribution in the ocean
with a reversible scavenging and general circulation model, and comparing
it to observations. In turn, these results can be used for further developing
this model to simulate the Al distribution more precisely. A more realistic
simulation could then be used for constraining dust deposition fields to
more precisely derive nutrient input rates. It can also be used to study
further the influence of sediments on the water column [Aldiss], e.g. by
means of coupling the ocean model to a sediment model.

The biogeochemical model Pisces is run off-line, forced by a climato-
logical velocity field with a temporal resolution of five days and a monthly
dust deposition field. In one of the sensitivity experiments a margin sed-
iment source is included, which has not been done before for Al. We are
able to simulate the main features of the global Aldiss distribution in ac-
cordance with available observations. Specifically we are able to simulate
reasonably well the distribution in the West Atlantic compared to obser-
vations from the West Atlantic Geotraces cruises. Since our results are
close to observations, we can assume that the Al distribution is indeed
mainly controlled by advection and reversible scavenging, with Sibiog as
the main scavenger.

It is possible to improve specific features of the distribution by changing
certain parameters of the scavenging process, or adjusting the Al sources.
Increasing dust Al dissolution results in an overall aluminium increase
proportional to the increased dust factor everywhere in the ocean. Adding
dissolution in the water column gives higher concentrations, especially near
dust deposition sites around one or two km depth. Decreasing the partition
coefficient kd results in a higher concentration of Aldiss everywhere in the
ocean. Especially the relative increase in the Aldiss concentration in the
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Southern Ocean is large. This parameter highlights the importance of the
influence of spatial variability in biogenic silica on [Aldiss], since kd signifies
the amount of Aldiss which can adsorb onto Sibiog. When sediments are
included as a source of Aldiss, elevated concentrations are seen, especially
near the margins, as expected. The concentration of Aldiss is then strongly
elevated in the Arctic Ocean, which is not reconcilable with the observa-
tions, and is possibly due to the lack of oceanic-margin scavengers in the
model. The model should be modified such that a realistically constrained
ocean margin source of Aldiss is present.

By means of a timescale analysis based on our model equations, it is
shown that the importance of scavenging versus advection is highly location
dependent. The local residence time is strongly space dependent as well.
Especially latitudinal gradients are large. This residence time varies from
less than a week at high [Sibiog] and strong advection to many years in the
oligotrophic gyres.

Even though the most relevant features of the Aldiss distribution are
captured, some fine-tuning of the key parameters is necessary. There is
clearly a localised source missing in the West Atlantic between 45–50◦ N
near the sediment. As already hypothesised by Moran and Moore (1991),
resuspension of nepheloid layers along the western boundary of the North
Atlantic Ocean is a source of Aldiss. It is attempted to simulate this in
Chapter 4. A more detailed analysis of the locally elevated measured
[Aldiss] in the West Atlantic near 45◦ N is in progress (Middag et al. in
preparation), of which a short version is included as Chapter 5.

Another location of interest is the Arctic Ocean, where it was not pos-
sible to simulate the observations with the model. This is possibly because
a sediment source or an important process is missing in the model, namely
the biological incorporation of Al into the diatom’s frustules (Caschetto
and Wollast 1979; Gehlen et al. 2002). If this process would be imple-
mented in the model, dissolved Al could be taken up by diatoms in the
surface ocean and released in the deep ocean where the biogenic silica is
remineralised together with the incorporated Al, yielding a strong Al : Si
correlation as present in the observations (Middag et al. 2009).

Good progress is made in simulating the distribution of dissolved alu-
minium in the world ocean, and our approach confirms that dust deposition
is the main source of aluminium and reversible scavenging is the main pro-
cess in removing it. However, significant improvement might be possible
by (1) developing a more sophisticated model for ocean sediment source
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of Al, (2) adding diatom Al incorporation, and (3) fine tuning the free pa-
rameters and constraining them by means of field studies and laboratory
experiments to better understand the role for these processes. The first
two options will be pursued in Chapter 4.

3.6 Appendix: Observational data quality
This was included as supplementary materials to Van Hulten et al. 2013.

Supplement S-1: Sampling
During the cruises 64 PE 267 (2007), ARK XXII/2 (2007) and ANT XXIII/4
(2008), the TITAN sampling system was used with internal Teflon coated GO-
FLO samplers (De Baar et al. 2008). During the West Atlantic cruises 64 PE 319
(2010) and 64 PE 321 (2010) and JC057 (2011) the same TITAN system was used
but now with novel PRISTINE samplers constructed of ultra-clean PVDF plastic
(De Baar et al. 2011). For the combined values of reference samples of all the
above six cruises in 2007-2011 the average concentrations of reference samples are
listed in Table 3.4 below, together with the consensus values reported on http:
//www.obs-vlfr.fr/GEOTRACES/index.php/science/intercalibration in its
version dated September 2011.

Reference Sample Our average value Consensus value
with st.dev. and n with st.dev.

SAFe S 1.69± 0.05 (n = 14) 1.68± 0.06
SAFe D2 1.01± 0.07 (n = 17) 1.03± 0.07
Geotraces GS 28.05± 0.33 (n = 12) 28.0± 0.3
Geotraces GD 17.96± 0.35 (n = 21) 18.2± 0.1

Table 3.4: Comparison of reported [Aldiss] values of shipboard measurements of
reference samples with the consensus values available of the international Geo-
traces programme (http://www.obs-vlfr.fr/GEOTRACES/index.php/science/
intercalibration in its version dated September 2011). S or GS denote the sur-
face reference samples; D2 or GD stands for the deep reference samples; n is the
number of values; each value based on triplicate analysis on shipboard.

Supplement S-2: Cross-over station
Figure 3.23 presents several observational [Aldiss] profiles at the Bermuda Atlantic
Time-series Study (BATS) station.

http://www.obs-vlfr.fr/GEOTRACES/index.php/science/intercalibration
http://www.obs-vlfr.fr/GEOTRACES/index.php/science/intercalibration
http://www.obs-vlfr.fr/GEOTRACES/index.php /science/intercalibration
http://www.obs-vlfr.fr/GEOTRACES/index.php /science/intercalibration
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Figure 3.23: Aluminium depth profiles at the BATS Station. Shown in red tri-
angles is the Aldiss profile from the 2010 Netherlands occupation of BATS during
cruise 64 PE 321 aboard RV Pelagia using the NIOZ TITAN sampler (De Baar
et al. 2008) with novel improved PRISTINE samplers (De Baar et al. 2011). Also
shown is the dissolved Al results measured previously at the same BATS site dur-
ing the 2008 USA Intercalibration Cruise using the USA Geotraces carousel
and filtration with either Osmonics filter capsules or 0.4 µm Nuclepore membrane
filters.
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Supplement S-3: Dataset selection
Several datasets were published at a time when no reference samples were avail-
able. From these datasets we made a selection based on the quality criteria of
Middag (2010, § 12.2). Below we give a rationale for our specific choices.

Selected datasets
The following datasets have been used for our study. They were available and
compatible with our quality criteria.

IOC 96 (1996), Central-south Atlantic (Vink and Measures 2001).
According to Vink and Measures (2001) the filtration system for aluminium was
contaminated during the cruise. This was corrected by subtracting a large blank
from the measured concentrations. However, based on the large blank we decided
to remove the contaminated samples of their dataset, which resulted in a decrease
in the number of data used from their cruise from 1242 to 1048.

KH-98-3 (1996), East Indian (Obata et al. 2007). Obata et al. (2007)
used a filter of 0.04 µm. As a consequence the aluminium samples on which
they did their analysis, do not contain particles of the sizes between 0.04 µm
and 0.4 µm (the size used for most selected datasets). However, the “dissolved
aluminium” pool consists mostly of actually dissolved aluminium and only a very
small fraction is larger than 0.04 µm in diameter. This small fraction difference
is acceptable and hence this 0.04 µm diameter filter is no problem. Furthermore,
they used Niskin bottles that were Teflon-coated. Hence, their data is included
in our compilation.

Other selected datasets. The following datasets have been used in full (as
published by the authors).

• M 60 (1982), North-east Atlantic, Kremling (1985)

• Pelagia (2002), North-east Atlantic, Kramer et al. (2004)

• EUCFe (2006), Equatorial Pacific, Slemons et al. (2010)

• MC-80 (1980), South Pacific, Orians and Bruland (1986)

• VERTEX-4 (1983), North Pacific, Orians and Bruland (1986)

• VERTEX-5 (1984), North Pacific, Orians and Bruland (1986)

Unselected datasets
Several datasets were not selected, since these are not useful for our data–model
comparison, or they are not compatible with our quality criteria.

MC 12 (1990), East Atlantic (Measures 1995). We have not selected
this dataset, since the aluminium samples do not appear to be filtered. For
our model–data comparison filtered data is needed, because we try to simulate
dissolved aluminium.
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Mediterranean Sea. The data from the cruises ABC (1987) by Hydes et al.
(1988) and Discovery (1988–93) by Chou and Wollast (1997) are left out, partly
because the model resolution is relatively small for the Mediterranean Sea and also
because for this modelling study we focus more on the open oceans. Furthermore,
for the Mediterranean Sea there is a scheduled Netherlands Geotraces cruise
in the year 2013. Therefore as this paper was written before this time, we will as
yet not discuss the model results of the Mediterranean, and in the below selection
of previously published data we have left out these two previous datasets of the
Mediterranean.

Other datasets not used. For a variety of reasons we did not use the
datasets from the following publications. These reasons include incompatibility
with our quality criteria, coastal samples which our model cannot simulate well,
specific regions which have not our focus, and several datasets were not available.
Some of these datasets we are planning to take into account in future studies.

• Van Bennekom et al. (1991)

• Edmond et al. (1992)

• Helmers and Loeff (1993)

• Van Beusekom et al. (1997)

• Hall et al. (1998)

• Obata et al. (2004)

• Measures et al. (2005)

• Brown et al. (2010)

• Kaupp et al. (2011)

• Pohl et al. (2011)
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Supplementary data
Supplementary data, namely: the source code of the Al ocean model, to this article
can be found on-line at http://dx.doi.org/10.1016/j.jmarsys.2012.05.005.
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Chapter 4

On the effects of circulation,
sediment resuspension and
biological incorporation by
diatoms in an ocean model
of aluminium1

Abstract

The distribution of dissolved aluminium in the West Atlantic
Ocean shows a mirror image with that of dissolved silicic acid,
hinting at intricate interactions between the ocean cycling of Al
and Si. The marine biogeochemistry of Al is of interest because
of its potential impact on diatom opal remineralisation, hence
Si availability. Furthermore, the dissolved Al concentration at
the surface ocean has been used as a tracer for dust input, dust
being the most important source of the bio-essential trace ele-
ment iron to the ocean. Previously, the dissolved concentration
of Al was simulated reasonably well with only a dust source,
and scavenging by adsorption on settling biogenic debris as the
only removal process. Here we explore the impacts of (i) a

1This chapter is based on Van Hulten et al. (2014) that has been published in Bio-
geosciences.
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sediment source of Al in the Northern Hemisphere (especially
north of ∼40◦ N), (ii) the imposed velocity field, and (iii) bio-
logical incorporation of Al on the modelled Al distribution in
the ocean. The sediment source clearly improves the model
results, and using a different velocity field shows the impor-
tance of advection on the simulated Al distribution. Biological
incorporation appears to be a potentially important removal
process. However, conclusive independent data to constrain
the Al : Si incorporation ratio by growing diatoms are missing.
Therefore, this study does not provide a definitive answer to
the question of the relative importance of Al removal by incor-
poration compared to removal by adsorptive scavenging.

4.1 Introduction

One of the first interesting findings of the now ongoing Geotraces pro-
gramme is the remarkable mirror image between the distributions of dis-
solved aluminium (Aldiss) and dissolved silicic acid (Sidiss) in the West
Atlantic Ocean (Figure 1.7, and transect in Figure 2.10), which suggests a
close interaction between the two tracers. As Sidiss is a major nutrient for
diatom growth, it is important to understand this interaction. An initial
effort towards understanding this distribution of Aldiss has been accom-
plished by using an ocean circulation–biogeochemistry model (Chapter 3).
The model only had one source, aeolian dust input at the surface, and one
sink, scavenging by adsorption on settling biogenic debris. This provided
a reasonable agreement with the measurements of [Aldiss]. However, very
high [Aldiss] near the seafloor in the 40–50◦ N region was not well repro-
duced, which suggests that an additional source term of Al supply from
the underlying sediments in this region is required. Furthermore, there
is ample evidence and debate in the literature on the biological incorpo-
ration of Al into the opaline (SiO2 · nH2O) frustules of growing diatoms
in ocean surface waters, and/or merely post-depositional Al enrichment of
fossil opal deposits in the sediments. The importance of these processes
needs to be evaluated. Finally, in the previous simulation the distribution
of Sidiss deviated significantly from the observed distribution (Figure 1.7b),
most likely due to imperfections in the circulation of the model.

The cycling and distribution of aluminium in the ocean has received
attention for several reasons, among which are the interactions between
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the cycles of aluminium (Al) and silicon (Si). Dissolved Al is scavenged
by adsorption onto biogenic debris that settles as aggregates into the deep
ocean, henceforth called Alads (e.g. Stoffyn and Mackenzie 1982; Orians
and Bruland 1986; Hydes et al. 1988). In addition, dissolved Al becomes
incorporated into biological opal (SiO2 · nH2O), primarily in the frustules
of diatoms (e.g. Stoffyn 1979; Hydes et al. 1988; Van Beusekom and Weber
1992; Koning et al. 2007). The Al incorporated in opal of living diatoms is
hereafter called Aldiat. The relatively heavy opal (twice the density of sea-
water) serves as ballast for settling aggregates; it removes the adsorbed as
well as the incorporated Al efficiently. This is consistent with the reduced
levels of dissolved Al, in regions of high diatom production (e.g. Orians
and Bruland 1986). Conversely, the rate of dissolution of settling opal de-
bris (hereafter called biogenic silica, Sibiog) appears to be controlled by the
Al/Si element ratio of this opal. The higher the Al/Si ratio of opal, the
lower the rate of Sibiog dissolution (e.g. Lewin 1961; Van Bennekom et al.
1991; Dixit et al. 2001; Gehlen et al. 2002).

Another major reason of interest in Al is the use of Al as a tracer of
aeolian dust supply into the surface ocean, which is an important source
of iron and other trace nutrients. Indeed, it is currently assumed that the
major source of Al to the open ocean is dust deposition (e.g. Kramer et al.
2004; De Jong et al. 2007). A fraction of the Al in dust (1–15 %) dissolves
within the upper mixed layer (e.g. Orians and Bruland 1986; Maring and
Duce 1987; Baker et al. 2006; Han et al. 2012). Below the mixed layer the
dissolution of Al from dust is deemed negligible. The remaining 85–99 %
fraction of Al remains in the particulate, lithogenic phase and sinks to the
bottom of the ocean where it is assumed to be buried in the sediment.

The second source of Al is hypothesised to be sediment resuspension
and subsequent release, e.g. by desorption, from previously sedimented Al
(Moran and Moore 1991; Middag et al. 2012, and Chapter 5). Such a source
can be contrasted with diffusion from sediments, which typically occurs
only for redox-active elements like iron and manganese. Indeed, a high
concentration of dissolved aluminium (Aldiss) has been measured near the
deep sediment in the West Atlantic Ocean at 45–50◦ N (Figure 1.7a), while
Al is not redox-active. One prerequisite is sufficient turbulence near the
sediment. This is satisfied at several locations in the West Atlantic Ocean
(Figure 4.1). Especially north of ∼35◦ N and south of ∼40◦ S, significant
resuspension of sediment occurs (Biscaye and Eittreim 1977; Gross et al.
1988). Another obvious prerequisite is an adequate supply of sedimenting
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Figure 1.7: Interpolated observations of (a) [Aldiss] (nM) and (b) [Sidiss] (µM) at
the West Atlantic Geotraces transect (Middag et al. in preparation). Dots
are the locations of the measurements. See Figure 2.10 for the location of the
stations. Same figure as from Page 21; enclosed here for comparison with the
beam attenuation coefficient (Figure 4.1).

Al towards the seafloor. Even though lithogenic particulate Al from dust
deposition is such a supply, Al in that form is relatively refractory, meaning
it is not easily released (Brown and Bruland 2009). Hence, sedimenting
Al associated with Sibiog is a more obvious candidate for the sediment
source of Aldiss. The scavenger and incorporator of Al, the Sibiog, is mostly
present alongside active diatom production: north of 44◦ N and south of
40◦ S (Nelson et al. 1995; Tréguer and De La Rocha 2013). Therefore, in
these regions this prerequisite is satisfied.

There appears to be variability in the sediment source of Al. Generally,
[Aldiss] is significantly higher near the sediment compared to concentrations
500 m above the sediment. However, the elevation of [Aldiss] near the sedi-
ments of the Southern Ocean is very small compared to its elevation in the
Atlantic Ocean (Moran et al. 1992; Middag et al. 2011a). This strongly
suggests that in the Southern Hemisphere the desorption of Al from Alads
from resuspended sediments is very small compared to the desorption in
the Atlantic Ocean. Upon settling on the seafloor, the desorption of ad-
sorbed aluminium is hypothesised to be controlled by the concentration of
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Figure 4.1: Beam attenuation coefficient, a measure of the amount of particles
(e.g. Behrenfeld et al. 2006). Courtesy of Micha Rijkenberg.

dissolved silicon in ambient seawater. At a higher dissolved Si concentra-
tion, the desorption of Al is reduced (Mackin and Aller 1986). Especially in
the Antarctic Bottom Water (AABW) the [Sidiss] is very high, preventing
desorption of Al. Biogenic silica may also play a role in preventing desorp-
tion of Al, since (adsorbed) Al is incorporated in biogenic silica (Koning et
al. 2007). Understanding these interactions is important for understanding
the cycling of Si and hence the primary production of diatoms.

Other sources do not appear to play a significant role in adding Al to
the ocean. Even though rivers carry a large amount of Al, most of it is
removed in estuaries and continental shelf sediments, and never enters the
open ocean (Mackin 1986; Orians and Bruland 1986; Brown et al. 2010;
Jones et al. 2012). Finally, hydrothermal vents are generally not a source
of Al to the deep waters of the oceans either (Hydes et al. 1986; Lunel
et al. 1990; Elderfield and Schultz 1996; Middag et al. 2011b), even though
there are indications that there is a notable Al input near certain eruptive
plumes (Lupton et al. 1993, and J. Resing, personal communication, June
2014).

The primary removal mechanism of Aldiss from the surface ocean is the
adsorptive scavenging and settling with Sibiog as the major carrier. There-
fore this removal is large in areas with high diatom production (Stoffyn
and Mackenzie 1982; Orians and Bruland 1986; Moran and Moore 1988a;
Moran and Moore 1989; Moran and Moore 1992). Besides being scavenged
by surface adsorption, the Aldiss becomes incorporated as a trace substitute
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Figure 4.2: Aluminium cycling in the ocean. Dissolved Al enters the ocean
through the release of Aldiss from deposited dust and resuspended sediments,
while rivers, hydrothermal vents and reducing sediments are negligible sources of
Aldiss. Al is mostly removed by reversible scavenging (presented in the yellow
ellipse). The dashed arrow from aluminium to diatom frustules signifies incorpo-
ration of Al into diatom frustules. Silicic acid (Sidiss) is presented as well, since it
is an essential part of understanding the cycling of Al. The red arrows represent
the effect of inhibition of dissolution of resuspended Al by Sidiss. Not all sources
of Sidiss are presented in this figure.

for Si during growth of living diatoms (e.g. Stoffyn 1979; Van Beusekom
and Weber 1992; Chou and Wollast 1997; Gehlen et al. 2002; Koning et al.
2007; Middag et al. 2009). However, it is not always clear how signifi-
cant the effect of incorporation is (Vrieling et al. 1999; Moran and Moore
1988b; Ren et al. 2011). Following diatom mortality, the incorporated Al,
then referred to as biogenic aluminium (Albiog), is exported with the Sibiog
debris. These processes are schematically presented in Figure 4.2.

Incorporated Al is likely to inhibit the dissolution of Sibiog (Lewin 1961;
Van Bennekom et al. 1991; Van Beusekom and Weber 1992; Dixit et al.
2001). This means that at a high Aldiat/Sidiat ratio in living diatoms and
consequent same ratio of Albiog/Sibiog in biogenic debris, less Sibiog will be
remineralised. Moreover, more silica will be buried and hence lost from the
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system. Consequently, less Sidiss will be returned to the surface through
upwelling, resulting in decreased diatom production. This highlights the
major link between Al and Si.

Recent years have seen the development of models of the marine bio-
geochemical cycle of aluminium. For the Al removal, Gehlen et al. (2003)
and Van Hulten et al. (2013) (Chapter 3) implemented a scavenging model,
while Han et al. (2008) included both scavenging and biological incorpo-
ration of Al into the frustules of diatoms.

Gehlen et al. (2003) had the objective of testing the sensitivity of mod-
elled Al fields to dust input and thus of evaluating the possibility of con-
straining dust deposition via dissolved Al near the ocean’s surface. For
this purpose they embedded an Al cycle in the HAMOCC2 biogeochemical
model (Maier-Reimer 1993). The Al model consists of a reversible first-
order relation of adsorption of Aldiss onto Sibiog. In chemical equilibrium
the Alads concentration is proportional to the product of the concentra-
tions of Aldiss and particulate Sibiog. The resulting modelled concentration
of Aldiss was of the same order of magnitude as the then published obser-
vations. The model of Van Hulten et al. (2013) (Chapter 3) used the same
chemical equilibrium relation between adsorbed and dissolved Al. Instead
of testing the effect of different dust fields, they tested the sensitivity to
the solubility of Al from dust in the ocean surface and in the water column.
This constrained the percentage and depth of dissolution of Al from the
dust. The coefficient partitioning Alads and Aldiss was constrained as well
with the respective sensitivity simulation. A sensitivity simulation with a
margin sediment source showed that margin sediments are probably not
an important source of Al. The main goal of Han et al. (2008) was to
better constrain the dust deposition field. For this purpose they used the
Biogeochemical Elemental Cycling (BEC) model improved by Moore and
Braucher (2008) as a starting point. This was used in combination with
the Dust Entrainment And Deposition (DEAD) model to explicitly con-
strain dust deposition. In addition to scavenging, Han et al. (2008) added
a biological Al uptake module where the Al : Si uptake ratio is a function
of the ambient dissolved Al and Si concentrations. However, they did not
expand on the importance of biological incorporation relative to adsorptive
scavenging.

These recently developed models are consistent with the first principles
of Al cycling in the ocean, showing that the dissolution of Al from dust
and the reversible scavenging by Sibiog can reproduce the main features
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of the observed Aldiss concentration. However, the deep ocean has not
been simulated very well, and significant numbers of accurate deep ocean
measurements of [Aldiss] have only become available recently (e.g. Middag
et al. 2009). Furthermore, some studies raise doubts about the scavenging
nature of Al removal from the ocean (e.g. Koning et al. 2007).

Recent high-accuracy observations from the West Atlantic Ocean Geo-
traces transect show a mirror image between [Aldiss] and [Sidiss] (Fig-
ure 1.7). The key observation from this transect data is that Sidiss is a
nutrient type (enriched in old water) and Al a scavenged type element
(depleted in older water). Furthermore, the mirror image suggests that
(i) there is a very modest sediment source of Al where [Sidiss] is relatively
high, i.e. where the AABW prevails flowing from Antarctica up to 45◦ N,
and (ii) the Denmark Strait Overflow Water (DSOW) brings bottom wa-
ters with low [Sidiss] from the Denmark Strait (∼66◦ N) to at least 45◦ N.
The latter, in combination with ample supply of adsorbed Al from opal
debris of diatom blooms in overlying surface waters, appears to result in
major desorption of Al from resuspended particles in the bottom waters
(Chapter 5).

The other process of interest is that of biological incorporation of Al by
diatoms. The goal in this research is to assess whether this is a significant
process. A simulation with incorporation is expected to yield a decrease of
[Aldiss] compared to the simulation without incorporation. The decrease
may even result in an unrealistically low [Aldiss] since scavenging parame-
ters were tuned in the reference simulation to fit the open ocean main ther-
mocline distribution of Aldiss and most of the West Atlantic Geotraces
transect at full depth.

In this chapter the model of Van Hulten et al. (2013) (Chapter 3) is
extended with three major changes. The different simulations address the
role of circulation, the importance of a sediment source and the significance
of biological incorporation of Al by diatoms. Details on this model and
of the observational dataset are given in Section 4.2. Next, the results
of the reference simulation and the three sensitivity simulations, relative
to this reference simulation (RefDyn2) and to the “reference experiment”
in Chapter 3 (RefDyn1), are presented in Section 4.3. More discussion
about the model assumptions and the simulation results is to be found in
Section 4.4. Finally, Section 4.5 ends with the major conclusions.
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4.2 Methods

4.2.1 Model description

In order to simulate the three-dimensional distribution of dissolved Al, the
biogeochemical model NEMO-Pisces is used (Aumont and Bopp 2006;
Madec 2008). This model has been employed for many other studies con-
cerning trace metals, as well as large-scale ocean biogeochemistry (e.g.
Gehlen et al. 2007; Arsouze et al. 2009; Dutay et al. 2009; Tagliabue et al.
2010). Pisces has been forced by a climatological year of monthly physi-
cal fields including turbulent diffusion: it ran off-line. For a description of
NEMO, its components and its configuration, see Section 2.2.

Aluminium model

The Al model is based on the model of Chapter 3, which computes the
concentration of dissolved aluminium (Aldiss) and adsorbed Al (Alads). In
this chapter two additional tracers are introduced to Pisces: the Al incor-
porated in the opaline frustules of living diatoms (Aldiat) and its biogenic
debris (Albiog). All tracer names are listed in Table 4.1. For completeness,
the Si tracers in Pisces are given as well. The concentrations of the trac-
ers, when used in-text, are indicated by square brackets [ ], and are given
in units of mol dm−3 (shortly M or molar).

Tracer Concentration Description
Aldiss Adiss dissolved Al: ions and colloids with � < 0.2 µm
Alads Aads Al adsorbed onto biogenic silica
Aldiat Adiad Al incorporated in frustules of living diatoms
Albiog Abiog Al incorporated in frustules of dead diatoms
Sidiss Sdiss dissolved Si, or silicic acid
Sidiat Sdiad Si incorporated in frustules of living diatoms
Sibiog Sbiog Si incorporated in frustules of dead diatoms

Table 4.1: Aluminium and silicon tracers in the model.

There are two different sources of Al in the model. One source is via
the dissolution of dust particles in the upper ocean layer. The dust de-
position field was taken from the output of the atmospheric dust model
INCA (Hauglustaine et al. 2004; Textor et al. 2006). The other source,
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which has now been added to the previous model, is sediment resuspen-
sion and subsequent dissolution. When Alads reaches the ocean floor, it is
assumed to be buried, except for the resuspension and subsequent dissolu-
tion of Al in some simulations. The model is schematically represented in
Figure 4.2, where the extensions to RefDyn2 are resuspension/desorption
(bottom-left) and biological incorporation (top-right). Sediment and pore-
water reactions are not explicitly modelled. Resuspension and subsequent
desorption take place in the water column.

The model parameters are listed in Table 4.2. The aluminium fraction

Parameter: Symbol: Value:
mass fraction of Al in dust fAl 8.1 %
surface dissolution fraction αAl 5 %
partition coefficient kd 112× 103 dm3 mol−1

first-order rate constant κ 104 yr−1

settling velocity of Alads and Albiog ws 30–200 m d−1

Table 4.2: Parameters for the reference simulation RefDyn2 (identical to those of
RefDyn1).

in dust (fAl) is based on the mass percentages of Al known to be present
in the Earth’s crust. This is about 8.1 % aluminium by mass on average
(Wedepohl 1995). Most of this Al consists of oxides that do not dissolve
easily. The fraction of Al from dust (αAl) that dissolves is not well con-
strained but is probably in the range of 1–15 % (Orians and Bruland 1986;
Jickells et al. 2005). Here αAl = 5% is chosen, since this is has been suc-
cessfully used in Chapter 3 and previous modelling work (Han et al. 2008).
The dissolution occurs only in the upper model layer (0–10 m depth range),
and is described by

∂Adiss
∂t

∣∣∣
deposition

=
αAl · fAl
mAl ·∆z1

· Φdust , (3.1)

where mAl is the atomic mass of Al, ∆z1 = 10 m is the thickness of the
surface model layer and Φdust is the dust flux into the ocean. The Al that
does not dissolve from dust is assumed to play no role in the biogeochemical
cycle of Al on our timescales of interest, and can be thought of as being
buried in marine sediments.

Another source of Al is sediment resuspension (bottom-left in Fig-
ure 4.2). In reality, this is induced by near-sediment turbulence, creating a
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200 to 1000 m thick nepheloid layer above the sediment containing signifi-
cant amounts of suspended sediment particles (e.g. Lampitt 1985; Hwang
et al. 2010). However, here it is assumed that recently settled Alads is
resuspended and subsequently partly dissolved in the bottom model layer.
Since the resuspension depends on settling of Alads, the relevant model
equation will be introduced at the end of this section, after the settling
equation.

Dissolved Al is assumed to adsorb onto biogenic silica particles, while
other particles do not have an effect on the removal of Aldiss (discussed
in Chapter 3 and Section 4.4). Hence, aside from external inputs (and
optionally the incorporation within the silica), the Aldiss concentration is
governed by adsorption and desorption (yellow ellipse in Figure 4.2). The
Aldiss and Alads concentrations are governed by the following reversible
first-order adsorption equation (Chapter 3):

∂Aads
∂t

∣∣∣
ad/desorption

= κ(Aeq
ads −Aads) , (3.2)

where

Aeq
ads = kd ·Adiss · Sbiog , (3.3)

in which Aeq
ads is the chemical equilibrium concentration of Alads. The

parameter kd (dm3 mol−1) is the partition coefficient and κ (s−1) is the
first-order rate constant for equilibration of [Alads] to Aeq

ads. Finally, Sibiog
is the biogenic silica concentration, as with all concentrations, in mol dm−3.
Since total Al is conserved when only internal processes are concerned, the
time derivative of Adiss equals the negative of that of Aads.

As an extension to the original model, aluminium is incorporated into
the frustules of diatoms during production. The diatom incorporation of Al
is modelled by multiplying the rate of production of diatom opal (Sidiat)
with the dissolved Al/Si concentration ratio in ambient seawater, with
some refinements as explained below. For the biological Si cycle, produc-
tion and mortality (including grazing by micro- and mesozooplankton) of
diatoms, and dissolution of debris Sibiog, are represented by prod, mort and
diss, respectively, in Eqns 4.1. All rate variables are proportional to the
ratio of Al and Si in the relevant source pool. Accordingly, the biological
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model equations for Al are as follows:

∂Adiat
∂t

∣∣∣
bio

= RAl:Si · prod − Adiat
Sdiat

· mort (4.1a)

∂Abiog
∂t

∣∣∣
bio

=
Adiat
Sdiat

· mort −
Abiog
Sbiog

· diss (4.1b)

∂Adiss
∂t

∣∣∣
bio

=
Abiog
Sbiog

· diss −RAl:Si · prod . (4.1c)

No further refinement is made in any process, except, optionally, for in-
corporation during production. This is accomplished by the incorporation
ratio RAl:Si, which is defined as

RAl:Si = min
(
cin

Adiss
Sdiss

, rmax

)
, (4.2)

where Adiss/Sdiss is the ratio between dissolved Al and Si, and cin (0 ≤
cin . 1) is an optional weight factor for the Al :Si incorporation ratio, and
rmax ≥ 0 is an optional prescribed maximum value for the Aldiat/Sidiat ratio
within the opal of living diatoms. These two optional parameters are not
used in the model simulations presented in this chapter (i.e. we use cin = 1
and rmax = ∞). However, their potential usefulness will be discussed
in Section 4.4.3 on biological incorporation, and adjustments of cin and
rmax have been done for the simulations in Sections A.5.5 and A.5.6. The
biological extension to the model is schematically presented in Figure 4.2
as the dotted line from Aluminium to Diatom frustules.

Both Albiog and Alads settle through the water column, because the con-
current biogenic silica is denser than seawater. Adsorbed and incorporated
Al (their concentrations both denoted as Apart) settle along with biogenic
silica with a velocity ws, varying from 30 m d−1 in the upper 100 m, to
200 m d−1 at 4 km below the mixed layer, according to

∂Apart
∂t

∣∣∣
settling

= −ws
∂Apart
∂z

. (4.3)

While settling through the water column, Albiog and Alads may in the
process remineralise (Eqns 4.1b and 3.2, respectively), so adsorption and
incorporation do not mean that all Al is removed immediately from the
model domain. Part of the Al dissolves and may upwell, and may become
incorporated or scavenged once again at a later time.
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Sedimentation of Alads and Albiog proceeds in the bottom model layer
immediately above the sediment according to

∂Apart
∂t

= − wsApart
∆zbottom

, (4.4)

where ∆zbottom ≤ 500 m is the thickness of the bottom layer. It is of the
same order of magnitude as the real resuspension, or nepheloid, layer. In
two of the simulations, part of the sedimented Alads is resuspended and
dissolved in the bottom water layer according to

∂Adiss
∂t

∣∣∣
resusp

= β
wsAads
∆zbottom

, (4.5)

where β is a constant (0 < β ≤ 1), or some scalar function to be defined
later (Eqn 4.6), representing the fraction of resuspended and subsequently
dissolved Al. Note that in the model only adsorbed Al is redissolved, while
biogenic Al is not (see Section 4.4.2 for rationale). This process is different
from the sediment source in Section 3.3.2. In that study sediment input was
modelled analogously to the diffusive iron source, while in this study the
redissolution depends on freshly sedimented Alads. The underlying ratio-
nale and the derivation of Eqn (4.5) are given in the appended Section 4.6.
Moreover, silicic acid near the sediment apparently inhibits the dissolution
of Alads. This is probably because Aldiss and Sidiss are stoichiometrically
saturated (Mackin and Aller 1986). Observations suggest a significant Al
sediment source below Denmark Strait Overflow Water (DSOW) where
Sidiss concentrations are below 30 µM (1 µM = 10−6 mol dm−3), while
they suggest only a very weak source from the sediment below AABW,
which has much higher [Sidiss], exceeding 50 µM (Middag et al. in prepa-
ration). In one of the simulations, the bottom water [Sidiss] will be used as
an inhibitor of the redissolution of Al from resuspended sediment.

Simulations

The reference simulation (RefDyn2) is based on the “reference experiment”
from Chapter 3 (RefDyn1), but there is one notable improvement. A differ-
ent set of dynamical fields (advection, turbulent diffusion and mixing) is
now used. The velocity fields used for RefDyn1 (Dynamics 1) had an At-
lantic Meridional Overturning Circulation (MOC) that is too shallow and
too weak, while the northward flux of AABW is too strong, compared to
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estimates based on measurements. The fields used in this study, hence-
forth referred to as Dynamics 2, are a climatology from a NEMO-OPA
simulation forced by the DFS3 air–sea fluxes (Large and Yeager 2004; Up-
pala et al. 2005; Brodeau et al. 2010). Dynamics 2 has a more realistic
Atlantic overturning, compared to Dynamics 1. Firstly, the depth of North
Atlantic Deep Water is about 2 km in Dynamics 1 while it is closer to the
more reasonable 3 km in the dynamics used here. Secondly, the maximum
of the Atlantic Overturning Stream Function (OSF) in the AABW dropped
from about 6–7 Sv in Dynamics 1 to about 2–3 Sv in Dynamics 2, much
more comparable to estimates based on observations (Talley et al. 2003;
Rayner et al. 2011). This results in a significantly better simulation of the
Sidiss distribution (see discussion in Section 4.4.1). The Sidiss concentra-
tion in AABW is much closer to the observational concentration, compared
with the dynamical fields used for RefDyn1 (basic statistics for the West
Atlantic Ocean are presented in Section 4.3.2). This will especially be im-
portant for one of the sediment resuspension simulations described below,
since that simulation depends on [Sidiss] in bottom water.

The reference simulation (RefDyn2) is initialised from the steady-state
concentrations of the reference experiment in Chapter 3 (RefDyn1), and
is then run for another 1750 model years to steady state with Dynamics 2.
The resulting total Al budget (both dissolved and adsorbed) in the world
ocean in the reference simulation is around 6 Tmol (1 Tmol = 1012 mol).
After 1000 yr of simulation the Al budget (total Aldiss + Alads integrated
over the ocean volume) does not change much (less than 1 % before reach-
ing steady state). Therefore, from year 1000 our two sets of sensitivity
simulations with sediment resuspension and biological incorporation are
forked and run for another 500 yr, alongside the reference simulation, to
quasi-steady-state. An overview of the simulations with the key parame-
ters is given in Table 4.3, and the two sets of sensitivity simulations are
defined and explained below.

The dust dissolution and scavenging parameters as used for RefDyn1
resulted in a good simulation of [Aldiss] in the upper ocean. Therefore, the
same parameters were used for the new reference simulation (RefDyn2,
Table 4.2). This is also the case for most sensitivity simulations, ex-
cept for IncorpLowPaCo where the partition coefficient kd is decreased.
A sediment source is included in simulations SedProp and SedMackin,
and biological incorporation of Al is present in the simulations Incorp and
IncorpLowPaCo (Table 4.3).
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Simulation Dynamics Sediment Sidiss Incorp. kd

RefDyn1 1 no – no normal
RefDyn2 2 no – no normal
SedProp 2 yes no no normal
SedMackin 2 yes yes no normal
Incorp 2 no – yes normal
IncorpLowPaCo 2 no – yes normal/4

Table 4.3: Overview of the two reference simulations as defined in the text, and
the two sets of sensitivity simulations as defined later in the text. If not specified
otherwise, when the term reference simulation is used, we refer to RefDyn2. Here
RefDyn1 refers to the old “reference experiment” of Chapter 3. Dynamics 1
refers to the climatology based on ERS satellite data; Dynamics 2 is based on
DFS3 (Section 2.2.2). The Sidiss-dependence refers to the dependence on bottom
water [Sidiss] for dissolution of resuspended adsorbed Al. The normal partition
coefficient is kd = 112 m3 mol−1. This is equivalent to the kd = 4× 106 dm3 kg−1

in RefDyn1 where the biogenic Si concentration was denoted in kg dm−3 instead
of mol dm−3. For consistency in the concentration units, we changed the unit
(and hence the value) of kd.

In the first of our two sediment resuspension simulations, 60 % of sedi-
mented Alads is redissolved just above the sediment (β = 0.60, see Eqn 4.5).
This means that redissolution is proportional to sedimentation, hence this
simulation is named SedProp. However, the West Atlantic Ocean Geo-
traces observations show a large elevation of [Aldiss] due to resuspen-
sion only in the Northern Hemisphere and only very little in the Southern
Hemisphere (Figure 1.7a). It appears that the process of release of Al from
resuspended sediments is inhibited in the Southern Hemisphere. As shown
by Mackin and Aller (1986), the inhibition may be caused by high [Sidiss],
which is very high in the AABW in the Southern Hemisphere and flows
as far north as ∼40◦ N, albeit somewhat diluted by vertical mixing with
overlying NADW that has lower Sidiss concentrations. Therefore the result
of Mackin and Aller (1986) is used to arrive at the following dissolution
fraction:

β = β0

(
Sdiss, bottom

µM

)−0.828

, (4.6)

where β0 is a dimensionless constant (in this simulation set to 16.85) and
the −0.828 is from Mackin and Aller (1986). For further discussion see
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the derivation in appended Section 4.6 and the discussion in Section 4.4.2.
Henceforth this simulation is referred to as SedMackin.

Finally, one set of two simulations with biological incorporation of Al
into diatom frustules has been performed. In these simulations Aldiss is
scavenged in the same way as in the other simulations. No limitation to the
incorporation of Aldiss has been applied. This means that for these simul-
ations, cin = 1 and rmax = ∞ (see Eqn 4.2), such that RAl:Si = Adiss/Sdiss;
alternatives will be discussed in Section 4.3. The first of two incorporation
simulations, Incorp, is with the normal scavenging parameters. The sec-
ond one, IncorpLowPaCo, is different with respect to Incorp in that the
partition coefficient is decreased from 112 to 28 m3 mol−1, for reasons that
will become clear in Section 4.3.

4.2.2 Observational datasets

Recent Geotraces observations of [Aldiss] in the Arctic Ocean (Middag
et al. 2009), North-east Atlantic Ocean (Middag 2010, Chapter 5), West
Atlantic Ocean (Middag et al. in preparation), the Atlantic sector of the
Southern Ocean (Middag et al. 2011a; Middag et al. 2012; Middag et al.
2013) and the region south of Australia (Remenyi 2013) are used for a
detailed comparison and optimisation of the model parameters. See the
upper part of Table 4.4 for these datasets. These datasets comprise overall
4013 individual data values for dissolved Al. All values have been veri-
fied versus international reference samples and their consensus values of
the SAFe and Geotraces programmes. See Chapter 3 for more details.
In addition to the datasets used in Chapter 3, the Geotraces Interna-
tional Polar Year (GIPY) data by Remenyi (2013) (data and dissertation
on request available from lead author) have been added to the dataset,
namely SAZ-Sense (GIPY2) and SR3 (GIPY6). Those data are located
between Tasmania and Antarctica (438 data points). Furthermore, there
are five additional stations (120 extra data points) in the North-west At-
lantic Ocean (64 PE 358). These additional cruises add up to 558 extra
data points, compared to the number used in Chapter 3.

For a worldwide global ocean comparison one also has to rely on data
that was collected in the era before the reference samples of SAFe and
Geotraces were available. Inevitably, the criteria for selecting such pre-
viously published datasets are less strict; see Section 3.6 and Middag (2010,
pp. 216–218) for the criteria used for each of the selected datasets. The

http://www.geotraces.org/
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Cruise Ocean Source Amount
ARK XXII/2 Arctic Middag et al. (2009) 1080
ANT XXIV/3 Southern Middag et al. (2011a) 919
SAZ-Sense Southern Remenyi (2013) 146
SR3 Southern Remenyi (2013) 292
64 PE 267 Atlantic Middag et al. (in preparation) 137
64 PE 319 Atlantic Middag et al. (in preparation) 383
64 PE 321 Atlantic Middag et al. (in preparation) 504
64 PE 358 Atlantic Middag et al. (in preparation) 120
JC057 Atlantic Middag et al. (in preparation) 432
Subtotal used primarily for detailed comparison: 4013

IOC96 Atlantic Vink and Measures (2001) 1048
M 60 Atlantic Kremling (1985) 91
IRONAGES III Atlantic Kramer et al. (2004) 181
EUCFe Pacific Slemons et al. (2010) 195
MC-80 Pacific Orians and Bruland (1986) 92
VERTEX-4 Pacific Orians and Bruland (1986) 54
VERTEX-5 Pacific Orians and Bruland (1986) 59
KH-98-3 Indian Obata et al. (2007) 152
Subtotal of other observations for global comparison: 1872
Grand total of all dissolved Al values: 5885

Table 4.4: Observational data used for comparison with model.

selected pre-Geotraces datasets are listed in the lower part of Table 4.4.

4.2.3 Data-model comparison

For the, mostly qualitative, visual comparison between model and ob-
servations, horizontal and vertical cross-sections of the model data are
plotted. For the horizontal [Aldiss] sections four different depths are pre-
sented, where ‘surface’ signifies the average over the upper 30 m, ‘500 m’
is 400–600 m averaged, ‘2500 m’ is 2300–2700 m averaged and ‘4500 m’ is
4000–5000 m averaged. The respective observations (same depth ranges)
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are presented as coloured dots. The colour scale is not linear to better
show the main features at both low and high concentrations of Aldiss.

The vertical [Aldiss] sections are of the Geotraces cruises in the West
Atlantic Ocean (64 PE 267, 319, 321, 358; and JC057 from Table 4.4) and
the Zero-Meridian Southern Ocean (part of ANT XXIV/3). These sections
are calculated from the three-dimensional model data by converting the
ORCA2-gridded model data to a rectilinear mapping, and interpolating
the rectilinear data onto the cruise track coordinates. One of these figures
also shows the Atlantic Overturning Stream Function (OSF), defined as
the zonally (through the Atlantic Ocean) and vertically (from the surface
downwards) integrated meridional current speed. This is used as a measure
for the MOC.

The focus of this thesis is the West Atlantic Ocean for several reasons.
Firstly, recently measurements have been carried out in that region, re-
sulting in a large consistent (one method) dataset. Secondly, there are too
few high-quality observations in other regions of the ocean, making it very
difficult to define a reasonable goodness of fit. Thirdly, the West Atlantic
Ocean is of large importance to the MOC and hence the deep ocean cycling
of nutrients. For these reasons all quantitative arguments in this chapter
concern the West Atlantic Geotraces transect.

Statistics

To compare quantitatively the model results with the observations, we fo-
cus only on the 1576 data points of the West Atlantic Ocean Geotraces
transect (Section 4.3). First the observations are linearly interpolated onto
the model grid. Then several statistics are determined, namely the Root
Mean Square Deviation (RMSD), the Reliability Index (RI) and the cor-
relation coefficient r2. These statistics are all based on Stow et al. (2009),
but the first two are adjusted for the inhomogeneous sample distribution
in depth.

The RMSD is determined by the following equation:

Dl =

(∑30
k=1∆zk ·

∑60
j=1(Pjk −Ojk)

2

60 ·
∑30

k=1∆zk

)1/2

, (4.7)

where O is the observed and P the modelled [Aldiss], weighting with model
layer thickness ∆zk of layer k ∈ {1..30} for every station j ∈ {1..60}. The
l signifies the vertical weighting modification of the standard RMSD. This
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is done to compensate for the overrepresentation of data points near the
ocean surface. Furthermore, for each sensitivity simulation we calculate the
significance of the change in the RMSD compared with the corresponding
reference simulation. This is determined by means of a Monte Carlo simul-
ation on the reference simulation for which a subsample of 400 has been
randomly selected from the original set of 1800 data–model points. They
are the pairs of observations and model data, both on the model grid. This
is done 50 000 times and from this the 2σ confidence interval is calculated
(the mean ± two times the standard deviation). Suppose that we wish to
simulate q, and assume q is in steady state. For each model Y resulting
in qY (x), the average RMSD of the Monte Carlo simulation of qY (x) must
be outside the 2σ confidence range of the RMSD distribution of qX(x) to
say that Y is a significant improvement or worsening compared to X.

The reliability index adjusted by weighting with the model layer thick-
ness is defined as

RIl = exp


30∑
k=1

∆zk
60∑
j=1

(logOjk

Pjk
)2

60 ·
30∑
k=1

∆zk


1/2

. (4.8)

Finally, the correlation coefficient is defined as

r =

∑1800
i=1 (Oi −O)(Pi − P )√∑1800

i=1 (Oi −O)2
∑1800

i=1 (Pi − P )2
, (4.9)

where 1800 is the total number of measurements of the West Atlantic
Geotraces transect and the bars denote averages.

4.3 Results
In this section the results of the simulations are presented. The relevant
tracers of the raw model output are available at http://dx.doi.org/10.
1594/PANGAEA.836177.

4.3.1 Reference simulation

Figure 4.3 shows the modelled yearly-average steady-state Aldiss concen-
tration of RefDyn2 at four depths versus observations as coloured dots.

http://dx.doi.org/10.1594/PANGAEA.836177
http://dx.doi.org/10.1594/PANGAEA.836177
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Figure 4.3: Average of the final model year (1750) of the dissolved aluminium
concentration (nM) from the reference simulation (RefDyn2) at four depths. The
respective observations (same depth ranges) are presented as coloured dots.

In Figure 4.4 the Geotraces transects in the West Atlantic Ocean and
the Zero-Meridian Southern Ocean are presented. At the surface of the
Atlantic Ocean, the highest modelled and measured [Aldiss] is located from
near the equator northwards to about 35◦ N. In the polar oceans and in
the South Pacific Ocean, [Aldiss] is very low. At the West Atlantic tran-
sect, the MOC is clearly reflected by the dissolved Al concentration. The
decrease of [Aldiss] from north to south in the North Atlantic Deep Water
(NADW) is due to net adsorptive scavenging onto settling biogenic silica.

The similarity between the model (RefDyn2) and the observations de-
creases in the deeper North Atlantic Ocean, where according to the obser-
vations [Aldiss] increases with depth (for depths below 800 m), while in the
model the dissolved Al concentration decreases with depth. Besides this
general pattern of increasing [Aldiss] with depth in the observations, a very
high concentration of Aldiss is present between 45 and 50◦ N near the sed-
iment, which enhances the dissimilarity between the reference simulation
and the observations.



138 Circulation, resuspension and incorporation of Al

Figure 4.4: Dissolved aluminium concentration (nM) from RefDyn2 (simulated
year 1750) along the Zero Meridian and West Atlantic Geotraces transect. Ob-
servations are presented as coloured dots. The contour is the Atlantic Overturning
Stream Function (OSF), only defined north of Cape Agulhas and away from 36◦ N
where cross-land mixing through the unresolved Strait of Gibraltar does not allow
for a well-defined OSF.

4.3.2 Improved dynamics

In this reference simulation (RefDyn2) Dynamics 2 was used. This forcing
has its maximum southward transport at a reasonably realistic depth of
almost 3 km (contour in Figure 4.4), while RefDyn1 (Chapter 3) used a
forcing with the strongest southward transport closer to 2 km (Dynam-
ics 1). The more reasonable OSF depth results in an improved simulation
of [Aldiss] in the West Atlantic Ocean (Figure 4.4). The RMSD of [Aldiss] of
the reference simulation from Chapter 3 (RefDyn1) versus observations is
8.3 nM, while the RMSD of this new simulation (RefDyn2) versus observa-
tions is 8.7 nM. The difference between these RMSD values is insignificant
(Table 4.5).

The first two rows in Table 4.5 present the goodness of fit statistics
for [Sidiss]. Inspecting the RMSD, RefDyn2 of this study appears a sig-
nificant improvement over RefDyn1. The improved Sidiss distribution gives
credibility to the [Sidiss]-dependent sediment resuspension simulation (also:
Section 4.4.1). Since [Sidiss] is improved, it is likely that the Si cycle as a
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Figure 4.5: Simulated [Aldiss] (nM) from the [Sidiss]-independent sediment re-
suspension simulation (500 yr after forking) along the Zero Meridian and West
Atlantic Geotraces transect (SedProp). Observations are represented by the
coloured dots.

whole is improved, but an assessment of the Si cycle is beyond the scope
of this paper.

4.3.3 Sediment resuspension

Figure 4.5 shows the [Aldiss] resulting from the simulation in which sed-
iment resuspension is proportional to wsAlads/∆zbottom in the layer just
above the sediment (SedProp). In the Northern Hemisphere, the deep
[Aldiss] is simulated much better in this simulation than in RefDyn2 (Fig-
ure 4.4), but in the Southern Hemisphere [Aldiss] is simulated much worse.
The dissolved Al concentration is too high near the bottom, and elevated
[Aldiss] levels are found throughout the whole water column. Nonethe-
less, the addition of resuspension in this way does significantly improve
the simulation (Dl = 5.2 nM, compared to 8.7 nM for the reference simul-
ation). However, in the southern Atlantic Ocean and along the Zero Merid-
ian in the Southern Ocean, sediment input should be much closer to zero.

Figure 4.6a shows [Aldiss] from simulation SedMackin, where sedimen-
tary Al addition depends on bottom water [Sidiss] according to Mackin and
Aller (1986) (β as defined by Eqn 4.6). As expected, also in SedMackin
the sediment resuspension source of Al results in a higher [Aldiss] near
40–50◦ N in the deep North Atlantic Ocean (Figure 4.6b) compared to
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(a) (b)

Figure 4.6: Results from the [Sidiss]-dependent sediment resuspension simulation
following Mackin and Aller (1986) of year 500 after forking; sections along the Zero
Meridian and West Atlantic Geotraces transects. (a) Modelled [Aldiss] (nM)
with observations plotted as coloured dots. (b) Relative difference of [Aldiss]
between SedMackin and RefDyn2 (%).

RefDyn2. However, several characteristics of the observations are better
reproduced by SedMackin than SedProp. Firstly, in the Southern Hemi-
sphere, the [Aldiss] is only slightly elevated near the sediment compared to
the overlying water (Figure 4.6a). The observations extend to practically
the bottom of the ocean, almost 6 000 m at some latitudes of the West At-
lantic Geotraces transect, while the model depth is only 5 000 m. This
makes a good comparison of deep ocean [Aldiss] between model and ob-
servations difficult, but the slightly elevated [Aldiss] in the near-sediment
observations is consistent with the slight elevation that is mainly confined
to the bottom model layer. Secondly, the region from 0◦ to 45◦ N at a
depth below 2 km has a higher [Aldiss] in SedMackin compared to RefDyn2
(Figure 4.6b) and better represents the observations.

Based on the low [Sidiss] alone, a high near-sediment [Aldiss] is expected
north of 50◦ N as well. Indeed, this is the case in the observations, but it is
not found in the model. This could be related to the relatively low resolu-
tion of the model, which does not resolve well the dynamical (advection and
deep convection) and, related, biogeochemical processes in this region. As
expected, the resuspended Aldiss mixes into the (lower) NADW, but most
of it is scavenged again before reaching the equator (Figure 4.6b). The
overall [Aldiss] resulting from SedMackin is more consistent with the ob-
servations compared to RefDyn2 without any sediment resuspension. For
RefDyn2, Dl = (8.8± 0.8) nM, while for the sediment resuspension simul-
ations, Dl = 5.2 nM and Dl = 5.9 nM, which are statistically significant
improvements (Table 4.5).
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Figure 4.7: [Aldiss] (nM) of the [Sidiss]-dependent simulation with sediment resus-
pension (SedMackin) at four depths (500 yr after forking).

Figure 4.8: Difference of [Aldiss] (nM) between the simulation with
[Sidiss]-dependent sediment resuspension (SedMackin) and the reference simul-
ation at four depths (500 yr after forking).
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Figure 4.7 shows the [Aldiss] at four depths for SedMackin, with ob-
servations as coloured dots. Figure 4.8 shows the difference of [Aldiss]
between this simulation and the reference simulation. In several semi-
enclosed basins, like the Gulf of Mexico and the Arctic Ocean, and the
Atlantic Ocean, [Aldiss] is higher compared to the reference simulation, es-
pecially near the sediment. The Gulf of Mexico, the Mediterranean Sea,
Baffin Bay and the Arctic Ocean may contribute to [Aldiss] in the Atlantic
Ocean. However, the increase of near-sediment [Aldiss] in the West Atlantic
Ocean at 45–50◦ N is much more likely caused by in-situ resuspension and
subsequent dissolution (Figure 4.6b).

Several statistics show that SedMackin is an improvement over RefDyn2
(Table 4.5). This, together with the presented concentration plots, shows
that the sediment redissolution process is an improvement of the model.
This lends support to the hypothesis of a sediment source of Al in the form
of resuspension and subsequent dissolution in the real ocean. In most of
the deep ocean (Figure 4.7c and d) the model overestimates the observa-
tions. Indeed, the statistics do not show an improvement of SedMackin
over SedProp. Apparently the choice of β0 = 16.85 is too high, which
only showed up after a sufficiently long spin-up of the model. It would
require several more trial and error model runs to arrive by iteration to
the optimal value of β0, but this is beyond the scope of this paper.

4.3.4 Biological incorporation

The relative difference between the simulated [Aldiss] with and without bio-
logical incorporation is presented in Figure 4.9 at four depths. In the main
thermocline, north of 60◦ S, [Aldiss] is significantly lower with incorpora-
tion than without (Figure 4.9a,b). While the reference simulation RefDyn2
simulates the observed [Aldiss] well in the upper part of the ocean, in the
simulation Incorp a large amount of Al is removed by incorporation in
addition to adsorptive scavenging from the upper part of the ocean.

The significantly lower [Aldiss] in the main thermocline in Incorp, com-
pared with RefDyn2, makes the modelled concentrations much lower than
the observed concentrations. This suggests that incorporation may not
occur (to such an extent), which is consistent with the findings of Vrieling
et al. (1999). This result does not prove that biological incorporation of Al
by diatoms does not occur. It only means that this way of incorporating
Al into the frustules in this model with its current configuration yields an
unrealistically low value of [Aldiss]. There are several possibilities to com-
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Figure 4.9: Relative difference of [Aldiss] (%) between the simulation with bio-
logical incorporation (Incorp) and the reference simulation (RefDyn2) at four
ocean depths (average over year 500).

pensate this effect so that future simulations may still be compatible with
the incorporation hypothesis. Notably, the amount of Al incorporated into
the frustules may need to be significantly reduced, or the scavenging pa-
rameters need to be adjusted, or dust dissolution must be increased. The
result of a simulation with a decreased partition coefficient is presented
next. Further discussion of the three options can be found in Section 4.4.3.

Figure 4.10 presents the relative concentration difference between Incorp-
LowPaCo and RefDyn2. The decrease in the Atlantic Ocean surface wa-
ters is slightly smaller than in the case with incorporation and a high kd
(compare with Figure 4.9). However, in the Southern Ocean the [Aldiss]
has increased relatively by a considerable amount, yielding concentrations
much higher than the observed concentrations.

The RMSD between IncorpLowPaCo and the observations (at the West
Atlantic Geotraces transect) is 9.4 nM. Even though this is a significant
improvement compared to Incorp, it is only the case when absolute residu-
als are considered (RMSD). When the correlation coefficient is considered,
IncorpLowPaCo (r = 0.61) appears not to be an improvement over Incorp
(r = 0.62). In fact, the correlation coefficient for IncorpLowPaCo is the
lowest of all simulations. Indeed, IncorpLowPaCo shows an unrealistically
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Figure 4.10: Result of a 500 yr simulation with incorporation (no limitation,
i.e. RAl:Si = Adiss/Sdiss) and a decreased scavenging partition coefficient k′d =
kd/4 = 28 m3 mol−1 (IncorpLowPaCo). Relative difference of [Aldiss] between
IncorpLowPaCo and RefDyn2.

higher [Aldiss] in the Southern Hemisphere (Figure 4.10). Compared to the
simulation without incorporation (RefDyn2), the run with incorporation
with fourfold lower partition coefficient (IncorpLowPaCo) performs poorly.
This degradation in model performance is insignificant when the RMSD
is considered (which is a function of absolute residuals). Dimensionless
goodness of fits like the Reliability Index RI or the correlation coefficient r
do not show any significant improvement or worsening of IncorpLowPaCo
either, compared with RefDyn2 (significance values not presented). Fi-
nally, decreasing the first-order rate constant κ has a very similar effect as
decreasing kd (Section A.4.2).

From these considerations it may be concluded, within the limitations
of the model, that if incorporation is an important process at all, it is
unlikely to occur proportionally to the ambient Adiss/Sdiss ratio in surface
seawater but rather in a much smaller ratio (i.e. cin � 1 in Eqn 4.2 as
further discussed in Section 4.4.3).
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4.4 Discussion

4.4.1 General biogeochemistry

Underlying model

Clearly, besides the dust solubility, the scavenging parameters and resus-
pension parameterisation, the Al model depends on the dynamics (Sec-
tion 4.3.2) and the underlying biogeochemical model as well. Both the
dynamics and the biogeochemical model have a strong impact on [Sidiss].
Figure 2.6 presents modelled [Sidiss] for both dynamical fields, with mea-
sured [Sidiss] as coloured dots. Clearly Figure 2.6a, corresponding with
Dynamics 1, shows a strongly overestimated [Sidiss] in the deep ocean,
while this overestimation is significantly reduced in Figure 2.6b (Dynam-
ics 2). The reason for this is that in Dynamics 2 the northward flux of
AABW is smaller and does not go as far north as Dynamics 1. Hence,
less Sidiss, which is rich in AABW, reaches the northern parts of the deep
Atlantic Ocean. In other words, the more realistic deep overturning cell
in Dynamics 2 results in a more realistic simulation of [Sidiss] in the deep
Atlantic Ocean (Table 4.5). Even though we have improved the Sidiss dis-
tribution by using a different dynamical forcing, the absolute value of the
deep [Sidiss] does not match very well the observations. At most places in
the deep West Atlantic Ocean, [Sidiss] still overestimates the observations
(Figure 2.6b). For the sediment resuspension simulation SedMackin, this
has been taken into account by modifying the proportionality factor β0
(Eqn 4.6). Still, β0 was estimated somewhat too high as noted above.

The Sibiog concentration is important as well for the Al model, namely
for scavenging. However, there is no consistent observational dataset of
[Sibiog]. Available data (e.g. Lam 2011) generally report particulate silica
as the sum of biogenic silica (diatom frustules) and silica mineral phases
such as silt and clay particles. For this reason, no one-to-one comparison
between modelled and measured biogenic silica can be performed; only a
qualitative analysis can easily be done. Aumont and Bopp (2006) showed
that primary production of diatoms is small in the oligotrophic North
Atlantic Ocean, consistent with measurement-derived biogenic silica export
(e.g. Sarmiento and Gruber 2006, Color Plate 4).
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Dust dissolution

Fractions of each of the elements in lithogenic dust particles dissolve in
the upper mixed layer, while below the mixed layer the dissolution of the
elements from dust is smaller. It is generally assumed that most of the
dust is refractory. Therefore, in our model, Al from lithogenic particles
is not dissolved below the mixed layer. The neglect of dissolution below
the mixed layer is often casually assumed and has been suggested by many
studies on Al in the ocean (e.g. Orians and Bruland 1986; Baker et al.
2006; Buck et al. 2006). However, no explicit observational study has been
published on the fate of lithogenic dust particles in the water column below
the mixed layer.

The simulation DustWC of Chapter 3 suggests that there is no disso-
lution below the mixed layer. This simulation includes dissolution of dust
below the surface layer, while there was no sediment source. DustWC
did not perform better compared to the respective reference experiment,
RefDyn1. The impact of the dissolution below the mixed layer had espe-
cially an aggravated impact in the West Atlantic Ocean between 500 and
1500 m depth. Hence, there is good reason for excluding water column
dissolution of lithogenic Al.

Reversible scavenging

In our model Aldiss is reversibly scavenged. This means that Aldiss is
scavenged and, during downward settling, partly released in the water
column. The release is caused by a combination of decreasing Sibiog and
Aldiss (Eqns 3.2 and 3.3). At first sight, this release appears necessary
to explain the non-zero water column concentrations of Aldiss. This is
consistent with the notion that Sibiog with Alads follows the MOC and
slowly releases Aldiss. This can be seen in Figure 1.7a and Figures 4.3 and
4.7, where [Aldiss] shows the ‘imprint’ of the MOC. Still, it is possible that
desorption occurs at a slower rate than adsorption, and that desorption
hardly depends on the particle concentration (Moran and Moore 1992).

In the real ocean adsorptive scavengers other than biogenic Si, as well
as different ‘dissolved’ Al particles, may play a role. For example, colloidal
Al and other colloids facilitate the removal of trace metals like Al (Moran
and Moore 1989; Moran and Buesseler 1992). However, the fraction of
colloidal Al is only 0.2–3.4 % (of the operationally defined filtrate < 0.2 µm
Aldiss pool), meaning that the removal of Al occurs mainly through direct
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adsorption, or the colloidal fraction is rapidly turned over (Dammshäuser
and Croot 2012). Either case implies that the model may skip the colloidal
fraction and convert Aldiss to Alads in a single step.2

4.4.2 Sediment source

Resuspension versus diffusion

Typically in shallow waters, dissolved iron (Fe) diffuses from the sediment
into the water above due to build-up of reduced Fe within sediment pore
waters. In Chapter 3 a simulation with a sediment source of dissolved
Al analogous to Fe was performed (SedMargin). However, reduction and
subsequent diffusion of Al from sediments does not typically occur. The
sediment input simulation in the work in this chapter is based on sedi-
ment resuspension in deep ocean bottom waters instead of upward diffusion
across the sediment-water interface.

The resuspension hypothesis has a stronger observational basis than the
diffusion hypothesis. Observations show that there appears to be an Al
source from sediments where there is resuspension, e.g. around the Grand
Banks (Moran and Moore 1991). This typically coincides with regions
of deep water formation or it occurs around seafloor elevations. When
there does not appear to be resuspension, there is generally no source of
Aldiss. This of course does not exclude the possibility of diffusion of Al
out of sediments, but the observations link near-sediment Al elevations to
regions of resuspension. Further discussion and references may be found
in Middag et al. (in preparation); its shorter version is added to this thesis
as Chapter 5.

Shortcomings

Sediment resuspension is actually induced by near-sediment turbulence,
creating a layer of water above the sediment containing significant amounts
of suspended sediment particles. This layer is about 200 to 1000 m thick
and is referred to as the nepheloid layer (Jackson 2005). Due to the low
vertical resolution of the model (bottom layer is up to 500 m thick), it
was not possible to parameterise sediment resuspension by means of the

2Furthermore, Moran and Moore (1988a) note that Al has a large truly dissolved
fraction, and “will not be removed as effectively [as Th] during the coagulation process.”
Finally, and also because of these considerations, the dataset available now does not
distinguish the colloidal from the soluble pool.
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turbulence parameters present in the model. Instead, a certain portion
of sedimented biogenic silica was redissolved into the bottom model layer.
This is hence not a mechanistic model but a simple parameterisation. This
is reasonable because the bottom layer thickness is of the same order of
magnitude as the nepheloid layer.

There are no observations or good estimates of Al flux from sediment
resuspension, and there is no sediment model for Al available. Therefore it
is assumed that recently sedimented Alads is resuspended and subsequently
partly dissolved (e.g. Lampitt 1985; Hwang et al. 2010). Besides Alads there
is another particulate Al tracer present in some of the model simulations,
namely Albiog. This is not used here, since Al incorporated into the frustule
lattice is harder to dissolve than Al adsorbed onto Sibiog. Also, Koning et
al. (2007) state that a significant amount of the Al, associated with diatom
frustules post-mortem, can be rinsed off and is thus bound to the surface.

Inhibition

The dissolution of Al from resuspended sediments appears to be inhibited
by Sidiss. This effect has been included in Eqn 4.6. Here we try to give
an extensive qualitative rationale for the hypothesis, while a derivation
of the final equation can be found in Appendix 4.6. We believe that the
elevation of [Aldiss] in bottom waters (Figure 1.7a) is due to significant
dissolution/desorption from resuspended sediment in part of the Northern
Hemisphere, a process apparently inhibited in the Southern Hemisphere.
This may be explained by the mirror image distribution of dissolved silicate
(Figure 1.7b). Namely, the Sidiss concentration is very high in the AABW
in the Southern Hemisphere and flows as far north as ∼40◦ N, albeit some-
what diluted by vertical mixing with overlying NADW that has lower Sidiss
concentrations. The high concentration of Sidiss in bottom waters possi-
bly prevents the dissolution/desorption of Al from sediments. Briefly, in
the northernmost part of the transect the DSOW cascades down over the
seafloor from ∼65◦ N to ∼45◦ N, in the process acquiring more and more
dissolved Al due to redissolution/desorption from resuspended sediment
particles in the bottom nepheloid layer, which is very thick here (Biscaye
and Eittreim 1977; Gross et al. 1988). Indeed, from 65◦ N to 45◦ N the
dissolved Al in the deepest bottom water sample increases from 12 nM at
65◦ N to 34 nM at 44.8◦ N (Middag et al. in preparation, their Figure 9).
The parallel increase of [Sidiss] is slightly more modest from 8 µM at 65◦ N
to 21 µM at 44.8◦ N. However, somewhere in between 45◦ N and 40◦ N the
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southwards flowing DSOW becomes underlain by the northward extreme
of AABW with much higher [Sidiss] ≈ 45 µM at 39.5◦ N. There is still sig-
nificant sediment resuspension based on optical backscatter observations,
but no more release of Al, hence Sidiss appears to inhibit any further dis-
solution/desorption of Al from resuspended sediments.

The overall sediment source of Aldiss is likely due to a combination
of processes (bottom current velocity, resuspension, partial dissolution of
clay minerals, partial dissolution of biogenic debris (Sibiog, Albiog) and
desorption) where porewater chemistry within the sediments likely plays
a role as well. However, neither the observations (Figure 1.7a) nor the
simulation modelling of dissolved Al have the adequate vertical resolution
to resolve all these processes. Instead we follow Mackin and Aller (1986)
and the derivation in Appendix 4.6.

4.4.3 Incorporation

Biology

The simulation Incorp resulted in a much too small [Aldiss] in the upper
500 m of the ocean, especially below (and downstream of) dust deposition.
In this section three possibilities are discussed that may leave open the
option of biological incorporation.

Firstly, too much Al might be biologically incorporated into the frus-
tules. A different moderation term RAl:Si would be able to change that.
One way is to decrease cin. This parameter describes a general prefer-
ence of silicic acid above aluminium when it is smaller than one and vice
versa. Han et al. (2008) defined cin = 0.08845, loosely based on Gehlen
et al. (2002). Alternatively, one may also define a maximum incorpora-
tion rmax. This parameter signifies that diatoms do not allow aluminium
in their frustule above a certain percentage. Several equivocal values for
rmax may be derived from different studies, among which are 0.007, based
on Gehlen et al. (2002) as well, or 0.01 (Van Cappellen et al. 2002), or
0.0022, an incorporation ratio based on observations of [Aldiss] and [Sidiss]
at remineralisation depth (Middag et al. 2009). An additional simulation
was performed with the parameterisation by Han et al. (2008), i.e. with
cin = 0.08845 and rmax = ∞ (results not presented here). This simulation
does not yield significant changes compared to the reference simulation
(RefDyn2). Hence, from this simulation it cannot be concluded whether
incorporation (with a reduced incorporation rate cin) occurs.
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Secondly, whether incorporation is moderated or not, the part of the
model that is independent of incorporation is likely to need retuning, since
incorporation functions as an extra sink of Al. The settling velocity ws and
the other scavenging parameters kd and κ may need to be adjusted (see
Eqns 3.2, 3.3 and A.2). For instance, the partition coefficient kd may be
decreased. This leaves more Aldiss in the surface ocean, compensating the
decrease of [Aldiss] by incorporation. To test this hypothesis a simulation
was performed with incorporation and a decreased kd (IncorpLowPaCo).
This simulation showed a large effect of kd in the Southern Ocean, and
not in the Atlantic Ocean, where incorporation had such a large effect
(Section 4.3.4). A decreased first-order rate constant κ (IncorpLowFORC)
yields similar results (Section A.5.3). Why is this the case?

In our model, in chemical equilibrium, the adsorbed Al concentration
is proportional to both [Aldiss] and [Sibiog] (Eqn 3.3). The effect of the
biogenic Si dependence is evident in high-[Sibiog] areas like the Southern
Ocean. Furthermore, Sibiog is present in and below the euphotic zone,
especially in the Southern Ocean. This results in scavenging throughout
a significant portion of the water column. In other words, kd has a much
stronger sensitivity in the polar oceans compared to other locations, as
is actually shown by a simulation in Chapter 3. A smaller kd therefore
results in more Aldiss in the Southern Ocean, while it has little effect on the
more problematic incorporation-induced decrease of [Aldiss] in the Atlantic
Ocean.

Increasing dust deposition, or solubility, is a third possibility to com-
pensate the decrease of [Aldiss] in the main thermocline in the simulations
where biological incorporation occurs. A simulation (IncorpHighDust) sug-
gests that more dust only affects the very surface of the ocean. Dust depo-
sition and subsequent dissolution of Al in the surface layer does not affect
the subsurface [Aldiss] much (at 50–400 m depth), while as a consequence
of biological incorporation a strong depletion of Aldiss occurs both there
and in the surface (Section A.5.4). Dissolving lithogenic dust particles be-
low the ocean surface is another option. This has been done for simulation
DustWC by means of instantaneous dissolution in the water column upon
deposition on the sea surface according to a function that exponentially
decreases with depth (Section 3.3.2). The depth-dependent dissolution
function can be fitted to the observations or the reference simulation, giv-
ing a reasonable first-order simulation of [Aldiss]. Obviously, a simulation
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with incorporation and a dissolution function fitted to the observations is
not very strong evidence for incorporation.

To summarise, the simulation IncorpLowPaCo showed that changing kd
cannot solve the problem, and we have to understand why this is the case.
Also a simulation with increased dust dissolution does not give much hope.
This suggests that biological incorporation of Al into diatoms has only a
second-order effect on the dissolved Al distribution. This is in line with the
likely overestimation of Al to Si ratio in our model during incorporation
as discussed near the beginning of this section. Indeed, there are several
studies that cannot detect the process of biological incorporation of Al
into living diatoms (e.g. Vrieling et al. 1999) and many studies are unclear
about the actual mechanism of removal (e.g. Moran and Moore 1988a;
Ren et al. 2011). However, as discussed, at the same time there are many
studies strongly suggesting the biological incorporation. Either parts of the
model (which is of relatively large complexity and contains many degrees
of freedom) are overlooked, e.g. in the complexities of the Si cycle; or the
amount of incorporation is smaller than assumed in Incorp.

Post-mortem diagenesis within the sediments

Koning et al. (2007), Loucaides et al. (2010) and Loucaides et al. (2012)
have suggested that most of the Al found in diatom silicate in sediments
is incorporated after burial. These papers indicate that the Al/Si ratio in
living diatoms is most likely considerably lower than the estimates used in
the incorporation simulations. Most incorporation is indeed after burial
and hence post-mortem. However, sedimentary processes are not the focus
of this work and only matters are discussed that are of direct importance
for the processes in the water column. What we aimed for here is to
test the effect on [Aldiss] by including biological incorporation in opal of
growing diatoms by using the upper limit of Al/Si (namely the ambient
dissolved Al/Si concentration ratio in the surface ocean waters). A study
on sedimentary processes is beyond the scope of this paper.

4.5 Conclusion

The Aldiss distribution in the upper part of the ocean has previously been
simulated reasonably well with only a dust source and reversible scaveng-
ing as the removal process (RefDyn1). However, the [Aldiss] was strongly
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underestimated in the deep North Atlantic Ocean, highlighting deficien-
cies in this model. The simulation is significantly improved by the use of
different dynamical fields and the addition of a resuspension source. The
latter supports the idea that the most significant sources of Al to the ocean
are dust deposition and sediment resuspension, and the most important
internal process is likely to be adsorptive scavenging. The Al release from
resuspended sediment appears to depend on both Alads sedimentation and
bottom water [Sidiss]. It has been shown that a parameterisation based on
Mackin and Aller (1986) is able to simulate the deep ocean [Aldiss] realis-
tically, supporting the idea of stoichiometric saturation. This implies that
Al release from resuspension occurs only in bottom waters with relatively
low Sidiss. These waters are in the northern North Atlantic Ocean and the
Arctic Ocean (Middag et al. 2009); all other ocean basins have high Sidiss
in bottom waters that prevents such Al release. In fact, within the Arctic
Ocean, indeed in bottom waters, there is an elevated trend of the dissolved
Al/Si ratio as compared to mid-waters, i.e. an indication of extra release
of Al (Middag et al. 2009, their figures 5, 8, 13 and 18).

A dataset of measurements of [Aldiss] in the deep and bottom waters has
been used, that is much larger than hitherto available. Nevertheless, the
vertical resolution near the deep ocean seafloor still is modest. Similarly,
the deepest bottom water box of the model extends to 500 m above the
seafloor, and in some regions the model extent of 5 000 m is less than the
true full water column depth. Obviously, the very intriguing sediment
source of Al in the 40 to 65◦ N region would be of great interest for a
more detailed study with high vertical resolution sampling just above the
seafloor and similar high vertical resolution modelling. Also porewater
dynamics is potentially important, hence it may be necessary to include a
more detailed parameterisation in future models. Similarly, other types of
particulate Al in resuspended sediments should be considered in modelling.

Simulations with biological incorporation show that this process is un-
likely to occur proportionally to the ambient dissolved Al/Si concentration
ratio. The simulations suggest that the relative importance of incorpora-
tion compared to scavenging may be small, because changing the scav-
enging parameters or surface dust dissolution cannot compensate for the
unrealistic decrease of dissolved Al in the main thermocline. This does not
imply that incorporation does not take place, yet perhaps net incorpora-
tion is relatively small.
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Clearly, more simulations, laboratory experiments and field observa-
tions are needed to answer what the relative amount of incorporation is
compared to scavenging. When a realistic model of incorporation has been
developed, the next step is to test the effect of Al on the Si cycle which
could finally shed light on how large this effect is for the world ocean and
the role of diatoms in the climate system.

Finally, a word of caution. On the one hand, the resulting overall im-
proved simulation or fit versus the measurements of [Aldiss] and [Sidiss] is
another step forward. On the other hand, for such a complex circulation–
biogeochemistry model with so many parameterisations, one cannot ex-
clude the possibility of other combinations of parameterisations resulting
in a similar or perhaps even better goodness of fit to the measurements.
In other words, while the chosen processes of Al supply and Al removal
are sensible, also in keeping with views in the literature, as is the ensuing
fair simulation, the findings should not be overinterpreted as conclusive
evidence in support of the chosen processes and their parameterisation
(Section 2.1).

4.6 Appendix: Sediment resuspension model
Based on observations, Mackin and Aller (1986) hypothesised that release of Al
from sediment is inhibited by porewater silicic acid, Si(OH)4. They wrote the
following, using { } for chemical activity and p for -log10 as also in pH:

In general, when stoichiometric saturation (sensu Thorstenson
and Plummer (1977)) exists for an authigenic clay of constant compo-
sition in sediment porewater having nearly invariant reactive cation
concentrations, the following will hold (Mackin and Aller 1984):

p{Al(OH)−4 }+ a p{Si(OH)4}+ bpH= pKeq , (4.10)

where [a = Si/Al and b = H+/Al are the stoichiometries] of the clay
and pKeq = apparent constant excluding the effects of major cations
and other potentially reactive cations. To estimate values of a and
b for the Amazon shelf sediments from [their] Fig. 2, we applied a
regression technique which treats p{Al(OH)−4 }, p{Si(OH)4} and pH
as independent variables (Mackin and Aller 1984). The results of this
treatment give the following:

1(±0.044)p{Al(OH)−4 }+ 0.828(±0.093)p{Si(OH)4}
+ 0.429(±0.070)pH = pKeq ,

(4.11)

where pKeq = 13.98(±0.13).
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The chemical activities are in nM and µM for Al(OH)−4 and Si(OH)4, respectively.
Their use of stoichiometric saturation is consistent with the mirror image between
[Al(OH)−4 ] and [Si(OH)4] as shown in Figure 1.7. Here [Al(OH)−4 ]bottom is small in
the Southern Hemisphere and large in the Northern Hemisphere, while both south
of 40◦ S and north of 40◦ N sediment particles are present in the bottom water
(Figure 4.1), strongly suggesting sediment resuspension. Actually, just south of
40◦ N is the largest sediment resuspension, even though just north of this latitude,
[Aldiss] is mostly elevated near the sediment.

Eqn (4.10) can be rewritten as

log10 {Aldiss}pore + a · log10 {Sidiss}pore=B , (4.12)

where Aldiss = Al(OH)−4 , Sidiss = Si(OH)4, and with B = bpH − pKeq being an
approximate constant (for pH = 8.1, B = −10.5). The dissolved entities between
the curly braces are chemical activities in the porewater, but we need to model
fluxes from resuspended sediment into bottom water. We will refer to the model
layer (of max. 500 m thick) just above the sediment as bottom water.

Since [Aldiss] and [Sidiss] are high in porewater (at least [Sidiss] is very high in
Southern Ocean porewater), the chemical activities are not equal to the concen-
trations. But they are proportional; their coefficients of proportionality are the
activity coefficients γAl and γSi (e.g. Stone and Morgan 1990):

{Aldiss}pore = γAl[Aldiss]pore

{Sidiss}pore = γSi[Sidiss]pore .
(4.13)

So far we have rewritten the equations of Mackin and Aller (1986) using
simple mathematics and chemistry. We will now introduce the model. For this
purpose we will assume that the empirical relationship of Mackin and Aller (1986)
(Eqn 4.10), found at the Amazon shelf, is valid everywhere. This assumption is
defendable if Mackin and Aller (1986) have not made any extra implicit assump-
tions on top of the research of Thorstenson and Plummer (1977); the latter only
used established thermodynamical relations.

From Eqns (4.12) and (4.13) the following relation can be derived:

log10(γAl[Aldiss]pore) = B − a · log10(γSi[Sidiss]pore)

[Aldiss]pore/nM =
10B

γAl
·
(
γSi[Sidiss]pore/µM

)−a

= C · ([Sidiss]pore/µM)−a ,

(4.14)

where C = 10Bγ−1
Al γ

−a
Si > 0.

The Al flux Φsed from the bottom water layer to the sediment is given by
Φsed = ws · [Alads], with [Alads] the bottom water layer concentration of adsorbed
Al and ws the sedimentation rate. In line with the sediment resuspension hypoth-
esis, we assume that the aluminium flux Φresusp from resuspension and subsequent
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release of Aldiss (henceforth resuspension flux) is proportional to Φsed, converting
part of the sedimented Al into dissolved Al in the bottom water layer:

Φresusp = β · Φsed = β · ws · [Alads] , (4.15)

where β ∈ [0, 1] is the fraction of resuspended and subsequently released Al. In
the original resuspension model, β is a constant. In the more complex model, the
resuspension flux is taken to be proportional to [Aldiss]pore (as well as [Alads]).
Using Eqn 4.14, this results in:

β ∝ [Aldiss]pore/nM ∝ ([Sidiss]pore/µM)−a . (4.16)

Furthermore, we assume that bottom water [Sidiss] is proportional to porewater
[Sidiss]. It is a first-order assumption. Since we lack the knowledge of whether
this is reasonable, it would be useful if this assumption were tested, but that
is far beyond the scope of this work. Therefore, we cannot give an explanation
or perform a mechanistic simulation. Together with Eqns (4.15) and (4.16), this
assumption gives for the change of [Aldiss] in the bottom layer due to resuspension:

∂[Aldiss]

∂t

∣∣∣
resusp

=
Φresusp

∆zbottom
= β · Φsed

∆zbottom

= β0

(
[Sidiss]bottom

µM

)−a

· Φsed

∆zbottom
,

(4.17)

where β0 is a dimensionless constant and ∆zbottom is the thickness of the bottom
seawater model layer.

Since there can be no more redissolution than the amount of Al that sediments
(assuming steady state and no horizontal remobilisation of sediment), β is at most
one. If we want to use the highest possible flux for resuspension near 45–50◦ N,
we set β = 1 in that region. The modelled bottom water [Sidiss] near 50◦ N is
30.3 µM. Hence, the proportionality constant is β0 = 30.30.828 = 16.85. Since
bottom [Sidiss] farther north is lower, β would there be higher than one. Since
the model assumes that only recently sedimented Alads is resuspended, it would
not be physically correct if β > 1. Therefore β is constrained and hence given by:

β = min(16.85 · ([Sidiss]/µM)−0.828, 1) , (4.18)

which is to be plugged into the concentration change:
∂[Aldiss]

∂t

∣∣∣
resusp

= β · Φsed

∆zbottom
. (4.19)

This equation is identical to Eqn (4.5) in the main text, hence this result is what
was to be demonstrated.

As a sanity check we substitute the minimum (13.4 µM) and the maximum
(148.6 µM) bottom [Sidiss] into this equation:

βmax = min(16.85 · 13.4−0.828, 1) = 1

βmin = min(16.85 · 148.6−0.828, 1) = 0.27 .
(4.20)
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This means that since bottom [Sidiss] is decreasing with latitude, we expect 100 %
redissolution anywhere north of 45◦ N (it is set up like that). About 25 % of the
sedimenting Alads is dissolved in the Southern Ocean (high [Sidiss]).
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Chapter 5

Aluminium in the Oceans:
Unique Mirror Image of the
Biological Cycle?1

Many trace elements are essential nutrients. Since aluminium (Al) is not
one of these, it is somewhat of a paradox that Al is often (Middag et al.
2009), albeit not always (Middag et al. 2011a; Middag et al. 2012) coupled
with the cycle of the major nutrient silicon (Si). Silicon is essential for opal
(SiO2) frustules of diatom algae that represent ∼40 % of CO2 fixation by
photosynthesis in the oceans (Roberts et al. 2007). Trace amounts of Al
are taken up into these opal frustules, diminishing Si re-dissolution (Gehlen
et al. 2002) and influencing the biogeochemical Si cycle. The main external
supply of Al into the surface ocean is atmospheric dust. Therefore Al is also
of interest as the key tracer for atmospheric supply of nutrients, notably
iron, which stimulates photosynthesis and nitrogen fixation in the Atlantic
Ocean (Rijkenberg et al. 2011). Understanding the cycling of Al thus plays
an important role in understanding the overall biogeochemical cycling in
the oceans. The here presented results of the longest ever 17 500 km section
for trace metals in the West-Atlantic Ocean show a unique mirror image
between the distributions of Al and Si, as if they are not coupled. Yet
in fact the distribution of Al depends on a strong coupling with Si via

1The main author of this chapter is Dr. R. Middag. I contributed the improved results
of new versions of the OGCM simulation of the world ocean distribution of dissolved Al
(in detail described in the previous chapters). A more extensive version of this chapter
is in preparation (Middag et al. in preparation).
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the diatom life cycle, in combination with atmospheric input, sedimentary
input, adsorptive scavenging and ocean circulation.

Aluminium is one of the most abundant chemical elements on the
planet. The average crustal abundance of Al is ∼8.23 % by weight, about
one third of the even more abundant Si (28.15 %), i.e. there is one Al
atom for every three Si atoms in the Earth’s crust. However, the dis-
solved Al concentration ([Aldiss]) in seawater is almost a thousand times
smaller than the dissolved Si concentration ([Sidiss]). Dissolved Al ranges
from extremely low (0.1–0.5 nmol kg−1) in remote Antarctic Ocean waters
(Middag et al. 2011a; Middag et al. 2012) and the high latitude North
Pacific (Orians and Bruland 1988), to very high (∼170 nmol kg−1) in the
Mediterranean Sea (Hydes et al. 1988). In comparison, [Sidiss] ranges from
� 0.1 µmol kg−1 in the surface waters of the central temperate oceans, to
as high as ∼180 µmol kg−1 in the oldest deep waters of the North Pacific
Ocean (Sarmiento and Gruber 2006).

Major external sources of dissolved Al into the remote open ocean are
partial dissolution of atmospheric dust input (Maring and Duce 1987; Mea-
sures et al. 2008) and sediment re-suspension (Middag et al. 2012; Moran
and Moore 1991). Major removal mechanisms of dissolved Al from the
ocean are (i) Al incorporation into opaline diatom frustules (Middag et al.
2009; Gehlen et al. 2002; Stoffyn 1979); and (ii) preferential adsorptive
scavenging of Al on settling biogenic opal particles (Hydes 1979; Moran
and Moore 1988b; Orians and Bruland 1985). Biogenic diatom opal is
due to its ‘ballast effect’ (density ∼twice that of seawater) a key actor for
the settling of biogenic debris into the deep ocean, also known as export
production. As biogenic opal aids in the export of organic carbon, the
diatoms opal flux is relatively more important for carbon export to the
deep ocean than only by the ∼40 % contribution of diatoms to primary
organic carbon production in the surface waters. Consequently, sinking
biogenic opal is the major carrier of Al into the deep sea, be it either (i)
truly within the opal and/or (ii) preferentially scavenged to biogenic opal
by surface adsorption. Within the deep ocean the opal dissolves again, the
Si remains dissolved but the released Al may rapidly become scavenged
again by adsorption on other biogenic debris particles coming down.

The lower the Al : Si elemental ratio within the opal, the easier the opal
dissolves (Gehlen et al. 2002). Conversely, at a high Al : Si ratio the opal is
better preserved and becomes a major constituent of deep sea sediments.
In this case less Si will dissolve and eventually return to surface waters and
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therefore diatoms may sooner become limited in Si. In other words, the
cycling of trace element Al in the oceans is one of the controls on the cycle
of the major nutrient Si and thus affects primary production and export
production of organic carbon.

The [Aldiss] in the West Atlantic Ocean (Figure 1.7a) clearly reflects
the distribution of the major water masses with high [Aldiss] in the North
Atlantic Deep Water (NADW) of Arctic origin and low [Aldiss] in the water
masses of Antarctic origin. Most remarkably, this Al distribution is the
mirror image of the major nutrient Si (Figure 1.7b). At the poleward
extremes of this long Atlantic section, water masses of Arctic origin are
characterised by high [Aldiss] and low major nutrients (Si, nitrate, phos-
phate) and are clearly distinguishable from waters of Antarctic origin with
very low [Aldiss] and high nutrient concentrations. Previously we hypoth-
esised (Middag et al. 2011a) that the NADW while flowing southwards
in the West Atlantic basin, steadily accumulates more Si due to dissolu-
tion of settling diatoms debris, whereas Al is being lost due to continuous
adsorptive scavenging removal (Figure 5.1).

In the North Atlantic Subarctic Gyre, situated between 40◦51’ N and
64◦ N, the [Aldiss] and [Sidiss] are coupled rather than each other’s mirror
image, with both very low concentrations near the surface and a steady
increase with depth. Using salinity, here the three components of what
becomes NADW further south can be distinguished, namely Labrador Sea
Water (LSW), Iceland-Scotland Overflow Water (ISOW) and Denmark
Strait Overflow Water (DSOW) (Figure 1.1). The [Aldiss] and [Sidiss] show
a strong positive correlation in the LSW and ISOW (Figure 5.2). This
is not due to simple mixing of water masses as neither [Aldiss] nor [Sidiss]
is correlated with salinity (Middag et al. in preparation). The slope of
this correlation (Figure 5.2) is similar to previous observations in the Arc-
tic Ocean (Middag et al. 2009). As suggested for the Arctic Ocean, co-
dissolution of Al and Si from remineralising diatom frustules is the likely
explanation. The slope of ∼2× 10−3 of the Al-Si relation in the subsur-
face waters of the Subarctic Gyre and Arctic Ocean (Middag et al. 2009)
is consistent with the concept of diatoms in the surface waters accumu-
lating Al and Si in that same ratio (Middag et al. 2009). In other words,
diatoms apparently take up ∼1 Al atom for every 500 Si atoms. Upon
export of diatom particles into underlying subsurface waters, the siliceous
diatom frustules dissolve, releasing Al and Si in the ratio as present in
the biogenic silica which is resembled in the dissolved ∆Al/∆Si trend line



160 Al as a unique mirror image of the biological cycle?

diatoms 
silicate

aluminium

Si and Al released

seafloor sediments

A
lu

m
in

iu
m

[Si]

SH NH

Surface Ocean

Deep Ocean

[Al]
NADW

A
lu

m
in

iu
m

 [
n
M

]

SH

NH

Silicate [µM]

Si and 

Al releasedNADW
[Si]

[Al]

e
x
p

o
rt

e
x
p

o
rt

Al partly re-adsorbed

Si and Al released

Al partly re-adsorbed

Al partly re-adsorbed

and other (biogenic) particles

Figure 5.1: Previous hypothesis for changes in the NADW when flowing south-
wards. Adsorptive scavenging causes continuous removal of Al from deep waters,
while ‘inert’ dissolved Si only continues to increase due to dissolution of sinking
diatom frustules. As a result the slope ∆Al/∆Si decreases steadily from north to
south (note north and south are reversed in the lower panel).

of these subsurface waters. Adsorptive scavenging of Al onto the outside
of the diatom frustules followed by remineralisation would also correlate
released Al with the released Si. In regions with low [Aldiss] in surface
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Figure 5.2: Concentrations of dissolved Al (nmol kg−1) versus dissolved Si
(µmol kg−1) in the Subarctic Gyre in the subsurface and intermediate water col-
umn (LSW and ISOW); R2 = 0.93 and P < 0.001 for n = 126. The slope of the
relationship (∆Al/∆Si represents the Al : Si ratio of the dissolving diatom frus-
tules. See Middag et al. (in preparation) for depths ranges and cut-offs used to
define water masses.

waters, such as the Southern Ocean (Middag et al. 2011a) or the Pacific
Ocean (Orians and Bruland 1988; Orians and Bruland 1985), the uptake
ratio Al : Si into opal of diatoms is much lower (Collier and Edmond 1984).
Similarly the additional and/or alternative Al association with diatoms by
adsorption would, at low ambient [Aldiss], yield lower Al : Si of the diatom
particles (Van Hulten et al. 2013) (Chapter 3). As a result upon dissolu-
tion in deep waters, no relationship between Al and Si is observed in the
Southern Ocean (Middag et al. 2011a) and the Pacific Ocean (Orians and
Bruland 1985). Due to the low input of Al into Southern Ocean waters, the
inflowing water into the Atlantic basin (AAIW/UCDW and AABW) has
low [Aldiss] and naturally high [Sidiss], showing the mirror image compared
to NADW with high [Aldiss] and low [Sidiss].

From ∼40◦ N southwards to ∼26◦ S the NADW proper is slowly but
steadily diminishing in thickness due to mixing with overlying and un-
derlying water masses (Figure 1.1). At 40◦ N the NADW proper extends
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Figure 5.3: For samples in the core of the southwards flowing North Atlantic Deep
Water, the slope of correlation of [Aldiss] (nmol kg−1) versus [Sidiss] (µmol kg−1)
decreases from north to south from 0.63× 10−3 to 0.21× 10−3 and the goodness
of fit also deteriorates going southwards from r2 > 0.90 to r2 = 0.64 but linearity
remains significant. The change in slope of the relation in this figure indicates net
scavenging loss of Al and a net increase of Si due to remineralisation. Colour codes
refer to the station positions in Figure 1.7b and the respective figure of Middag et
al. (in preparation) where grey for 39◦30’ N to 21◦47’ N region (64 PE 319, Stations
14–28), red for 20◦27’ N to 4◦3’ S (64 PE 321 stations 29-38) blue for 2◦33’ N to
0◦43’ N (64 PE 321, Stations 39–41) and green for 0◦11’ S to 26◦5’ S (74 JC 057
Stations 18 to 11). Significance is P < 0.001 for r2 = 0.95 and n = 87; P < 0.001
for r2 = 0.91 and n = 66; P < 0.001 for r2 = 0.93 and n = 22; P < 0.001 for
r2 = 0.64 and n = 39 for grey, red, blue, green, respectively.

between 1500 m and 4000 m depth to end up between 2000 m and 3000 m
depth at 30◦ S. Within this NADW there is a positive correlation between
[Aldiss] and [Sidiss] and when divided in four latitude zones, one finds sig-
nificant correlations of [Aldiss] versus [Sidiss] for which the slope ∆Al/∆Si
decreases steadily from north to south (Figure 5.3). This systematic de-
crease of the slope of regression is due to a steady increase of [Sidiss] due
to deep dissolution of vertical settling diatom debris in combination with
a steady decrease of [Aldiss] due to its continued deep water scavenging
(Figure 5.1). Moreover the Al : Si ratio of the diatoms in surface waters is
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likely to be lower in the Southern Hemisphere than in the Northern Hemi-
sphere, as result of lower ambient [Aldiss] in surface waters of the Southern
Hemisphere (Figure 5.4b).
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Figure 5.4: Model and observational results. (a) Prescribed dust deposition rate
in g m−2 yr−1 at the sea surface taken from an independent global dust deposition
field (Hauglustaine et al. 2004), here shown only at the positions (latitude, longi-
tude) of the ocean Al section. (b) The measured and here reported concentration
of dissolved Al in the upper samples (0–20 m depth) along the section.

The overall distribution of [Aldiss] can be largely explained by the com-
bination of aeolian dust input in combination with removal from surface
waters and deep waters with diatoms as carriers. These processes for the
Al cycle have been incorporated in an Ocean General Circulation Model
also comprising the biogeochemical cycles of carbon and the major nutri-
ents, along with two phytoplankton types, two zooplankton grazers, two
classes of particulate organic carbon, as well as calcite and biogenic silica
(Section 2.2.3). Briefly, the recently published Al simulation model (Chap-
ter 3) has been improved by more realistic circulation velocity field and
an additional Al supply term from dissolution of deep sediments (Chap-
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ter 4). The external forcing of a standard dust flux (Figure 5.4a) with
partial dissolution of Al agrees well with the observed maxima of dissolved
Al in surface water along the section (Figure 5.4b). Thus far the model
does not distinguish between active Al uptake and incorporation in opal
and/or Al surface adsorption. The removal of dissolved Al is by a simple
proportional relation with the product of dissolved Al and particulate opal
of diatoms. The good agreement of the full depth model section with the
actual measured [Aldiss] (Figure 4.6a) largely confirms the above interpre-
tations.

In addition, in the deepest part of the DSOW during its cascading
downslope over the seafloor, the [Aldiss] increases linearly (Figure 5.5) with
decreasing latitude towards a distinct [Aldiss] maximum at ∼45◦ N (Fig-
ure 1.7a). This must be due to re-suspension of the underlying surface
sediments that form an intense deep nepheloid layer of suspended parti-
cles (Moran and Moore 1991). In the simulation, the term for Al supply
from sediments does indeed reproduce this [Aldiss] maximum in the DSOW
at ∼45◦ N (Figure 4.6a). This is akin to observed elevated [Aldiss] and a
higher ∆Al/∆Si in bottom waters of the Arctic Ocean, that was also as-
cribed to supply of Al from the sediments (Middag et al. 2009) that are
rich in Al, i.e. can easily supply some dissolved Al to pore waters and by
re-suspension to bottom waters. The increase of [Aldiss] in the southwards
flowing DSOW continues until at ∼45◦ N the DSOW loses contact with
the seafloor once it becomes underlain by northward flowing AABW that
is low in [Aldiss] but high in [Sidiss] (Figure 1.7). This high [Sidiss] in bot-
tom waters (AABW) is known to prevent dissolution of Al from sediments
(Mackin and Aller 1986). Conversely the low [Sidiss] in the DSOW al-
lows such dissolution and accumulation of [Aldiss] in bottom water DSOW.
Moreover, the well-known fast flow rates of DSOW and related intensive
bottom nepheloid layer of re-suspended sediment particles (Biscaye and
Eittreim 1977) enhance the contact exposure of sediment particles with
seawater thus enhancing the overall kinetics of Al dissolution. In con-
trast, the increase in [Aldiss] from south to north in AABW can solely be
explained by mixing with the overlying high-[Aldiss] NADW without the
need for a sediment source. This indicates that in AABW the removal of Al
by scavenging dominates over the Al supply by sediment input, this notion
further supporting that the high [Sidiss] in AABW inhibits Al dissolution
from the underlying sediments.
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Figure 5.5: Above: Bottom (deepest sample) concentrations of dissolved Al
(nmol kg−1 and Si (µmol kg−1 versus latitude in the subarctic gyre region show
an increase of dissolved [Al] in southwards flowing DSOW until at ∼45◦ S this
becomes underlain by AABW with a much higher dissolved [Si] that prevents
any further dissolution of Al into the AABW. Below: Plotting of bottom water
concentrations of Al versus latitude results in a significant correlation (P < 0.001
and R2 = 0.96 for n = 10 datapoints) in the DSOW in the 45–65◦ N region where
DSOW is the bottom water. South off 45◦ N the AABW is bottom water with
very high [Sidiss] and low [Aldiss], the latter low [Aldiss] data in AABW is shown
as open symbols in the lower figure.
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The large-scale distributions of Al and Si do appear each other’s op-
posites (Figure 1.7a,b) but are positively linked at a regional scale, e.g.
in the Subarctic Gyre (Figure 5.2). This contrast between regional co-
variance yet large-scale mirror image distributions of Al and Si underlines
the dependence on the location and scale of the observations. The current
findings and interpretation are possible only by the large number of 1320
measurements over the very long full-depth ocean section. We now have a
good vision of how the distribution of Al can be explained with respect to
scavenging and how the Al cycle is coupled with the Si and diatom cycle.
These results are important to consider when modelling global atmospheric
dust input based on Al observations, since the effect of diatoms and their
Al uptake needs to be taken into account. Uptake by diatoms might, for
example, explain why dust from Patagonia deposited in the South Atlantic
Ocean is not apparent in the local dissolved [Aldiss] (Dammshäuser et al.
2011). For deep water, sedimentary inputs of Al appear dependent on
the [Sidiss] of the overlying seawater and this is a possible mechanism to
explain the order of magnitude difference in [Aldiss] between NADW and
AABW in the West-Atlantic Ocean.
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Chapter 6

Manganese in an ocean
general circulation model

6.1 Introduction

As explained in Section 1.3.3, Mndiss is crucial for photosynthesis, and its
oxidised form, Mnox, plays an important role in the removal of trace met-
als. In this chapter the Mndiss distribution has been simulated, and its
input fluxes and internal processes have been adjusted in parallel sensitiv-
ity simulations, achieving a more integrated understanding of the oceanic
Mn cycle.

Until now only local model simulations of the Mn ocean cycle have
been performed that focus on the processes most relevant for the respective
region. The case of hydrothermal activity has been studied by Lavelle et
al. (1992) who modelled Mn in the deep ocean near hydrothermal vents.
They included four Mn tracers, namely, a dissolved form, small particles
associated with bacteria, larger aggregate particles, and one in sediments
as the model includes benthic fluxes. They found that “more than 80 %
of the hydrothermal Mn is deposited within several hundred kilometres of
the ridge crest though dissolved Mn concentrations beyond that distance
exceed background levels by many times.”

The Mndiss distribution in the North Pacific Ocean has been mod-
elled by Johnson et al. (1996). The oxidation model depends on [O2]
and {OH−}. Their region of interest was on the upper and intermediate
depth ocean, and their focus was reproducing the [Mndiss] maximum in
the Oxygen Minimum Zone (OMZ). They found that the combination of
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remineralisation rates and decreased oxidation in the OMZ explained the
[Mndiss] profile. In the euphotic zone Mndiss was incorporated in phyto-
plankton, while remineralised Mndiss in the aphotic (and disphotic) zone
was lost by oxidation and scavenging.

While these modelling efforts are useful for their purposes, no stud-
ies exist in which the global ocean [Mndiss] is modelled. To arrive at a
more integrated understanding of the oceanic Mn cycle, a Mn model has
been included in an OGCM. As explained in Section 1.4.2, the goal of
these model simulations is to achieve more understanding in the Mndiss
distribution in mainly the West Atlantic Ocean. As opposed to the Aldiss
distribution, which shows the AMOC signal, [Mndiss] is relatively homoge-
neous. It appears without any AMOC signal, but [Mndiss] rather includes
local elevations near the Mid-Atlantic Ridge.

The West Atlantic Geotraces transect, presented in Figure 1.8, shows
a high concentration of Mndiss near the ocean surface, and a relatively ho-
mogeneous distribution in the intermediate and deep ocean. The only
prominent deviations from ‘background’ [Mndiss] ≈ 0.1 nM in the subsur-
face ocean are the elevated values near the Mid-Atlantic Ridge. These
latter elevations are easily explained by hydrothermal sources of Mndiss,
but explaining the former ‘background’ concentration is less trivial.

6.2 Methods

In order to simulate the three-dimensional (3-D) distribution of dissolved
Mn, the biogeochemical model Pisces has been used (Aumont and Bopp
2006; Ethé et al. 2006). In the simulations described here, Pisces has
been driven by climatological velocity fields obtained from the general cir-
culation model NEMO (Madec 2008), of which the dynamical component
is called Océan PArallélisé (OPA) (Madec et al. 1998). A description of
NEMO, and its components OPA and Pisces, is given in Section 2.2.

6.2.1 Manganese model

Figure 6.1 presents the model scheme for the manganese model. The trac-
ers depicted here are explained in Table 6.1. All model parameters are
summarised in Table 6.2. The model equations for the addition of Mn
to the ocean are described in Section 6.2.1.1, and those for the internal
cycling in Section 6.2.1.2.
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Figure 6.1: Model scheme. Biology in green; redox and scavenging in blue; dy-
namics in grey; and the sources dust, rivers, hydrothermal and sediment are in
light brown, light blue, dark brown and red, respectively. Symbols are explained
in Table 6.1.

tracer concentration description
Mndiss Mdiss dissolved Mn(II): Mn2+

Mnox Mox Mn(III,IV,...) oxides: MnxOy

Mnphyt Mphyt phytoplankton incorporated Mn
Mnbiog Mbiog dead phytoplankton Mn

Table 6.1: Manganese tracers in Pisces: name of tracer referred to in text;
mathematical notation for its concentration; and the chemical form. The last two
tracers are only used for the sensitivity simulation with biology (Section 6.2.2).

6.2.1.1 Sources

Manganese enters the upper ocean mostly by dust deposition, but over
large shelf and slope regions (e.g. polar oceans) the flux of Mndiss from
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the sediment is of the same order of magnitude as or larger than the dust
deposition flux (Middag et al. 2011c; Middag et al. 2013). Also rivers are
important for upper-ocean [Mndiss]. Finally, in the deep ocean, hydrother-
mal vents play an important role in Mn addition. Hence Mn may be used
as a tracer for hydrothermal vents. This section describes these sources
and how they are included in the model.

Figure 6.2 shows the four source fields of Pisces; and Table 6.3 lists
the absolute contributions to the different basins by each of the sources, as
well as the relative contribution of every source to the world ocean. These
will be described in more detail below.

(a) Dust deposition (µmolMnm−2 yr−1) (b) Fluvial inflow (µmolMnm−2 yr−1)

(c) Sediment input (µmolMnm−2 yr−1) (d) Hydrothermal input (mmolMnm−2 yr−1)

Figure 6.2: Sources of Mn to the ocean: effective Mndiss input flux Φ. The
native fluxes (mass fluxes or proxies for Mn) are presented in Figure 2.5. Three-
dimensional fields are vertically integrated, such that dimensions are molar fluxes.
Colour scales vary between the different sources.

Atmosphere. The standard dust deposition field used in this model is
taken from Hauglustaine et al. (2004); hence this field is referred to as
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Basin Dust Rivers Sediment Hydrothermal
Atlantic Ocean 1624 46 302 13760
Pacific Ocean 879 39 535 60146
Indian Ocean 879 39 535 22483
Southern Ocean 10 0 77 7601
Arctic Ocean 17 8 90 2269
Mediterranean Sea 498 4 19 0
total amount (Mmol yr−1) 3907 137 1557 106259
relative amount (%) 3.5 0.1 1.4 95.0

Table 6.3: Absolute amount of effective yearly input of Mn by means of sediment,
river and hydrothermal input into each basin (Mmol yr−1). The Southern Ocean
is defined as the ocean south of 58.7◦ S. The line ‘total amount’ denotes how much
world-wide Mn is added to the ocean due to a specific flux; ‘relative amount’ is
normalised to the total Mn input flux.

Dust 2. Figure 6.2a presents the average Mn dissolution flux of the twelve-
month climatology. For one simulation (MnAltDust) a different deposition
field will be used (Dust 1); see Section A.2 for a comparison between the
two fields.

Dust is deposited at the ocean surface, hence manganese is added to
the pool of Mndiss in the upper model layer according to

∂Mdiss
∂t

∣∣∣
dust

=
αMn · fMn
mMn ·∆z1

· Φdust , (6.1)

where Mdiss is [Mndiss], αMn is the solubility of Mn in dust, fMn is the mass
fraction of Mn in dust, mMn is the molar mass of Mn and ∆z1 = 10 m
is the upper model layer thickness. Φdust is the total dust deposition flux
(mass per area per time).

The average mass fraction of Mn, fMn, in the Earth’s upper crust is
527 ppm (Wedepohl 1995). However, the fraction measured in Saharan
dust is 880 ppm (Mendez et al. 2010), consistent with Guieu et al. (1994)
and Statham et al. (1998). Since most of the dust deposited on the Atlantic
Ocean originates from the Sahara and our focus is the Atlantic Ocean, the
value of 880 ppm is used.

The solubility of Mn from dust is uncertain and relatively high com-
pared to most other trace metals. Here αMn = 30% of the Mn in dust
is assumed to be dissolved, largely consistent with the values reported by
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Guieu et al. (1994), Jickells (1995), Baker et al. (2006), De Jong et al.
(2007), and Buck et al. (2010). Several studies report even higher values
(> 50%), which are, however, mainly from anthropogenic or otherwise ma-
nipulated dust, while the lower reported values (< 50%) are from natural
dust, mainly of Saharan origin.

Rivers. Rivers are another source of Mn to the ocean; they are important
for marine primary production (Jones et al. 2012, and references therein).
Manganese enters the coastal area both in dissolved and particulate form,
but upon entering the open ocean, much of both forms is scavenged (Jones
et al. 2012).

Manganese is modelled analogously to iron. River concentrations are
[Fediss] = 700 nM and [Mndiss] = 150 nM (Sarmiento and Gruber 2006, p. 2),
resulting in a ratio f riv

Mn:Fe = 0.214, much higher than the crustal ratio,
which is about 0.0205. Even though the measurements are not recent and
do not need to represent a good average over the important world rivers,
it is certainly more reasonable to use this value instead of the crustal ratio.
The effective inflow of Fe into the open ocean is corrected for scavenging
that is not resolved by the model. Dissolved Mn is assumed to be scavenged
near the boundaries with the same relative rate as dissolved Fe, using an
average fluvial concentration ratio between dissolved Mn and Fe. The
effective Mndiss input into the ocean by rivers is given by Figure 6.2b. The
concentration change of Mndiss due to river input is

∂Mdiss
∂t

∣∣∣
rivers

= f riv
Mn:Fe ·

∂Fdiss
∂t

∣∣∣
rivers

, (6.2)

where Fdiss is the dissolved iron concentration; its change due to river
influx is proportional to fluvial DIC+DOC (Aumont in preparation). This
fluvial concentration change only takes place in the upper gridbox nearest
to the river outflow.

Sediments. A third important source of Mn to the ocean are shallow
sediments, mostly found on the shelves (presented in red in Figure 6.1)
(Pakhomova et al. 2007; Middag et al. 2011b). The underlying process for
this Mndiss flux out of sediments is the reduction of Mnox in the anoxic
environment in the sediment and subsequent diffusion of Mndiss into the
bottom water. This process is the same as for sediment diffusion of dis-
solved Fe that is present in the underlying model (Aumont and Bopp
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2006). Iron diffusion out of the sediment has been modelled as a function
of bathymetry. This accounts, to first order, for the degree of oxygena-
tion of the sediments. Hence for the Mn model the Mn source has been
parameterised in the same way as Fe. This also includes a maximum Mn
flux of about 12 µmol m−2 yr−1, akin to the maximum Fe input flux of
1 µmol m−2 yr−1.

Here Mn addition from the shelves has been modelled proportionally
to Fe addition, weighed with the crustal ratio f sed

Mn:Fe:

∂Mdiss
∂t

∣∣∣
sediments

= f sed
Mn:Fe ·

∂Fdiss
∂t

∣∣∣
sediments

, (6.3)

where ∂Fdiss/∂t|sediments is defined in Aumont (in preparation). The (re-
dox) reactions in the sediment are not explicitly modelled, since the sed-
iment is not part of our model domain. Therefore, addition from the
sediment is modelled as a prescribed source, which is presented by Fig-
ure 6.2c. When integrating the yearly manganese flux (mmol m−2), one
gets a total Mn input of 1557 MmolMn yr−1.

Hydrothermal vents. This source can be modelled in the same way as
3He (e.g. Rüth et al. 2000; Dutay et al. 2004) and iron (Bowers et al. 1988;
Douville et al. 2002; Tagliabue et al. 2010). The Mndiss source is presented
in Figure 6.2d.

Manganese is added to seawater by hydrothermal vents following

∂Mdiss
∂t

∣∣∣
hydrothermal

= fhydro
Mn:3He

· ∂[
3He]

∂t
, (6.4)

where fhydro
Mn:3He

= 102× 106 is the ratio between Mndiss and 3He effective
inflow from hydrothermal vents into the model domain. This high ratio
results in hydrothermal vents being a relatively very large source of Mndiss.
This choice relates to the fast modelled removal rate of Mn near the depth
of hydrothermal vents (next section).

6.2.1.2 Internal processes

Redox. Reduction of manganese oxides (Mnox) presented in blue in the
model scheme (Figure 6.1), is a combination of several processes. Firstly,
Mnox is subject to non-biological reduction, significantly stimulated by sun-
light (e.g. Sunda and Huntsman 1994). Secondly, the rate of oxidation is



6.2 Methods 175

also mediated by microbes (bacteria and fungi) in regions where Mndiss sup-
ply is high (Sunda and Huntsman 1994; Tebo et al. 2005), and it depends
on the O2 concentration and pH. This has been observed in the North
Pacific Ocean (Johnson et al. 1996, and references therein). However,
measurements from the West Atlantic Ocean and Zero-Meridian South-
ern Ocean Geotraces cruises do not show a clear minimum of [Mndiss]
between the euphotic and oxygen minimum zones. This motivates to not
add the dependency on [O2] to the model for an approximate simulation of
[Mndiss]. Hence, here we chose to model Mn following a pseudo-first-order
reaction where kox and kred are pseudo-first-order rate constants (conven-
tional primes omitted, e.g. Stone and Morgan (1990)):

∂Mdiss
∂t

∣∣∣
redox

= −koxMdiss + kredMox

∂Mox
∂t

∣∣∣
redox

= koxMdiss − kredMox ,

(6.5)

where

kred =

{
kPZ

red in the euphotic zone
kAZ

red elsewhere ,
(6.6)

with kPZ
red � kAZ

red, since reduction is much stimulated by sunlight (Ta-
ble 6.2).

Production and remineralisation. The model’s biology is presented
in Figure 6.1 in green. Manganese is incorporated into phytoplankton
during growth (henceforth, production). Incorporation of Mn is modelled
proportionally to the change in phytoplankton carbon concentration. In
the following model equations, the terms prod, resp, mort, graz and diss
stand respectively for the change of the carbon pool due to production,
respiration, death, grazing and dissolution of each of the modelled phy-
toplankton functional types and its detrital products. Assuming that
grazed Mn is instantaneously excreted as Mndiss, and the Mn/C ratio is
kept constant throughout all processes, the resulting biology equations are:
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∂Mphyt
∂t

= RMn:C · (prod − resp − mort − graz) , (6.7a)

∂Mbiog
∂t

= RMn:C · (mort + graz − diss) , (6.7b)

∂Mdiss
∂t

= RMn:C · (−prod + resp + diss) . (6.7c)

Here Mphyt is the concentration of manganese in phytoplankton and Mbiog
is the concentration of phytoplankton detrital manganese. The extended
Redfield ratio for Mn is denoted by RMn:C = RMn:P · RP:C, where RMn:P
is the extended ratio (as it is usually reported) and RP:C = 1/106 is the
inverse of the Redfield C/P ratio. There is no growth limitation of phyto-
plankton by shortage of Mndiss.

There are two types of phytoplankton in the model: nanophytoplank-
ton and diatoms. Manganese is incorporated in both types according to
the same Eqns 6.7a to 6.7c. Since Mn is also an essential nutrient for zoo-
plankton, incorporation of some fraction of the grazed Mnphyt into the two
modelled types of zooplankton (microzooplankton and mesozooplankton)
should be included. However, here we assume that this fraction is negligible
(� 1). The Mn model may even be extended to include growth limitation
of phytoplankton by shortage of Mndiss. Equation 2.7 would have to be
extended accordingly if we wanted to model the biological ecosystem as
completely as possible in Pisces, for instance by including an extra limi-
tation term in Eqn 2.9. However, since this is the first global Mn model,
the choice is here to keep it as simple as possible and only include the
lowest trophic level for Mn cycling.

Settling and burial. There are two forms of settling Mn particles: ox-
idised/adsorbed particles (Mnox) and biogenic (Mn in dead particles). In
all simulations, except for the one with biology (WithBio), only Mnox par-
ticles export Mn; they settle with some velocity wox

s according to

∂Mox
∂t

∣∣∣
settling

= − ∂

∂z
(wox

s ·Mox) . (6.8)

Mnox is buried when arriving at the ocean floor, which means that they
are removed from the model domain.1 In the sediment, Mnox is reduced

1Settling and burial of Mnbiog in WithBio follows the same equations but with a
settling velocity different from wox

s .
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and can re-enter the ocean by diffusion as Mndiss. This process is not
modelled explicitly, but as a prescribed forcing, unrelated to the removal
(Section 6.2.1.1).

6.2.2 Simulations

The reference simulation, MnRef, uses the parameters listed in Table 6.2,
keeping in mind the following subtleties.

Firstly, the settling velocity wox
s is set to a constant 1 m d−1 as long as

[Mnox] ≤ 25 pM. If [Mnox] > 25 pM, the settling velocity is not a constant
anymore but a function of depth. Still, in the mixed layer wox

s = 1 m d−1,
but if [Mnox] > 25 pM the sinking speed increases up to 10 m d−1 at
2.5 km depth. [Mndiss] thus keeps in check while still providing a deep
ocean sink. The rationale for increasing the settling velocity Mnox above
a certain threshold is that Mnox is large enough to aggregate to become
heavy, fast-sinking particles. As long as the critical concentration is not
reached (loosely a saturation concentration), aggregation of small Mnox
particles does not occur. Henceforth, the critical concentration of 25 pM
is referred to as the aggregation threshold. More precisely, settling of Mnox
follows

∂Mox
∂t

∣∣∣
settling

= − ∂

∂z
(wox

s ·Mox) , (6.9)

where

wox
s /(m d−1) = 1 + 9 · max

(
0,

z −DML
2.5 km

)
·H(Mox − 25 pM) , (6.10)

where z is the depth, DML is the mixed layer depth and H the Heaviside
step function.

Secondly, for a fair simulation, to describe the activation energy for
oxidation, oxidation occurs only when Mdiss > 0.1 nM, thus following
Eqn 6.5 with an oxidation rate of

kox = k̃ox ·H(Mdiss − 0.1 nM) , (6.11)

where k̃ox = 0.341× 10−3 h−1. The critical Mndiss concentration of 0.1 nM
is referred to as the oxidation threshold.

Concentrations of Mndiss and Mnox were initialised such that shortly
after initialisation [Mndiss] is around 0.12 nM everywhere in the aphotic
(and disphotic) zone, a little less than the deep ocean average in the West
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Atlantic Geotraces observations. From that point the reference simul-
ation (MnRef) was spun up for 550 yr. At that moment it was in steady
state; already after a much shorter time it was in a steady state according
to the definition used for Al in Appendix A. From year 150 several sensi-
tivity simulations were forked off to run parallel with MnRef for another
400 yr.

Simulation name Difference with reference simulation
MnRef Reference simulation
MnAltDust Other dust deposition flux distribution
WithBio Biological activity of Mndiss is turned on
LowHydro Decreased hydrothermal input and settling
NoThresholds No limits on Mn export at all
NoAggrThreshold Only oxidation threshold
NoOxidThreshold Only aggregation threshold

Table 6.4: List of simulations.

Table 6.4 lists all simulations. The parameters for the reference simul-
ation are given in Table 6.2. The other simulations are variations of the
reference simulation, which mostly speak for themselves. One simulation,
LowHydro, contains two changes compared to the MnRef, namely a ten-
fold decrease in hydrothermal input and a decrease in the settling velocity
of up to a factor ten at 2.5 km depth, which may seem unusual. Its ratio-
nale is given in the Discussion on Page 193.

6.2.3 Observations

For a worldwide global ocean comparison one also has to rely on data
that were collected in the era before the reference samples of SAFe and
Geotraces were available. Inevitably, the criteria for selecting such pre-
viously published datasets are less strict; see Middag (2010, pp. 221–222)
for the criteria used for each of the selected datasets. Table 6.5 lists both
Geotraces and several other datasets.

These observations are used for a visual global ocean data-model com-
parison. Of these observations, only the West Atlantic Ocean data (64
PE 319, PE 321, PE 358 and JC057; 1440 points) have been used for statis-
tical comparison with the model. Moreover, the data of the FIA shipboard
analysis have been used, which have five stations less than the on-shore
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Cruise Ocean Reference #
ARK XXII/2 East Arctic Ocean Middag et al. (2009) 1080
ANT XXIV/3 Southern Ocean Middag et al. (2011a) 927
64 PE 319 North Atlantic Ocean Middag (unpublished) 384
64 PE 321 North Atlantic Ocean Middag (unpublished) 504
64 PE 358 North Atlantic Ocean Middag (unpublished) 120
JC057 South Atlantic Ocean Middag (unpublished) 432
CLIVAR P16 Pacific Ocean Milne et al. (2010) 174
KH-09-5 Indian Ocean Thi Dieu Vu and Sohrin (2013) 233
VERTEX-4 North Pacific Ocean Orians and Bruland (1986) 28
KiloMoana06 Pacific Ocean Slemons et al. (2010) 349
Total number of dissolved Mn measurements: 4231

Table 6.5: Observational [Mndiss] used for comparison with the model simulations.

Figure 6.3: Stations of the cruises: 64 PE {319,321,358} and JC057 in the West
Atlantic Ocean; ARK XXII/2 in the Arctic Ocean; ANT XXIV/3 in the Atlantic
sector of the Southern Ocean; KH-09-5 in the Indian Ocean; VERTEX-4 in the
North Pacific Ocean; CLIVAR P16 upper 50 m in the Pacific Ocean; Kilo Moana
2006 in the equatorial Pacific Ocean. See Table 6.5 for an overview with references
and the number of observations.

mass spectrometry determinations. Both methods have advantages and
disadvantages, but the results are almost identical (Section 2.6.3). The
measurements in the West Atlantic Ocean and polar oceans have a high ac-
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curacy and precision, as described in Section 2.6.3. The focus of this study
is the West Atlantic Ocean for several reasons. Firstly, recently measure-
ments have been carried out in that region, resulting in a large consistent
(one method) dataset. Other regions generally contain less measurements.
Note that the CLIVAR P16 data used here is only of the upper 50 m.
Secondly, the West Atlantic Ocean is of large importance to the AMOC
and hence the deep ocean cycling of nutrients. For these reasons all quan-
titative arguments in this study concern the West Atlantic Geotraces
section. Definitions and criteria of the goodness-of-fit for model-data com-
parison used in the following section, namely the RMSD and correlation
coefficient, are given in Section 2.4.2.

For the visual comparison between model and observations, horizontal
and vertical cross-sections of the model data are plotted. Using the same
colour scale, observations are plotted as coloured dots to directly compare
the model with the observations. Horizontal [Mndiss] sections are pre-
sented for four different depths, where ‘surface’ signifies the average over
the upper 30 m, ‘500 m’ is 400–600 m averaged, ‘2500 m’ is 2300–2700 m
averaged and ‘4500 m’ is 4000–5000 m averaged. The colour scale is not
linear to better show the main features at both low and high concentra-
tions of Mndiss. The vertical [Mndiss] sections are calculated from the 3-D
model data by converting the ORCA2 gridded model data to a rectilin-
ear mapping and interpolating the rectilinear data onto the cruise track
coordinates.

6.3 Results

Table 6.6 presents several goodness-of-fit statistics of the model simulations
compared with the observational data.

6.3.1 Reference simulation

Figures 6.4 and 6.5 show the modelled and measured dissolved Mn concen-
trations at four depths and at full depth in the West Atlantic Ocean for the
reference simulation (MnRef). The high [Mndiss] at the ocean surface and
lower concentrations in the deep ocean are reproduced by the model. The
high concentrations at the surface of the Atlantic and Indian Oceans near
10–20◦ N reflect the dust deposition field (Figure 6.2a) in combination with
advection (Figure 2.3b), though the latter to a limited extent because of
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the removal of Mndiss by oxidation and aggregation. The generally higher
concentrations of the surface ocean compared to the deep ocean is due
to photoreduction and mostly captured by the model (Figure 6.5). Also
low concentrations in the Southern Ocean are simulated well. Finally, the
measurements near hydrothermal vents in the Atlantic and Indian Oceans
are reproduced by MnRef (Figures 6.4c and 6.5). Except for one station
(VERTEX-4) no observations have been used from the deep Pacific Ocean,
hence no comparison has been done there.

Still, at many places at the ocean surface, [Mndiss] is underestimated
by the model, especially at the surface of the Arctic Ocean and the Pacific
Ocean (Figure 6.4a), as well as at 500 m depth in the Arctic and Pacific
Oceans and some parts of the Atlantic and Southern Oceans (Figure 6.4b).
The relatively high concentrations of Mndiss near the Amazon outflow of
the West Atlantic transect is not reproduced, suggesting the modelled river
input (Figure 6.2b) is not high enough (Section 6.4). The simulation over-
estimates measured [Mndiss] in the deep Arctic Ocean, except for a region
near the Gakkel Ridge (the red dot in Figure 6.4c at 90◦ E) (Middag et al.
2011c). The Gakkel Ridge does not appear to be captured by our forcing
field (Figure 6.2d).

6.3.2 Other dust deposition field

To test the effect of the distribution (and absolute value) of dust deposition
flux, a simulation has been performed with dust deposition flux Dust 1 that
has a different distribution, and a world-ocean integrated flux that is 3.2
times as small, compared to Dust 2 (Section 6.2.1.1).

In Figure A.5 both dust deposition fields are presented for easy compar-
ison. Figure 6.6 shows the difference in [Mndiss] between the two deposition
fields after a simulation of 250 model years. Generally, dust deposition in
MnRef (using Dust 2) is higher compared to MnAltDust (using Dust 1),
hence when the former is used, the values of [Mndiss] are higher and more
realistic.

In the South Pacific Ocean, the use of different dust distributions has
a notable impact on the spatial distribution of Mndiss. Especially the high
[Mndiss] between 30◦ S and 10◦ S is better reproduced in MnRef than in
MnAltDust. The difference in the resulting Mndiss distributions is the rea-
son for the choice of the Dust 2 deposition forcing for the simulations.
This choice is reasonable since observations do not constrain dust deposi-
tion well enough.
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Figure 6.4: [Mndiss] (nM) at four depth layers in the world ocean for the reference
simulation (MnRef) after 550 yr (yearly average). Observations are presented as
coloured dots; white is the land mask of the model grid.

Figure 6.5: [Mndiss] (nM) at the West Atlantic and Zero-Meridian Geotraces
cruise sections for MnRef after 550 yr (yearly average). Observations are pre-
sented as coloured dots.
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Figure 6.6: Simulation with dust deposition field Dust 2 replaced by Dust 1
(MnAltDust). Relative difference of [Mndiss] between MnAltDust and MnRef (%)
after 250 yr (surface [Mndiss] is fully in steady state).

Considering the RMSD, simulation MnAltDust has significantly wors-
ened compared to MnRef (Table 6.6). The correlation coefficient does not
show a significant change for MnAltDust compared to MnRef. Remember
that these statistics only consider the West Atlantic Ocean.

6.3.3 With biological Mn cycle

As Mn plays an important role as a nutrient, it is likely that biology has an
impact on [Mndiss] at the ocean surface. Therefore, a simulation has been
performed where biological incorporation and remineralisation of Mndiss
was included, henceforth named WithBio. The simulation ran for 400 yr
after which it was in an approximate steady state.

Figure 6.7 shows [Mndiss] at the ocean surface. While [Mndiss] in the
surface Atlantic Ocean appears to be reasonable, in the (central) Pacific the
underestimation of [Mndiss] appears large. Indeed, Figure 6.8 shows that
Mndiss has almost completely disappeared from the surface of the Pacific
Ocean. This is the main motivation for not including biology in MnRef: for
a reference simulation it is important to have a realistic Mndiss distribution,
such that sensitivity simulations can be interpreted more easily. In the
deep ocean, [Mndiss] is generally slightly increased in WithBio compared
to MnRef.
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Figure 6.7: [Mndiss] (nM) at the surface of the simulation with the biological cycle
of Mn (WithBio). 400 yr after forking.

Figure 6.8: Simulation with biological incorporation (and remineralisation) of
Mndiss (WithBio). The relative difference in [Mndiss] between WithBio and MnRef
(%) at four depths. Grey is the land mask of the model domain; the black contour
is that of the real continental coasts.

Figure 6.9 shows the difference in [Mndiss] between WithBio and MnRef
at the West Atlantic Geotraces transect. In the Pacific Ocean, near the



6.3 Results 185

Figure 6.9: The simulation with the biological cycle of Mn. The difference in
[Mndiss] (nM) between WithBio and MnRef.

equator and especially south of the equator, [Mndiss] is notably smaller
in WithBio compared with MnRef. This means that there is a very
large underestimation of [Mndiss] when compared to the data from the
CLIVAR P16 cruise (Milne et al. 2010) and the Kilo Moana cruise (Sle-
mons et al. 2010). In the West Atlantic Ocean the decrease is less compared
to the one in the Pacific Ocean, but still around 20 % (Figure 6.9).

6.3.4 Lower hydrothermal input and smaller settling velocity

Figure 6.10 shows the relative change in [Mndiss] at four depths when both
the hydrothermal input and the maximum settling velocity are decreased
by a factor of ten (LowHydro). In the surface ocean (Figure 6.10a) there are
both moderate increases and decreases, but there is a very large increase
(over 200 %) in the Weddell Sea. In the deep ocean below about 1 km depth
such a large increase is not limited to the Weddell Sea but stretches over
most of the Atlantic and Indian Oceans (Figures 6.10c and d). Exceptions
are the locations near the oceanic ridges, i.e. near hydrothermal vents. At
those locations [Mndiss] decreased by up to 90 %.

Hence, LowHydro appears to give a much worse prediction of the ob-
served [Mndiss] than MnRef. Indeed, the statistics of LowHydro compared
with MnRef unambiguously show that [Mndiss] worsened (Table 6.6). This
is also clear from the West Atlantic Geotraces transect of [Mndiss] in
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Figure 6.10: Result from the simulation with hydrothermal vent Mn input de-
creased and settling velocity decreased (LowHydro). Relative difference in [Mndiss]
(%) between MnRef and LowHydro. To represent the changes of much larger than
100 %, the scale is increased from +50 % upwards.

Figure 6.11. For instance, the high [Mndiss] with a clear hydrothermal ori-
gin at 54◦ S has disappeared, while at the same time the deep ocean filled
up with Mndiss resulting in a consistent overestimation of about a factor
of five in most of the deep West Atlantic Ocean. However, in the Southern
Pacific Ocean and the Indian Ocean the signature of hydrothermal input of
Mndiss is – though smaller – still clearly present, with [Mndiss] values near
the ridges distinctly different from the ‘background’ concentration (results
not shown).

6.3.5 Unconstrained settling

The limitations on the oxidation of Mndiss and the settling of Mnox as
explained in Section 6.2.2 were introduced to keep [Mndiss] in check. To
analyse the effect of both limitations, simulations were performed of which
one included neither thresholds (NoThresholds), one with only the oxi-
dation threshold (NoAggrThreshold) and one with only the aggregation
threshold (NoOxidThreshold).
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Figure 6.11: Result from the simulation with hydrothermal vent Mn input de-
creased and settling velocity decreased (LowHydro). [Mndiss] (nM) at the West
Atlantic and Zero-Meridian Southern Ocean Geotraces transects.

The simulation NoThresholds was performed for 325 yr, after which it
was in a steady state. Already after several decades the simulation became
significantly worse compared to MnRef (Table 6.6). Figure 6.12 presents
the yearly averaged Mndiss concentration at the West Atlantic Ocean and
Zero-Meridian Southern Ocean Geotraces transects of the 325th model
year. At most of the places from the sources (away from the surface and
from the ocean ridges) [Mndiss] is strongly underestimated.

6.3.6 No aggregation threshold

The simulation NoAggrThreshold only contains the oxidation threshold,
meaning that settling occurred unconstrainedly in this simulation (no ag-
gregation threshold compared to MnRef). NoAggrThreshold appears to
be worse compared to MnRef, but not to a significant extent (Table 6.6).
Figure 6.13 presents the relative change in [Mndiss] from MnRef to NoAggr-
Threshold in year 400 after forking. In the intermediate and deep ocean
south of 40◦ N the concentration of Mndiss decreased by 10 to 30 %.
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Figure 6.12: Simulation without thresholds for oxidation or settling (NoThres-
holds) after 325 yr. [Mndiss] (nM) at the West Atlantic Ocean and Zero-Meridian
Southern Ocean Geotraces transects.

Figure 6.13: Result from the simulation with only an oxidation threshold and no
aggregation threshold (NoAggrThreshold); 400 yr after forking. Relative differ-
ence in [Mndiss] between MnRef and NoAggrThreshold (%).

6.3.7 No oxidation threshold

The simulation NoOxidThreshold only contains the aggregation threshold,
meaning that oxidation occurred unconstrainedly in this simulation (no ox-
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idation threshold compared to MnRef). NoOxidThreshold appears to be
slightly worse compared to MnRef, but not to a significant extent (Ta-
ble 6.6). Figure 6.14 presents the relative change in [Mndiss] from MnRef
to NoOxidThreshold in year 400 after forking. Only in the upper Southern
Ocean (both Zero-Meridian and West Atlantic) there is a slight decrease
of about 10 % in [Mndiss]. In the Pacific Ocean the decrease in [Mndiss] is
much larger, up to 50 % near 100◦ W and 30◦ N creating a [Mndiss] mini-
mum below the surface (not presented).

Figure 6.14: Result from the simulation with only an aggregation threshold and no
oxidation threshold. 400 yr after forking. Relative difference in [Mndiss] between
MnRef and NoOxidThreshold (%).
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6.4 Discussion

Many of the properties of the Mndiss distribution in the world ocean are
reproduced by the MnRef simulation (Section 6.3.1). Shortcomings of the
predicted [Mndiss] are relatively minor. However, some discussion on the
suppositions of the model is in its place. Besides the straightforward suppo-
sitions like how dust is deposited and particles settle, several additional as-
sumptions have been added to MnRef and most other simulations, namely
the oxidation and settling thresholds. The reason for adding these extra
assumptions is that it is necessary to start with a reasonable distribution,
or at least one that is not orders of magnitude off, to be able to analyse
the different processes and parameters in the model, by means of the per-
formed sensitivity simulations. These simulations highlight several of the
largest uncertainties in the model, both qualitatively and quantitatively,
as described in this section.

6.4.1 Manganese sources

Influx from rivers. In the simulations, the Mndiss influx is based on
dissolved carbon (DIC+DOC) of 212 Tg yr−1 (18 Tmol yr−1). Perdue et
al. (2003) and Jones et al. (2012) say fluvial inflow is ∼1000 Tg yr−1 of
carbon, a factor five larger than what we have used. However, using a
much smaller flux than observations indicate might be reasonable, because
Mn is scavenged and biologically utilised at the river outflow before it
reaches the model domain.

Furthermore, fluvial input of Particulate Organic Carbon (POC) has
not been included in the model. The input of POC was always assumed
to be of the same order or less than DOC input. However, it appears the
influx of particulate Mn is at least an order of magnitude higher than of
dissolved Mn (Jones et al. 2012), but we have not studied how much of
the particulate matter is left after entering the model domain: generally,
both dissolved and particulate elements are scavenged near river mouths.
While we cannot be certain, the above suggests that the total amount of
fluvial input of Mn to the ocean is much larger than what is depicted in
Figure 6.2b, and its relative contribution larger than 0.1 % of the total
Mn input. This is likely the cause for the mentioned underestimation of
[Mndiss] at least near the Amazon outflow (Figure 6.4a).
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Marginal sediments. When, in the model, Mn is added from anoxic
sediments analogously to the iron flux, several uncertainties on at least
two levels come into play. Firstly, the iron flux is uncertain. Secondly, it is
assumed that Mn enters the ocean in the same way, but this is not trivial.

The parameterisation used for fluxes of Fe from marginal sediments is
a big improvement to several of the other attempts to model this highly
unknown source. Moore et al. (2004) used a step function, setting the
iron flux to 2 µmolFem−2 d−1 for depths of less than 1100 m and to 0 in
the deep ocean. They note that “[i]nputs are likely too low in shallow,
highly productive regions and too high in deeper areas underlying lower
productivity waters. However, even this simple parameterization notably
improves the model results in several regions.” Arguably, Aumont and
Bopp (2006) improved this parameterisation further by making Fe input
relatively large in the upper 200 m and much smaller below 500 m. Further
improvements have been made by Moore and Braucher (2008), but those
are not part of Pisces (NEMO v3.1) used here.

For Mn the same approach is used but with a proportionality con-
stant f sed

Mn:Fe (Eqn 6.3). However, manganese reduction results in a higher
free energy reduction than Fe reduction, so that Mn reduction takes place
more easily and hence before Fe oxides are reduced (Sarmiento and Gruber
2006, pp. 232–236). Possibly, this may result in a higher Mndiss flux than
f sed

Mn:Fe times the Fe flux. There are further uncertainties, among which the
amount of Mn oxides available in the sediment, which does not need to
reflect, e.g., the crustal Mn : Fe ratio.

Alternatively to using the crustal ratio, actual pore water concentra-
tions of dissolved Fe could be compared with Mn(II). Using the concen-
trations in the top 5 cm of lake sediments studied by Bortleson and Lee
(1974), an average concentration of Mn and Fe of respectively 1.94± 1.64
and 59.2 ± 12.2 mg g−1 has been derived. The resulting ratio of 0.0328,
which is about 50 % higher than the crustal ratio, has been used for the
model. Since this uncertainty may be of a magnitude similar to those de-
scribed above, further literature or observation research should be done
to have a value that is representable for the world ocean, assuming that,
within reasonable certainty, a single representable value exists.

A still higher ratio would be beneficial for the simulation in general.
It would specifically have a big impact on [Mndiss] in the Arctic Ocean,
since the forcing is there relatively much higher than in the rest of the
ocean (Figure 6.2c), as has also been concluded from a sensitivity study
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in Section 3.3.2 for aluminium that isolated sedimentary Al from other
sources; that simulation used the same parameterisation for sediment input
as for Fe and Mn. A higher Mn : Fe ratio would result in a too large increase
in the Arctic Ocean and at the same time insufficient increase of [Mndiss]
in the Southern Ocean. Therefore, a better parameterisation, or even an
explicit sediment model, may be necessary.

Hydrothermal source. In the model, hydrothermal Mndiss is added
to the ocean based on a model proxy of 3He (Dutay et al. 2004). This
is convenient since Dutay et al. (2004) used the same underlying model
configuration (ORCA2). For most simulations in this study the Mndiss
addition has been set to 102× 106 mole Mn for each mole of 3He. There is
no reference to literature values in Table 6.2 since they are very uncertain2;
rather the value used is chosen to yield an acceptable distribution of Mndiss.

Tagliabue et al. (2010) used a dissolved Fe/3He molar ratio of 450× 106

and assumed that 0.2 % enters the open ocean. The rest (99.8 %) is scav-
enged (Lavelle et al. 1992) and not modelled explicitly. It is assumed that
scavenging Mn before entering the model domain (both Tagliabue et al.
(2010) and this study are on the ORCA2 grid) occurs at the same rate
as that of Fe. Therefore they arrive at using 0.9× 106 as a ratio in the
spatial resolution of their model. Using a crustal ratio for of Mn/Fe ≈ 60

(Wedepohl 1995), this would give fhydro
Mn:3He

= 54× 106, almost a factor two
smaller than what is used in MnRef. The larger input appeared necessary
for a reasonable simulation of [Mndiss] near hydrothermal vents. Indeed,
when decreasing hydrothermal input significantly, the regions near these
sources will be much underestimated in the model (results not presented
since trivial). Of course, the choice of the high settling speed (∼10 m d−1

near hydrothermal vents) is strongly related to the choice of hydrothermal
input.

For LowHydro the choice was made to decrease hydrothermal input
and decrease the settling velocity. Decreasing only hydrothermal input
would trivially result in a proportionally smaller [Mndiss] near the vents.
Decreasing the settling velocity would be relatively trivial as well, result-
ing in much more Mndiss in the deep ocean. The goal is here to show
whether the combination of the very high hydrothermal input of Mndiss,

2For instance, Klinkhammer and Bender (1980) note that “Corliss and Dymond
(1979) reported that the Mn : 3He ratios vary by over a factor of 2 in the Galapagos
vents, and as we discuss below, similar variations are found at 21◦ N.”
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and strong aggregation (modelled as a high settling velocity), is needed
to get a realistic distribution of Mndiss, namely that of MnRef. Indeed,
in LowHydro the spatial distribution of [Mndiss] is flattened. Neither the
low background concentration nor the high hydrothermal vent concentra-
tions are reproduced (Figures 6.10c and 6.11). Decreasing hydrothermal
input and the settling velocity by a factor of only two may give a rea-
sonable Mndiss distribution indeed. However, the main result is that the
hydrothermal input in the MnRef simulation yields reasonable values of
[Mndiss]. More detailed parameter fitting is not the goal of this study.

Interestingly, hydrothermal flux accounts for 95 % of the total Mn in-
put. Dust deposition is 27 times as small as hydrothermal input, and
still [Mndiss] in the upper 1000 m of the ocean is dominated by Mn dis-
solution from deposited dust and Mndiss release from marginal sediments.
The reason for this appears to be that in the model the settling velocity
of Mnox is much higher near hydrothermal vents (10 m d−1) than at the
surface ocean (1 m d−1). According to observations a negligible amount of
Mn from hydrothermal vents reaches the surface ocean. As Bruland and
Lohan (2006) put it: “The hydrothermal input of iron and manganese,
however, is essentially all scavenged and removed in the deep sea prior to
having a chance to mix back into the surface waters.” To model the effect
of Mndiss not reaching the surface, a higher settling speed is set for Mnox
at larger depth. However, the observational basis for the increase of the
settling velocity with depth of Mnox is indirect at best. For instance, the
modelling study by Lavelle et al. (1992) suggests a settling velocity much
higher than our wox

s . They used a model with an additional tracer of large
particles (aggregate products) that had settling speeds of up to 175 m d−1

(near hydrothermal vents, as they model those regions). This shows that
there is justification in using an increasing settling velocity, but also that
at least two particle tracers may be needed in the model.

6.4.2 Manganese sinks

Biological export. The generalised Redfield ratio between manganese
and phosphorus (RMn:P) varies from 0.33× 10−3 to 5× 10−3 (Twining and
Baines 2013). The lower values are common, and Twining and Baines
(2013) note in their review paper that high values are from measurements
that do not represent the correct open-ocean stoichiometry, because they
are from coastal waters or because there is Mn adsorbed onto the particles.
Twining and Baines (2013) give a range of values of which the median is
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close to the observation of 0.38× 10−3 in the Southern Ocean (Middag
et al. 2011b), similar to the 0.40× 10−3 value determined by Martin et
al. (1976), so that value has been used for WithBio. However, Mn/P is
much higher in the Arctic Ocean (Middag et al. 2011c), namely 3× 10−3

to 10× 10−3 but probably other processes besides biological incorporation
and remineralisation play a role there as well. In the end, it is not known
whether the Mn : P ratio found in particles, or the dissolved ratio observed
in remineralisation regions, are close to the uptake ratio. The indirect ob-
servational stoichiometries are probably upper limits to the actual uptake
ratio.

The RMSD Dl at the West Atlantic transect increased suggesting a
worsening, though not significantly. The correlation coefficient rl increased
significantly, which suggests an improvement of WithBio compared with
MnRef. This statistic is only of the West Atlantic Geotraces transect of
which the difference of [Mndiss] between MnRef and WithBio is presented
in Figure 6.9. The vertical distribution of [Mndiss] down to 1000 m reflects
some improvement (showing the effect of remineralisation and the OMZ;
compare with Figure 6.5). Furthermore, the horizontal gradient ∂yMdiss
near the surface increased because of the strong decrease south of 10◦ S.
Finally, the slight increase below 500 m around 50◦ N brought [Mndiss]
to a more homogeneous distribution, which is more consistent with the
observations.

At the same time the absolute change at the surface results in a smaller
Dl, but this is not significant. Clearly, [Mndiss] worsened in the Pacific
Ocean (statistics not given, but see Figure 6.8). The results of WithBio
seem to suggest that biology is an important removal process, but that
would be a misleading conclusion. The incorporation ratio RMn:P is too
high or there is a problem in the model. This may be either the Mn part
of the model or the underlying biological cycle of the obsolescent version
of Pisces (v3.1) that has been used for this study.

Chemical export. In NoThresholds and NoAggrThreshold, and to some
extent NoOxidThreshold, [Mndiss] is underestimated in much of the ocean.
The removal of the aggregation threshold has the biggest worsening effect.
Only in the case of the removal of both thresholds (NoThresholds), Dl sig-
nificantly worsened, and it appears that at least one of the two thresholds
is needed to reasonably simulate [Mndiss]. From the two single-threshold
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simulations, the simulation with the aggregation threshold (NoOxidThres-
hold) is qua goodness-of-fit closest to MnRef.

The aggregation threshold may be related to an, as yet, unknown prob-
lem of the model. Scavenging and aggregation are parameterised as a step
function of [Mnox] (Eqns 6.9 and 6.10). This is a drastic simplification
of the underlying processes, which makes it very difficult to test those
processes. There are several alternatives that may keep [Mndiss] in check.

Firstly, oxidation is mediated by microbes (mainly bacteria) (Sunda
and Huntsman 1994; Von Langen et al. 1997; Tebo et al. 2005; Silva and
Williams 2001, § 14.8). In the model we assumed that these are included in
the redox rate constant. The microbes that oxidise Mn might be free float-
ing, possibly prolonging the time of Mnox particles spend in the euphotic
zone if the microbes are associated with them, but this has not been tested
(personal communication, R. Middag, July 2013). However, there are no
oxidising microbes in Pisces. Even if there were, probably not all of these
organisms would mediate oxidation. One may guess that this occurs only
in the upper 200 m of the ocean, since there gradients in [O2] are high (e.g.
Johnson et al. 2013). If we want the redox rate constants to depend on in-
homogeneously distributed quantities like bacterial distribution or oxygen
concentration, the equations may need to be modified, and Pisces may
need to be extended.

Secondly, the process of oxidation is strongly mediated by adsorption
onto particles, after which it forms larger aggregates that settle faster. This
is now parameterised by increasing the settling velocity of particles with
depth. However, a more explicit model for adsorption/desorption may be
needed. Possibly much of the Mnox does not settle; then another tracer
of adsorbed Mn is needed that would export oxidised Mn (in adsorbed
or aggregated form). The adsorption should not take place onto a homo-
geneous pool of particles as is effectively done in the model, but rather
onto e.g. calcium carbonate (CaCO3) (Martin and Knauer 1983; Silva and
Williams 2001, § 14.2.2) or lithogenic particles (Roy-Barman 2009). Ap-
parently, sediment samples show a strong correlation between manganese
and lithogenic particles, while Mn does not show any correlation with
Sibiog, POC or CaCO3 according to recent observations and modelling
(Roy-Barman 2009). This suggests that only lithogenic particles are a
scavenger of Mn. However, there are no lithogenic particles in Pisces.3

3Furthermore, we do not know whether the correlation comes from adsorption or
dissolution from lithogenic sources (dust, rivers) (personal communication, A. Sterl and



6.4 Discussion 197

Thirdly, there have been suggestions that Mn ligands keep Mn in so-
lution (Sander and Koschinsky 2011; Madison et al. 2013). That would
result in less conversion to manganese oxide aggregates, and hence may
solve the removal problem.

Redox rates. One may think that too much Mnox is produced com-
pared to Mndiss, i.e. the ratio kox/kred is too high. However, the k val-
ues are optimised to get values consistent with the ratio of concentration
measurements of Mnox and Mndiss. Figure 6.15 shows the Mnox/Mndiss
concentration ratio of the MnRef simulation. The left panel shows that in
the upper ocean this ratio is less than 0.004, and the whole water column
(right panel) shows a value of about 0.2; both values are consistent with
Bruland et al. (1994).

Figure 6.15: [Mnpart]/[Mndiss] in the Pacific Ocean at VERTEX-IV (blue dot
near Hawaii in Figure 6.3) in the upper 110 m (left) and at full depth (right).
Red squares are observations; the black line is the MnRef simulation.

M. Roy-Barman, August 2013). If lithogenic particles do scavenge Mn, this does not
seem consistent with the relatively small settling speed of 0.9–1.0 m d−1 for the inner Pa-
cific Ocean (up to 1.9 m d−1 for the margins; 0.4 m d−1 for inner Arctic Ocean; 4.1 m d−1

marginal Arctic) (Roy-Barman 2009).
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Generally, the modelled Mox/Mdiss lies at the lower end of the observed
ratio, while only between 100 and 400 m there may be an overestimation of
particles compared to dissolved Mn. However, adjusting the first-order rate
constants with any reasonable amount does not result in a sufficiently high
Mdiss when neither of the two thresholds are used (results not presented).

In the case of NoOxidThreshold the modelled Mox/Mdiss ratio looks the
same as for MnRef. The simulation NoThresholds looks similar as well to
MnRef, though with a bit of variation with depth (not presented). Inter-
estingly, when removing the threshold for settling of Mnox but keeping the
oxidation threshold (NoAggrThreshold), Mox/Mdiss decreased by a factor
3 to 10 in the deep ocean. This is presented by Figure 6.16.

Figure 6.16: [Mnpart]/[Mndiss] in the Pacific Ocean at VERTEX-IV (near Hawaii)
at in the upper 110 m depth (left) and at full depth (right). Red squares are
observations; the black line is the NoAggrThreshold simulation.

Indeed, with an oxidation threshold (NoAggrThreshold) kox is set to
zero when Mdiss < 0.1 nM. As a consequence, in and near locations where
this happens often, Mox/Mdiss becomes smaller compared to the case of
NoThreshold. An aggregation threshold (NoOxidThreshold) does not have
such an effect, since it does not change the kox/kdiss ratio; also, redox is
fast, so that deviations from the normal Mox/Mdiss never occur for a long
time.
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In the combined threshold simulation, i.e. if an aggregation threshold
is added on top of an oxidation threshold (MnRef), the decrease of Mox
because of the oxidation threshold has as a consequence that Mox may
drop below the aggregation threshold (Mox = 25 pM). Settling will only
occur again as soon as the Mnox tracer is ‘filled up’. Hence, the decrease of
Mox by the oxidation threshold is compensated by an equivalent increase
by the aggregation threshold. Of course, this reasoning is based on the
assumption that Mox was close to 25 pM to start with; otherwise the ox-
idation threshold would have a lasting effect on Mox/Mdiss. Indeed, the
results show that the removal of the aggregation threshold has its biggest
effect in the deep ocean where Mox is close to 25 pM (Figure 6.13).

Summarising, two threshold have been introduced in the Mn model, one
that does not influence the observed Mox/Mdiss (NoOxidThreshold) and
one that does influence that ratio (NoAggrThreshold). When used together
(MnRef), the aggregation threshold counterbalances the undesired effects
of the oxidation threshold. This pleads for using an aggregation threshold
rather than an oxidation threshold.

6.5 Conclusion
This is the first study in which the 3-D distributions of Mndiss and Mnox
have been modelled. The distribution of Mndiss is captured well by our
model.4 However, potentially there are shortcomings in the model as-
sumptions as well as in the simulated fields. There appears to be an in-
consistency between the straightforward assumptions on scavenging of Mn
and the measured [Mndiss]. It was needed to ‘tweak’ the model by means of
limitation on redox and/or aggregation of Mnox. The aggregation thresh-
old appears reasonable, and does not affect the modelled Mox/Mdiss. The
oxidation threshold appears more troublesome as it, expectedly, affects this
ratio. Since a single threshold already appears to solve most of the removal
issue, it is reasonable to further develop the model with the aggregation
threshold and without the oxidation threshold. Still, the simplified redox
and subsequent settling of Mnox could be incomplete, or too imprecise, as
future studies might show.

Specific scavengers among which lithogenic particles and CaCO3 may
play an important role in the removal of Mndiss. Since this would alter
the structure of [Mndiss] throughout the ocean a lot, this may solve some

4The little [Mnox] measurements available were used to tune the model.
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of the problems sketched in this study. Adding these scavenge processes
could be considered for future simulations.

The biological cycle of Mn has been added to the model in one of the
simulations. This showed that biology removed too much Mndiss from the
euphotic zone. Manganese-oxidising and/or -reducing microbes may play
a role in counterbalancing this removal. These tracers are not present in
Pisces v3.1 and hence may need to be added to the model. Possibly,
limitation of Mndiss for the growth of phytoplankton, and co-limitation
with iron in the Southern Ocean, plays an important role for the carbon
cycle. Hence, such limitation function could be added to the model, but
only after the apparent problems with the biological cycling of Mn are
resolved.

Furthermore, hydrothermal input of Mn was set very high. Even
though literature is not clear on the exact amount of effective Mndiss inflow
into the ocean, in the model it may have been set too high to account for
the local high [Mndiss] near oceanic ridges. This is combined with a high
wox
s in the deep ocean to prevent too much hydrothermal Mndiss spreading

far away from the oceanic ridges. As an alternative, settling may not need
to be set as high as 10 m d−1 in the deep ocean, but then it is unclear how
to simulate the local nature of [Mndiss] anomalies near the ocean ridges.

Process studies of Mn are necessary to determine the rate constants,
and possibly thresholds, for redox, scavenging and aggregation. More mea-
surements of Mnox concentrations would be useful as well. When measur-
ing [Mnox] it needs to be clear what is measured exactly. It would for
instance be useful if (1) a range of particle sizes were measured and (2) a
structural analysis of the particles were performed, such that one can un-
ambiguously say onto which particle Mn is adsorbed or into which particle
it is incorporated.



Chapter 7

Synthesis and
recommendations

The overall understanding of trace metals, aluminium and manganese in
particular, is in its infancy. This goes hand in hand with trace metal mod-
elling being in an early development phase as well. Especially modelling
bioactive trace metals has proven difficult (Tagliabue and Völker (2011)
for iron; Chapter 6 for manganese). However, the processes of the cycling
of aluminium and manganese are now better understood than before.

7.1 This study

The objective of this study is to come to a better understanding of the
behaviour of the trace metals Al and Mn in the ocean, by means of simu-
lating the Aldiss and Mndiss distributions with biogeochemical models that
are embedded in a general circulation model. Recently, many measure-
ments have been performed that have been verified versus international
reference samples and their consensus values of the SAFe and Geotraces
programmes. They are compared with the simulated Aldiss and Mndiss
concentrations. In turn, the results from these simulations can be used
for further development of these models to simulate the Aldiss and Mndiss
distributions more precisely, and/or improve the understanding of the pro-
cesses.
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7.1.1 Aluminium

The main features of the global Aldiss distribution have been simulated in
accordance with available observations. We are especially able to simulate
the West Atlantic Geotraces observations reasonably well. Specifically,
the high [Aldiss] below and downstream of dust deposition, the high [Aldiss]
near the bottom of the North Atlantic Ocean and the low [Aldiss] in the
polar oceans, were reproduced by the model.

Earlier studies also showed that an ocean aluminium model with dust as
the only source and reversible adsorptive scavenging by Sibiog as the sink,
results in a reasonable Aldiss distribution in much of the ocean (Gehlen
et al. 2003; Han et al. 2008; Van Hulten et al. 2013, or Chapter 3). How-
ever, a good simulation of the deep ocean in the Northern Hemisphere was
lacking, but this was for a large part because only few accurate deep-ocean
measurements of [Aldiss] were available. The current research makes use of
new accurate deep-ocean measurements and shows that the redissolution
of sedimented Alads, parameterised following Mackin and Aller (1986), re-
sults in a reasonable Aldiss distribution in the world ocean and especially
in the West Atlantic Ocean. This supports the hypothesis that sediment
resuspends, releasing Al in bottom seawater. Even though it is clear that
the high [Aldiss] in the deep North Atlantic Ocean is due to a sediment
source, the underlying processes may be different from what the model
suggests.

The dynamics in the ocean model is important for the distribution of
Aldiss in the ocean. By means of a timescale analysis, this study has shown
that the importance of scavenging versus advection strongly depends on
the location. Also the local residence time is strongly space dependent; es-
pecially latitudinal gradients are large. The residence time varies between
less than a week in regions of high [Sibiog] and strong advection, to many
years in oligotrophic regions (Chapter 3). Finally, using different dynamics
affects the deep meridional structure of [Aldiss] in the West Atlantic Ocean,
as well as that of [Sidiss] that on its turn affects [Aldiss] in the more realistic
sediment-resuspension simulations.

7.1.2 Manganese

This thesis contains the first published study in which the three-dimensional
distributions of Mndiss and Mnox have been modelled (Chapter 6). Many
of the features of the distribution of Mndiss are captured by the model.
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These features include the generally higher concentration of Mndiss below
and downstream of dust deposition areas and the elevated concentrations
near hydrothermal vents.

However, there are notable shortcomings as well, most importantly the
difficulty to keep sufficient Mn dissolved in the seawater. There appears to
be an inconsistency between the basic assumptions on the removal of Mn
and the measured [Mndiss]. For the moment, this is solved by introducing
thresholds for oxidation or aggregation in the model (Chapter 6).

7.2 Recommendations

7.2.1 Aluminium

Good progress is made in simulating the distribution of dissolved alu-
minium in the world ocean. However, significant improvement might be
possible with respect to (1) the sediment source of Al; (2) incorporation
versus scavenging of Al into or onto diatom frustules; and (3) optimising
model parameters, both by constraining them by observations and by sen-
sitivity studies. These suggestions are worked out in the next paragraphs.

Concerning the sediment source: A dataset of measurements of
[Aldiss] in the deep and bottom waters has been used, that is much larger
than hitherto available. Nevertheless, the vertical resolution near the deep
ocean seafloor still is modest. Similarly, the deepest bottom water layer
of the model extends to 500 m above the seafloor, and in some regions the
maximum model depth of 5000 m is less than the true full water column
depth. Obviously, more accurate modelling of the sediment source asks
for a more detailed study with high vertical resolution sampling just above
the seafloor and similar high vertical resolution modelling. Also pore water
dynamics (the behaviour of the upper sediment and its interaction with
bottom seawater) may potentially be important, hence it may be neces-
sary to include a more elaborate parameterisation of pore water dynamics
in future models. It is not possible to model pore water dynamics explic-
itly, since the length scale of pore waters is less than 10 cm while that
of a typical, global, three-dimensional ocean model is up to 500 m in the
vertical.

Concerning the aluminium removal: Simulations performed so far
do not answer the question whether scavenging is symmetrically reversible.
Nor do they show whether incorporation in biota is occurring and to what
extent, and whether active biological incorporation or post-mortem incor-
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poration is more important. The total amount of scavenging and incorpo-
ration is important because of the inhibitory effect of Al on the dissolution
of Sibiog. Also the relative amounts of scavenging and the two types of
incorporation (reversible or irreversible) may be important because of the
potentially different effects on Sibiog solubility. To this end, more simul-
ations, laboratory experiments and field observations are needed. When
a realistic model of incorporation has been developed, the next step is to
test the effect of Al on the Si cycle which could finally shed light on how
important the reduced solubility of Sibiog by partial inhibition by Al is for
the ocean and the Earth system.

Concerning the model parameters: In general, field studies and lab-
oratory experiments may constrain parameters and improve simulations.
Also parameter sensitivity simulations can be used to improve the compar-
ison between the model output and measurements. There are relatively
large uncertainties in all processes. One would like to probe the parame-
ter space of (fAl, αAl, kd, κ, ws, cin, rmax, β0); there may even be a need for
several more parameters concerning aggregation of particles and sediment
resuspension. Additionally, the underlying dynamics and biogeochemistry
might need consideration. The problem to find the large amount of com-
puter power needed may be overcome by suggestions given in the upcoming
Section 7.2.4. This being suggested, one must always be critical about one’s
model, and look for ways to improve the model structure (parameterisa-
tions and fundamental equations), instead of trying to perfectly optimise
a potentially incomplete model by parameter tuning (Section 2.1).

7.2.2 Manganese

The Mn model presented the difficulty of keeping Mn in dissolution. For
now, this is solved in the model by introducing one or another threshold.
However, modelling is only one way to approach this problem, and it can-
not definitely say that a threshold is needed. Process studies of Mn are
necessary to determine the rate constants, as well as possibly thresholds,
for redox, scavenging and aggregation. Also more measurements of [Mnox]
would be useful. When measuring [Mnox] it needs to be clear what is
measured exactly. It would for instance be useful if (1) a range of parti-
cle sizes were measured and (2) a structural analysis of the particles were
performed, such that one can unambiguously say onto which particle Mn
is adsorbed or into which particle it is incorporated. Only then a realistic
simulation of Mn can be performed that may confirm the basic principles.
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There are indications that lithogenic particles play an important role
in Mn scavenging (Roy-Barman 2009). Assuming this indication is true,
Pisces should be extended with a lithogenic particle pool. This may
also be useful for more detailed modelling of boundary processes and dust
deposition. There are also suggestions that CaCO3 plays a role in the re-
moval of Mndiss. Calcium carbonate particles are already part of Pisces
and hence simulations with the interaction between Mn and CaCO3 can
be readily performed. To further support these claims of scavenging by
lithogenic particles and/or CaCO3, structural analyses of the particles as-
sociated with Mn must be performed.

7.2.3 Trace metals and particles

Observationalists often make a distinction between two types of any ele-
ment: the ‘dissolved’ and the ‘particulate’ fraction. The first fraction are
the particles (both dissolved and colloidal) that go through a 0.4 µm filter
(or smaller), while the second fraction is the part that is left behind. Mod-
ellers tend to follow the observationalists and include the smallest number
of tracers possible in the model. There are good reasons for this, among
which the fact that many processes are unknown, complexity introduces
more parameters (often unknown), and including more tracers and pro-
cesses is computationally intensive. However, it has become clear that
often more particle sizes, or types, are necessary for a realistic simulation
of trace metals (e.g. Tagliabue and Völker 2011, and Chapter 6). Sev-
eral studies have used more complex models, some including size spectra
of particles, for instance by Kriest and Evans (1999). To be able to vali-
date such state-of-the-art models (like e.g. Pisces with the optional Kriest
parameterisation), observationalists must measure size spectra of particles.

Finally, more laboratory experiments are needed that can determine
chemical rate constants, and can give an answer of which trace metals
adsorbs onto which particles. Related to this recommendation is the ques-
tion of which species (or functional types) are carriers of the trace metal
in question. Since biology plays an important role in the ocean, it does
in ocean models as well. In-situ observations and laboratory experiments
must point out which species are fundamental to the processes of each
trace metal.
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7.2.4 Modelling in general

Model development is almost exclusively end-user driven. As a result of
this, the software is highly tailored with the end-user (scientist) having
complete control and responsibility over the model. At the same time
there is little oversight over the general structures of the modelling frame-
work, and individual modelling efforts tend not to be included in the main
software branch. Sufficient thought on the software system’s design and
good documentation on all parts of the model would benefit the community
(e.g. Petersen 2006, p. 31).

The model used in this work (NEMO-Pisces) and the aluminium and
manganese models in this thesis have been published under a libre licence.
Thus others are able to repeat the simulations from this thesis, possibly
reproducing the results; and build upon the model (e.g. Yool et al. 2013).
However, not all code based on NEMO are released. Studies have been
published using extensions of the model that are only described with the
help of prose and (often incomplete) equations. As a consequence the
results are much harder to verify (e.g. Ince et al. 2012). Hence, it is recom-
mended that all relevant source code should accompany the publication of
a model or results from model simulations.

Modellers often try out changes in a model in an unstructured fashion,
because it is computationally expensive to run many model simulations.
Nonetheless, a structured set of sensitivity simulations should sometimes
be performed. A prerequisite for structural sensitivity simulations is the
implementation of quick integration techniques, like the transport matrix
method (Khatiwala 2007). For many of these issues close collaboration
with computer and numerical scientists can be very useful.



Appendix A

Sensitivity analysis of the
aluminium model

This appendix contains a selection of about 25 sensitivity model experiments with
the aluminium (Al) ocean model. The reference simulations, as well as several of
the sensitivity simulations, have been extensively described in Chapters 3 and 4.

The simulations in this appendix are divided between parameter changes in
the sources of Al (dust deposition and sediment), internal Al export parameters
(scavenging and incorporation), and simulations that affect the ocean silicon cycle
(ocean dynamics and dissolution inhibition by Al)1. Each of these six types of
simulations is divided into specific sensitivity studies (e.g. settling velocity), which
consists of one or more simulations (e.g. small constant settling velocity). Of every
simulation, the relevance, method, result and conclusion are given, as concisely
as possible. A condensed summary in the form of performance statistics is given
in Table A.1 for [Aldiss] and Table A.2 for [Sidiss]. The vertically adjusted Root
Mean Square Deviation (RMSD) Dl and correlation coefficient rl are defined in
Section 2.4.2. The unadjusted r is generally much higher (Table 4.5), suggesting
that especially surface [Aldiss] is well-correlated between observational and model
data. A simulation with Dynamics 1 (Dynamics 2) is significant if it lies outside
the 2σ range around the RMSD or correlation coefficient of RefDyn1 (RefDyn2).

None of the simulations are in a steady state for at least two reasons. Firstly,
there is variability in the forcings, resulting in daily and seasonal variations of all
modelled tracers. There is no multi-year variability, since the forcing fields are the
same for every year and the model equations all have single-equilibrium solutions.
Hence, variability on timescales of less than a year can be, and is, removed by
taking yearly averages of the modelled tracers. Secondly, most simulations are
not run for the time necessary to circulate the seawater through the whole ocean.

1The simulations for which the settling velocity were adjusted (Section A.4.3) also
perturbs the Si cycle (and hence the carbon cycle), but this effect has not been looked at.
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Nonetheless, this is often unnecessary since circulation is usually not the most im-
portant process. Several hundred years is often necessary to reach an approximate
steady state. Henceforth, a simulation is called ‘approximately in steady state’
when the simulation ran for more than two times the e-folding time of several Al
budgets of the yearly averages of the concerning tracer, usually Aldiss. A budget
is the total amount of a tracer in the ocean or a certain region of the ocean. The
Al budget is the volume-integrated concentration of all Al tracers in the world
ocean

BO =

∫
O

(Adiss +Aads +Adiad +Abiog)dV , (A.1)

where O is a modelled ocean region, namely the world ocean, the upper 100 m of
the Atlantic Ocean or the Atlantic Ocean below 1 000 m, and dV is an infinites-
imal volume element of the ocean. This condition must hold for the full-ocean
budget as well as for the upper Atlantic Ocean and the deep Atlantic Ocean.
Some simulations may be approximately in steady state according to this defi-
nition, while the e-folding criterium does not hold for the deep Pacific Ocean.
This is acceptable, since the main focus is on the Atlantic Ocean. This approach
in principle does not take into account that tracers may still significantly redis-
tribute. This is generally not an issue since processes (e.g. dust deposition) are
often locally defined.
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A.0 Reference simulation
In this section the reference simulation is shortly described, after which the central
results are presented. A detailed description and further discussion has already
been given in Chapter 3. There are actually two reference simulations (RefDyn1
and RefDyn2) with different dynamical fields (velocity and subgrid parameteri-
sation) as described in Section A.1.1. In this section only the biogeochemistry is
described, which is the same for both reference simulations; and the impact of
parameter changes is generally the same for both dynamical forcings.

Method. The dissolution of Al in the upper model layer is described by the
following equation:

∂Adiss

∂t

∣∣∣
z=0

=
αAlfAl

mAl∆z1
Φdust , (3.1)

where Adiss is the dissolved Al concentration, αAl is the solubility of Al, fAl is
the mass fraction of Al in dust, mAl = 27 g mol−1 is the atomic mass of Al,
∆z1 = 10 m is the thickness of the surface model layer, and Φdust is the dust flux
into the ocean. The Al that does not dissolve from dust can be thought of as
being buried in marine sediments.

Dissolved Al can be adsorbed onto biogenic silica (Sibiog). The Aldiss con-
centration Adiss and the Alads concentration Aads follow a reversible first-order
adsorption equation:

∂Aads

∂t

∣∣∣
ad/desorption

= κ(Aeq
ads −Aads) , (3.2)

where
Aeq

ads = kdAdissSbiog , (3.3)

in which Aeq
ads is the chemical equilibrium concentration of Alads and Sbiog is the

concentration of Sibiog. The parameter kd is the partition coefficient, and κ is the
first-order rate constant for equilibration of the adsorbed Al concentration Aads
to Aeq

ads. Since total Al is conserved when only internal processes are considered,
the time derivative of Adiss equals the negative of that of Aads.

Adsorbed Al falls downwards, along with Sibiog, through the water column,
according to

∂Aads

∂t

∣∣∣
sinking

= −ws
∂Aads

∂z
, (A.2)

because the associated biogenic silica is denser than seawater. The settling speed
ws varies from 30 m d−1 in the upper 100 m, to 200 m d−1 at 4 km below the mixed
layer. While settling through the water column, Alads may desorb (Eqn 3.2), so
adsorption does not mean that all Al is removed immediately from the model
domain. Part of the Al dissolves and may upwell and may be scavenged once
again at a later time.
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Parameter Symbol Value used Known range
Mass fraction of Al in dust fAl 8.1 % by mass 7.9–8.5 % by mass
Surface dissolution fraction α 5 % 1–15 %
Partition coefficient kd 4× 106 l kg−1 1–56× 106 l kg−1

First-order rate constant κ 104 yr−1 unknown
Settling speed of Sibiog ws 30–200 m d−1 10–2700 m d−1

Sibiog distribution Sbiog Pisces 3.1 –
Circulation v,A, νE DFS3-based –

Table A.3: List of parameters: values used for the reference simulation, and values
allowed (literature-reported range).

These model equations are used for the simulations RefDyn1 and RefDyn2.
The model parameters used for RefDyn2 are listed in Table A.3. This simulation
ran for 1750 yr and reached an approximate steady state.

Result. Figure 4.3 (repeated from Chapter 4) shows the modelled Aldiss con-
centration of reference experiment RefDyn2 at four depths versus observations
as coloured dots. Figure 4.4 shows the Geotraces transects in the West At-
lantic Ocean (cruises 64 PE 267, PE 319 PE 321 and PE 538, and JC057) and the
Southern Ocean at the Zero Meridian (ANT XXIV/3) (Table 4.4). This figure
also shows the Atlantic Overturning Stream Function (OSF), defined as the zon-
ally (through the Atlantic Ocean) and vertically (from the surface downwards)
integrated meridional velocity (positive northwards). This is a measure for the
Atlantic Meridional Overturning Circulation (AMOC). In the surface the high-
est modelled and observed [Aldiss] are located in the Atlantic Ocean between the
equator and about 30◦ N. In the polar oceans and the South Pacific Ocean, [Aldiss]
is very low. In the West Atlantic transect, the AMOC is clearly reflected by the
dissolved Al concentration. The decrease of [Aldiss] from north to south in the
North Atlantic Deep Water (NADW) is due to net adsorptive scavenging onto
biogenic silica.

The similarity between the model and the observations decreases in the deeper
North Atlantic Ocean, where according to the observations [Aldiss] increases with
depth (for depths below 1 km), while in the model the dissolved Al concentration
decreases with depth. Besides this general pattern of increasing [Aldiss] with depth
in the observations, a very high concentration of Aldiss is present between 45 and
50◦ N near the sediment, which enhances the dissimilarity between the model and
the observations.
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Figure 4.3: Average of the final model year (1750) of the dissolved aluminium con-
centration (nM) from the reference experiment (RefDyn2) at four depths, where
‘surface’ signifies the average over the upper 30 m, ‘500 m’ is 400–600 m aver-
aged, ‘2500 m’ is 2300–2700 m averaged and ‘4500 m’ is 4100–4900 m averaged.
The respective observations (same depth ranges) are presented as coloured dots.
The colour scale is not linear to better show the main features at both low and
high concentrations of Aldiss. As with following concentration figures, grey de-
notes the continents, and white is land mask of the model grid that is outside the
continents.

Figure 4.4: Dissolved aluminium (nM) from the RefDyn2 (year 1750) along the
Zero Meridian and West Atlantic Geotraces transects. Observations are pre-
sented as coloured dots. The contour is the Atlantic Overturning Stream Function
(OSF) of Dynamics 2 in Sv (sverdrup, 1 Sv = 106 m3 s−1), only defined north of
Cape Agulhas and away from 36◦ N, where cross-land mixing through the unre-
solved Strait of Gibraltar does not allow for a well-defined OSF.
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A.1 Dynamics
A.1.1 Different dynamics
Two different dynamics have been used for the simulations in this thesis. Since
different sensitivity simulations were performed with different dynamics, there are
also two reference simulations. RefDyn1 used Dynamics 1, and RefDyn2 used Dy-
namics 2. Besides the circulation, the model equations and parameters in the two
simulations are identical (Table A.3). Section A.0 described RefDyn2, but the fo-
cus was on [Aldiss] features that are similar to those in RefDyn1. A description of
the two dynamics can be found in Section 2.2.2. In the current section we will look
at the differences between the Aldiss distribution from the two reference simul-
ations based on the respective dynamics. Here we take the yearly average over
the last modelled years of the respective simulations. RefDyn2 was forked from
RefDyn1, without running RefDyn1 in parallel with RefDyn2 (an approach that
is applied to the other sensitivity simulations). Rather than comparing respective
years, here the approximate steady states of both simulations are compared with
each other.

Result. Figure A.1a shows the absolute difference of modelled [Aldiss] (nM) at
the West Atlantic Geotraces transect between RefDyn1 and RefDyn2. Besides
a large decrease in [Aldiss] at the surface, there is a decrease as well at intermediate
depths in RefDyn2 compared to RefDyn1. In the deep ocean [Aldiss] has increased.
Figure A.1b shows the absolute difference of modelled [Sidiss] (µM) at the West
Atlantic Geotraces transect between RefDyn1 and RefDyn2. In the deep North
Atlantic Ocean [Sidiss] is much smaller in RefDyn2 compared to RefDyn1.

(a) Absolute difference of [Aldiss] (nM) (b) Absolute difference of [Sidiss] (µM)

Figure A.1: Differences of modelled tracers at the West Atlantic and Zero Merid-
ian Geotraces transect between RefDyn1 and RefDyn2 (nM).

Discussion. Dynamics 2 has its maximum southward transport around a rea-
sonably realistic depth of almost 3 km (contour in Figure 4.4), while Dynam-
ics 1 has its strongest southward transport closer to 2 km. As a consequence
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the maximum [Aldiss] is deeper in RefDyn2 than in RefDyn1, consistent with
the increase in [Aldiss] in the deep ocean and decrease at intermediate depths
(Figure A.1a). The RMSD of [Aldiss] of RefDyn1 versus observations is 8.3 nM,
while it is 8.7 nM for RefDyn2. The difference between these RMSD values is
insignificant (Table A.1). The (insignificant) increase in RMSD is probably due
to the underestimated [Aldiss] at the surface in RefDyn2. However, the correla-
tion coefficient rl shows a significant improvement (0.4 for RefDyn2 versus 0.3 for
RefDyn1). Figure A.1a shows that in the Southern Ocean (left panel) [Aldiss] in
RefDyn2 is more than 1 nM lower than in RefDyn1, resulting in sub-nanomolar
concentrations measured in the Southern Ocean (left panel in Figure 4.4).

Section 2.2.2 presents the Atlantic OSFs of the two dynamical forcings. The
strong decrease in [Sidiss] in the deep North Atlantic Ocean (Figures A.1b and 2.6)
is due to the slower AABW of Dynamics 2 compared to Dynamics 1. The first
two rows in Table A.2 present the goodness of fit statistics for [Sidiss]. Inspecting
the RMSD, RefDyn2 appears to be a significant improvement over RefDyn1. The
improved [Sidiss] distribution gives credibility to the [Sidiss]-dependent sediment
resuspension simulations in Section A.3.2 and Chapter 4 for details. Since [Sidiss]
is improved in the West Atlantic Ocean, it is possible that the Si cycle as a whole
is improved, but an assessment of the Si cycle is beyond the scope of this thesis.

A.1.2 No advection
Section 3.4.2 describes how removal of Aldiss is a combination of scavenging and
advection. It is often assumed that removal (from a certain region) occurs solely
by scavenging, but Section 3.4.2 shows that in some regions, namely in the tropics
and subtropics, advection is more important than scavenging. In this section this
will be made more clear by means of a simulation where the velocity is set to zero
(NoDyn). This means that U = V = W = 0, while subgrid parameterisations
(like lateral eddy diffusivity) are identical to those in Dynamics 2.

Result. Figure A.2 presents [Aldiss] from year 265 in NoDyn. This figure shows
that [Aldiss] in the Atlantic Ocean surface in the tropics and subtropics is very
large compared to RefDyn2. There is a massive increase of up to 200 nM in
the thermocline near the Sahara and in the Arabian Sea (result not explicitly
presented). To analyse the relative effect of disabling the dynamics, Figure A.3
shows the relative difference between NoDyn and RefDyn2. Again, tropics and
subtropics generally show a large increase (off-scale, higher than 1000 %). Only
the Norwegian and Barents Seas and part of the Southern Ocean (away from
the Atlantic Ocean that has high dust deposition) show a decrease in [Aldiss].
These regions have high diatom productivity in comparison with dust deposition.
Since there is hardly any dust deposition at the Southern and Arctic Oceans,
and since there is obviously no inflow of Aldiss, [Aldiss] is decreased in NoDyn
compared to RefDyn2. There is some dust deposition in the Arctic Ocean, but
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diatom production (of intermediate intensity) in the Norwegian and Barents Seas
removes this small input of Aldiss.

Figure A.2: [Aldiss] (nM) after 265 yr with U = V = W = 0 (NoDyn).

Figure A.3: Relative difference of [Aldiss] between the simulation without dynam-
ics (NoDyn) and the simulation with dynamics (RefDyn2), after 265 yr. As with
other figures with concentration differences, grey denotes land mask in the model,
while the black contour denotes the continental coasts.

When the timescale analysis of Section 3.4.2 is applied for NoDyn, the advec-
tion timescale τadv = ∞, and thus the relative importance of scavenging versus
advection for Al export Υ = ∞. This means that the local residence time τres is
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determined only by the scavenging timescale τscav, presented in Figure A.4. The
colour scale is the same as for Figure 3.18. The residence times in the tropical
regions and around the North Pole are very high, which is consistent with the
high [Aldiss] in those regions.

Figure A.4: Mean local residence time (in months) of dissolved Al in the surface
mixed layer based on scavenging and advection processes in simulation NoDyn.
Since there is no advection, the residence time is equal to the scavenging time
(τres = τscav).

A.2 Dust deposition
Dust mainly dissolves within the upper mixed layer, while the insoluble rest is
buried in the sediment. The fraction of the Al in dust that dissolves is not much
constrained by observations, but lies probably in the range of 1–15 % (Orians and
Bruland 1986; Measures and Vink 2000; Jickells et al. 2005).

The precise distribution and magnitude of dust deposition and dissolution are
uncertain. The effect of using a different dust deposition field is presented in Sec-
tion A.2.1. Section A.2.2 shows what happens when a different solubility is used.
The effect of dissolution of Al from dust below the mixed layer is investigated in
Section A.2.3.

A.2.1 Other dust deposition field
Method. Figure A.5 shows the yearly average of two deposition fields. The
first flux distribution (Dust 1) is based on Hauglustaine et al. (2004), while the
second distribution (Dust 2) is based on Mahowald et al. (1999). Both distri-
butions show a large flux in the Atlantic Ocean, while the flux is much lower in
the polar oceans and the South Pacific Ocean. The dust deposition fields may be
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compared to Jickells (1995). The absolute values of Dust 1 matches quite well
with Figure 2 of Jickells (1995). The spatial distribution is reasonable as well,
except that in Dust 1 there is no dust from the Patagonian Desert. Dust 2 gen-
erally overestimates dust deposition compared with Jickells (1995). As opposed
to Dust 1, Dust 2 does include dust from the Patagonian Desert.

(a) Dust 1 based on Hauglustaine et al.
(2004)

(b) Dust 2 based on Mahowald et al.
(1999)

Figure A.5: Dust deposition fluxes based on two different aerosol models, both
in g m−1 yr−2. The scale is non-linear to present well both small and high dust
fluxes.

Result. As Figure A.6 shows, [Aldiss] is much higher in SimDust2 compared
with RefDyn2 throughout the ocean. Our model gives better results when Dust 1
is used, where dust deposition is smaller in general and especially close to zero in
the Pacific, Southern and Arctic Oceans.

A.2.2 Solubility of Al

Method. To examine the impact of greater dust dissolution on the cycling and
distribution of Aldiss, the surface dissolution percentage αAl of Al is increased from
5 to 10 % (simulation Dust10%). The effect of changing the solubility of Al from
dust with a constant factor is mathematically equivalent to changing the amount
of dust deposited with the same factor (see Eqn 3.2). Dust10% ran for 1500 yr
after which it reached an approximate steady state.

Result. Figure A.7 shows that at most places [Aldiss] doubled. This was ex-
pected as dust deposition is the only source of Al in the model. A doubling of αAl
results in a doubling of [Aldiss] everywhere in the ocean when it reaches steady
state. However, the upwelling region west of Chile shows an increase notably
lower than 100 %, which suggests that the ocean is not yet in a steady state.



A.2 Dust deposition 219

Figure A.6: Simulation with Dust 2 dust flux (Mahowald et al. 1999) (SimDust2).
Difference in [Aldiss] with RefDyn2 (nM).

When compared with the reference simulation RefDyn1, doubling of dust de-
position significantly worsened the [Aldiss] simulation at the West Atlantic Geo-
traces transect (Table A.1). Section 3.3.2 contains further discussion.

Figure A.7: The relative difference of the dissolved aluminium concentration be-
tween the experiment with a doubled dissolution (Dust10%) and the reference
experiment (RefDyn1) at four depth levels, after 1500 yr. The scale is in percent-
ages, of which the largest part from 90 % to 100 %.
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Figure A.8: Simulation with dissolution below the surface (water column dissolu-
tion, DustWC) of 1350 yr. The difference in [Aldiss] (nM) between DustWC and
RefDyn1 at the Geotraces transects in the West Atlantic Ocean and the Zero
Meridian Southern Ocean.

A.2.3 Water column dissolution
Generally, it is assumed that part of the Al from the dust deposited into the
ocean is dissolved in the upper model layer, which has a thickness of ∆z1 = 10 m.
Because of rapid mixing this is effectively equivalent to dissolution in upper mixed
layer. The rest of the dust does not dissolve and is buried. It is possible that
there is some more dissolution of the settling dust below the upper layer of the
ocean, but there are no convincing observations confirming or denying this.

Method. To test the effect of subsurface dissolution of dust in the model, and
whether this improves the simulation of Al, water column dissolution is added
as an extra source for the second and deeper layers (k ≥ 2) in the model. Since
during settling less and less of the remaining dust is soluble, the dissolution in
deeper layers is less than in the layers above, here modelled as an exponential
decrease:

∂Adiss

∂t

∣∣∣
z>10 m

= a · e−z/z0
fAl

mAl∆zk
Φdust , (A.3)

where a is a small number, relatively arbitrarily set to 10−4, z is the depth
(positive downwards), and z0 = 1 km. The factor a·e−z/z0 is the depth-decreasing
dissolution fraction at depth z. DustWC ran for 1350 yr after which it reached
an approximate steady state.

Result. Figure A.8 shows the result of the simulation with subsurface dissolu-
tion. In dust deposition regions there is an increase of [Aldiss] below the surface,
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but the increase is smaller in deep waters, consistent with the exponential decrease
from Eqn A.3.

The decrease of [Aldiss] with depth, below 2 km, is stronger in DustWC com-
pared to RefDyn1, while the observations show an increase with depth. Hence,
the addition of water column dissolution deteriorates the reference simulation
(RefDyn1), though this is statistically insignificant (Table A.1). This suggests
that if there is water column dissolution occurring at all, it is probably very small
compared to surface dissolution. Results of this simulation are discussed in more
detail in Section 3.3.2.

A.3 Sediment sources
The strongly underestimated [Aldiss] at 40–55◦ N near the sediment in the North
Atlantic Ocean (Figures 4.3d and 4.4) suggests a sediment source, possibly in the
form of sediment resuspension and subsequent dissolution. More detailed support
for this hypothesis is presented in Chapters 4 and 5. Several simulations that
include a sediment source of some kind have been performed and are described in
this section.

A.3.1 Shallow margin sediments
If the oxygen concentration is low, as is often the case in shallow sediments,
microorganisms switch from oxygen reduction to the reduction of other elements.
These elements are successively nitrate, manganese, iron and sulphate. When all
reductants are depleted, organic carbon is fermented, producing methane. By
bioturbation, and other kinds of diffusion, reduced Mn, Fe and so on, work their
way upwards to the sediment-water interface, where they can diffuse out of the
sediment (Sarmiento and Gruber 2006, pp. 232–236).

Based on this idea, iron addition from sediments has been included in biogeo-
chemical models. In Pisces it is a function of depth, such that shallow sediments
are a larger source of iron than deep sediments. This corresponds in first order
with the fact that shallow sediments contain less oxygen than deep sediments and
therefore more quickly switch to iron reduction.

A simulation of Al diffusion from sediments may support or reject the hypoth-
esis that Al reduction takes place. Since there are no observations of sediment
fluxes of Al available and our model does not include the sediment, the sensitivity
of sediment input of Al has been modelled analogously to Fe. A more detailed
description of the simulation (SedMarg), including a figure with the sediment
flux, is given in Chapter 3. SedMarg ran for 1350 yr after which it reached an
approximate steady state.

Result. Figure A.9 presents the difference of the modelled [Aldiss] between
the simulation with and without the sediment source; (a) the ocean surface and
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(b) the West Atlantic Geotraces transect. The influence of shelf sediment

(a) World ocean surface difference (nM) (b) West Atlantic transect difference
(nM)

Figure A.9: Simulation with a diffusive source from shallow sediments (SedMarg);
spin-up 1350 yr. The difference in [Aldiss] between SedMarg and RefDyn1 (nM).

sources on the surface distribution of aluminium can clearly be seen in Figure A.9a.
Especially in the Arctic Ocean, the Indonesian Archipelago and near the east
coast of North and Central America, [Aldiss] is substantially higher in SedMarg
compared to RefDyn1. In the West Atlantic Ocean [Aldiss] did not significantly
improve (Table A.1). For further details, see Chapter 3.

Figure 4.4 shows a maximum in [Aldiss] at intermediate depth (2–3 km). In
that simulation the source of Aldiss is dissolution from deposited dust and sub-
sequent transport by the AMOC, combined with release of reversibly scavenged
Aldiss in NADW. The sediment input simulation results in a significant increase of
Aldiss in NADW as well (Figure A.9b), so it appears that high [Aldiss] in NADW
can be explained not only by dust deposition, but also by sediment sources.

A.3.2 Sediment resuspension
In areas with high [Aldiss] near the bottom of the ocean high particle concentra-
tions have been observed. This suggests the resuspension of particles from the
seafloor with subsequent release of Al. However, actual dissolution from resus-
pended sediments has not been measured directly. Hence, it is not known what is
the carrier of the redissolved Al. The source of the high [Aldiss] near the sediment
may be Al incorporated in certain particles (e.g. Sibiog or lithogenic particles),
which means that after resuspension the carrier particle must dissolve, including
the incorporated Al. The source may also be Al adsorbed onto Sibiog, i.e. Alads.
In that case the process may be dissolution of the carrier particle, releasing Al
in a similar manner as in the previous hypothesis, or it may simply desorb from
the carrier particle. In either case, in this section we will refer to the process
of release of Al after resuspension simply as dissolution, understanding that the
actual process may (partly) be desorption.
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Method. Modelling may shed light on the net release of Aldiss to the bot-
tom water, but the model is not able to distinguish between the several mecha-
nisms of releasing Al. Since the sediment is not explicitly modelled, it is assumed
that recently sedimented Alads is resuspended. Sedimentation proceeds in the
bottom model layer immediately above the sediment according to ∂Aads/∂t =
−(wsAads)/∆zbottom, where ∆zbottom ≤ 500 m is the thickness of the bottom
layer. It is of the same order of magnitude as the real resuspension, or nepheloid,
layer. To model a sediment source, part of the sedimented Alads is resuspended
and desorbed in the bottom water layer according to

∂Adiss

∂t

∣∣∣
resusp

= β
wsAads

∆zbottom
, (4.5)

where β is a constant (0 ≤ β ≤ 1) or some scalar function to be defined for each
simulation, representing the fraction of sedimented Alads that is resuspended and
subsequently dissolved. Further details and discussion of this model can be found
in Chapter 4 and the related investigation by Middag et al. (in preparation),
included in this thesis as Chapter 5.

A.3.2.1 Proportional to sedimentation

In the first of our four sediment resuspension simulations, 60 % of sedimented
Alads is redissolved just above the sediment (simulation SedProp). This means
that β in Eqn 4.5 is a constant (β = 0.60), or that sediment resuspension is
proportional only to wsAads in the bottom model layer. SedProp ran for 575 yr,
but before that it reached an approximate steady state. To be consistent with
two other sediment resuspension simulations (SedMackin and SedNoDiss), the
year 500 is plotted in the results.

Result. Figure A.10a shows [Aldiss] resulting from the simulation (also: Fig-
ure 4.5). In the Northern Hemisphere, the deep ocean [Aldiss] is simulated much
better in this experiment than in the original one (Figure 4.4). However, in
the Southern Hemisphere [Aldiss] is simulated much worse, yielding far too high
[Aldiss] in the bottom waters. Figure A.10b shows the relative difference between
SedProp and RefDyn2, emphasising the more than 150 % increase in the Southern
Ocean. Too high Aldiss concentrations are over the whole water column in the
Southern Ocean, but the effect diminishes towards the surface. Nevertheless, the
addition of resuspension in this way does significantly improve the simulation in
the West Atlantic Ocean (see Table A.1 and Chapter 4 for statistics).

A.3.2.2 Only resuspension

It is also possible to resuspend the sedimented Sibiog (together with Alads) without
immediate redissolution (simulation SedNoDiss) as was done for the simulations



224 Sensitivity analysis of the aluminium model

(a) [Aldiss] (nM) (b) The relative difference in [Aldiss] (%) with
RefDyn2.

Figure A.10: Simulation with a [Sidiss]-independent sediment resuspension experi-
ment (SedProp), 500 yr after forking. Concentration and relative difference along
the Geotraces transects in the West Atlantic Ocean and the Zero Meridian in
the Southern Ocean. Observations are represented by the coloured dots.

in SedProp. Instead, here redissolution took place only by desorption according to
reversible scavenging (Eqn 3.2). SedNoDiss ran for 500 yr after which it reached
an approximate steady state.

Result. SedNoDiss results in an increase in bottom [Aldiss], but it appears too
small to explain the observations (Figure A.11b). The statistics show a significant
improvement, both for the RMSD and the correlation coefficient (Table A.1).

(a)

SedProp−RefDyn2

(b)

SedNoDiss−RefDyn2

Figure A.11: Two [Sidiss]-independent sediment resuspension simulation; 500 yr
after forking from RefDyn2. Difference of simulated [Aldiss] (nM) with RefDyn2,
along the Zero Meridian and the West Atlantic Geotraces transect. (a) 60 %
sediment resuspension (only Alads) and (100 %) subsequent dissolution (SedProp).
(b) 92 % sediment resuspension of both Alads and Sibiog (no dissolution besides
regular desorption) (SedNoDiss)

It appears that if resuspension of particulate Al is the actual process that
explains high bottom [Aldiss], it must be immediately dissolved. This is only
possible if there is different chemistry going on in the pore waters compared to
the water column. These mechanisms are unknown and therefore none of the
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simulations described here provides the answer to how such a big amount of Al
can redissolve in bottom water. However, because of the result of SedNoDiss, it
is modelled as such in SedProp and all following simulations.

A.3.2.3 Redissolve only when [Sidiss] < 70 µM

To remedy the overestimated Al sediment source in the Southern Ocean in SedProp,
while trying to keep in tact the realistic source near 40–55◦ N, a parameterisation
including a dependence on bottom [Sidiss] may be used. This is based on the
observations of Mackin and Aller (1986), who showed that resuspended Al easily
dissolves in a low [Sidiss] environment, while it hardly dissolves in seawater with
a high [Sidiss]. This inhibitory effect is presented in Figure 4.2.

Method. The function β in Eqn 4.5 is made [Sidiss]-dependent. Here a step
function is used with a threshold of 70 µM, i.e.

β =

{
0.92 if Sdiss < 70 µM
0 else .

(A.4)

The 92 % redissolution is based on the observation-derived redissolution of sed-
imented Sibiog, also 92 % (Tréguer and De La Rocha 2013). In this simulation
(SedStep) the threshold Sidiss concentration of 70 µM is higher than the 30 µM
suggested by the observations. The reason for this is that in the model, AABW
flows too far north, bringing too much Sidiss into the deep North Atlantic Ocean.

SedStep ran for 114 yr, after which it was not yet in steady state. However,
the budgets BO (world ocean; upper, deep Atlantic Ocean) do tend towards a
steady state (d2BO/dt2 < 0).

(a) [Aldiss] (nM) (b) The relative difference in [Aldiss] (%)
with RefDyn2.

Figure A.12: Results from the simulation where 92 % of Alads dissolves if and only
if [Sidiss] ≥ 70 µM (SedStep) at the West Atlantic Geotraces transect; spin-up
of 114 yr.
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Result. The West Atlantic Geotraces transect is presented in Figure A.12.
Contrary to the simulation where the sediment source is not restricted to low
bottom [Sidiss], there is now only an effect in the northern West Atlantic Ocean
and not in the southern part (Figure A.12b), because of the low and high [Sidiss],
respectively. After a full spin-up this may result in a more realistic simulation of
[Aldiss] (Figure A.12a). Indeed, already after 114 yr SedStep shows a significant
improvement according to the RMSD statistic (Table A.1). However this simul-
ation is not yet in a steady state and only shows qualitatively that the approach
of setting the Al sediment flux to zero below a certain threshold results in a local
increase (Figure A.12b).

A.3.2.4 Proportional to function of Mackin and Aller (1986)
Method. Following Mackin and Aller (1986) more closely, β is defined as

β = 16.85 · (Sdiss
∣∣
bottom/µM)−0.828 . (4.6)

A justification for this equation is given in Section 4.6. This simulation (SedMackin)
ran for 500 yr after which it reached an approximate steady state.

(a) (b)

Figure A.13: Results from the sediment resuspension simulation following Mackin
and Aller (1986) (SedMackin) of year 500 after forking; sections along the Zero
Meridian and West Atlantic Geotraces transects. (a) [Aldiss] (nM) with obser-
vations plotted as coloured dots. (b) Relative difference (%) between SedMackin
and RefDyn2.

Result. Figure A.13a shows [Aldiss] from this bottom [Sidiss]-dependent sedi-
ment resuspension experiment. As expected, also in SedMackin the sediment re-
suspension source of Al results in a higher [Aldiss] near 40–60◦ N in the deep North
Atlantic Ocean (Figure A.13b) as compared to RefDyn2. Furthermore, there are
several new features in the Aldiss distribution which this simulation reproduces
better than SedProp, but similarly to SedStep. Firstly, [Aldiss] is only slightly
larger near the sediment in the Southern Hemisphere compared to the overly-
ing water (Figure A.13b). The observations extend to practically the bottom of
the ocean (almost 6 000 m at some latitudes of the Geotraces West Atlantic
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transect), while the model depth is only 5 000 m. This makes a good comparison
of deep ocean [Aldiss] between model and observations difficult, but the slightly
elevated [Aldiss] in the near-sediment observations is consistent with the slight
elevation in the bottom model layer. Secondly, the region from 0◦ to 45◦ N at
a depth below 2 km has a higher [Aldiss] compared to RefDyn2 (Figure 4.4) and
better represents the observations. Finally, the West Atlantic statistics show an
improvement as well (Table A.1).

Further discussion of sediment resuspension and subsequent dissolution of
Alads can be found in Chapter 4.

A.3.3 Source from the Arctic Ocean
Early simulations concerning sediment sources included setting bottom layer [Aldiss]
to a high constant value, typically the observed one. The goal of this was to see
whether it is likely that some locations may be an important source of [Aldiss]
for the deep West Atlantic near 45–50◦ N. Setting [Aldiss] at the supposed source
location to the observed (or higher) [Aldiss], combined with internal processes al-
ready captured by the model (scavenging and ocean circulation), may or may not
have the effect of simulating the observed Aldiss distribution. Even though such
a simulation is not very sophisticated, its result can suggest whether one or the
other location might be an important source of Al.

Method. To find out whether the deep Arctic Ocean sediments can be such a
source, [Aldiss] was set to 20 nM in the East Arctic below 2 km depth, constant
over time (SedArctic). This is not an actual flux input of Aldiss, but it is done to
analyse the dynamical effects from the presence of high [Aldiss] in the deep East
Arctic Ocean, regardless of the cause of the high [Aldiss]. More specifically, this
simulation has been performed to consider the inflow of Aldiss-rich waters from
the Arctic Ocean into the Atlantic Ocean as a possible cause for the observed
high [Aldiss] near 50◦ N near the sediment. SedArctic ran for 177 yr after which it
was far from a steady state. However, the budgets BO (world ocean; upper, deep
Atlantic Ocean) do tend towards a steady state (d2BO/dt2 < 0).

Result. Figure A.14b shows the profile of [Aldiss] for the simulation with the
East Arctic sediment input, as well as the [Aldiss] from the observations and
reference simulation (RefDyn1). The observations in the Arctic Ocean are better
reproduced with this ‘sediment source’, but that result is almost trivial and not
the purpose of this simulation.

Figure A.14a shows the difference in the modelled [Aldiss] between the case
with a ‘sediment source’ in the East Arctic (SedArctic) and without (RefDyn1).
The increase of [Aldiss] in the West Atlantic Ocean is less than 45 pM (1 pM =
10−12 M), much smaller than needed to explain the high [Aldiss] observed there.
This was to be expected, since in the East Arctic Ocean [Aldiss] changed sig-
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(a)
(b)

Figure A.14: Simulation where [Aldiss] in the East Arctic at 2 km depth and below
was set to 20 nM (SedArctic); spin-up is 177 yr. (a) Difference in [Aldiss] (pM)
between SedArctic and RefDyn1 at the West Atlantic Geotraces transect. (b)
Profile of [Aldiss] (nM) in the Arctic Ocean at 213.6◦ E, 87.03◦ N. The black solid
curve represents the observations; the blue dashed curve is from RefDyn1 and the
red dot-dash curve is from SedArctic.

nificantly only at 1 km depth and deeper (the blue versus the red dotted line in
Figure A.14b), while the Denmark Strait is only about 600 m deep. The simul-
ation is not yet in steady state, but given the orders of magnitude insignificance
after a simulation of 177 yr the Aldiss concentration is not expected to increase by
much more than one order of magnitude. This means that a sediment source in the
Arctic Ocean is not likely to be a significant source of Al to the Atlantic Ocean,
unless it builds up over time. Diatom productivity may prevent this build-up;
these issues are not analysed further.

In addition, the increase of [Aldiss] occurs mostly at intermediate depth, while
there is almost no increase of [Aldiss] at the deepest location of the West Atlantic
Ocean south of 55◦ N. This simulation shows that a constant value of [Aldiss] in
the near-sediment Arctic Ocean does not model the high [Aldiss] in the northern
deep West Atlantic Ocean. In other words, according to this model there is no
significant amount of Al moving into the North Atlantic Ocean through Denmark
Strait. However, this is (largely) due to a shortcoming of the dynamics of the
model (Dynamics 1): the Denmark Strait Overflow Water (DSOW) is modelled
poorly because of the low resolution of the model. In this simulation Dynamics 1
has been used, but Dynamics 2 has similar shortcomings because of the same low
resolution.
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A.4 Scavenging
The vertical distribution of Aldiss is mainly determined by reversible scavenging.
By means of this process, Al is falling down (settles) in the form of adsorbed Al,
after which it partly desorbs again deeper in the ocean. The process of adsorption
and desorption is determined by two constants, the partition coefficient kd and
the first-order rate constant κ, and the concentrations of Aldiss and Sibiog (see
Eqns 3.2 and 3.3). The sinking of Sibiog and Alads is determined by Eqn A.2,
depending on the parameter ws, the velocity with which biogenic Si and Al sink
through the water column.

In this section, the reversible scavenging process is studied by means of sensi-
tivity simulations in the mentioned parameters. Also a test has been performed
in which particles other than Sibiog are used as scavengers of Al.

A.4.1 Partition coefficient
Method. One of the key parameters in the model is the partition coefficient kd.
It regulates the amount of Al that can be adsorbed onto Sibiog. To see what effect
this parameter has in our model setup, an experiment has been performed in which
kd is decreased by a factor of two (simulation LowPaCo) (Chapter 3). LowPaCo
ran for 1345 yr after which it was in an approximate steady state.

Result. Figure A.15 shows that a decrease of kd leads to an increase of [Aldiss],
which is largest in the Southern Ocean.

Figure A.15: Simulation with a decreased partition coefficient kd (LowPaCo);
spin-up is 1345 yr. The difference in [Aldiss] (nM) at four depth levels between
the LowPaCo and RefDyn1.



230 Sensitivity analysis of the aluminium model

The reason for the large increase in [Aldiss] in the Southern Ocean, and also
a significant amount in the northern seas, is that these are locations of strong
diatom productivity, which can be seen from large concentrations of Sibiog. As
can be seen from Eqn 3.3, the equilibrium concentration of Alads is proportional to
kd and [Sibiog], hence kd is important in regions with high [Sibiog]. This has been
further explained by looking at the Al budget and timescales in Section 3.4.4.

A.4.2 First-order rate constant

The other scavenging parameter in Eqns 3.2 and 3.3 is the first-order rate con-
stant κ. This parameter should have a dynamic effect on the distribution of Aldiss,
since it describes how quickly Aldiss and Alads equilibrate (Eqn 3.2). To test this
in our model, κ was decreased from 104 to 102 yr−1 (simulation LowFORC).
LowFORC ran for 1600 yr after which it reached an approximate steady state.

Figure A.16: Simulation with a small first-order rate constant κ (LowFORC;
κ = 100 yr−1); spin-up 1600 yr. The relative difference in [Aldiss] (nM) at four
depths between LowFORC and RefDyn1.

Result. As presented by Figure A.16a, surface [Aldiss] increased significantly
compared to RefDyn1. Below 2 km depth, from the equator northwards, [Aldiss]
increased compared to the reference simulation. The relative increase near the
deep sediment between 45 to 50◦ N is high compared to other deep-ocean regions
(Figure A.16d), but it is too small to explain the elevated concentration in this
area found in the West Atlantic Geotraces observations. For further discussion
and figures consult Section 3.4.
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A.4.3 Settling velocity
The settling speed ws of Sibiog and the associated Alads is only approximately
known. Models generally do not contain all model variables to simulate ws real-
istically. Since the settling speed in the model significantly impacts the (vertical)
distribution of Aldiss (as well as other tracers), it is important to test the sensi-
tivity of several parameterisations of ws. It has been suggested in Chapter 3 that
the settling speed has an impact on near-sediment [Aldiss], possibly resulting in
a more realistic simulation in the West Atlantic Ocean near 40–50◦ N just above
the sediment.

Theory. Remember from Section 1.2.2 that settling of particles through a fluid
is, by approximation, governed by Stokes’ law:

ws =
2r2(ρpart − ρfluid)g

9µ
. (1.1)

Diatoms have a density ρpart twice of that of seawater (Klaas and Archer 2002;
Demaster 2003), and they vary from 2r = 2 to 200 µm in diameter, while most of
the organic biomass is in picoplankton that has a diameter range of 0.2–2.0 µm
(Sarmiento and Gruber 2006, pp. 123, 126). Furthermore, non-siliceous, non-
carbonate phytoplankton have a much smaller density than that of diatoms (De-
master 2003, p. 89). The hence heavy diatoms result in a relatively high settling
speed ws compared to most phytoplankton. Using a typical radius of 50 µm, a
density of Sibiog particles of ρparticle = 2000 kg m−3 and of seawater of ρfluid =
1027 kg m−3, and a gravitational acceleration of g = 9.81 m s−1 and a viscosity
of µ = 1.25× 10−3 N s m−2, the sinking speed is ws = 404 m d−1 (Sarmiento and
Gruber 2006, p. 200). This value is of the right order of magnitude, but higher
than generally reported for the settling of Sibiog (e.g. Nelson et al. 1995).

Since the settling velocity of particles is proportional to r2, and diatoms have
a diameter range of two orders of magnitudes, its variance is huge. Stokes’ law
may still apply, but the whole spectrum of particle sizes must be considered.
That diatoms are not perfect spheres and hence do not follow Stokes’ law exactly
has already been discussed in Section 1.2.2. Furthermore, while settling with
different velocities, diatoms aggregate to larger compounds, generally resulting in
a higher settling velocity (De La Rocha 2006, pp. 88–89 and references therein),
consistent with Stokes’ law. However, a decrease in velocity can be a result as
well (Demaster 2003; McDonnell and Buesseler 2010). This may be the result
of a significant deviation from the spherical form assumed by Stokes’ law. The
decomposition of aggregate products may reduce the vertical flux as well (De La
Rocha 2006, pp. 89–90).

Modelling. In ocean biogeochemical GCMs, there is typically only one type
of diatom, and aggregate products are not explicitly modelled. Hence, even if
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Stokes’ law were applicable to the different Sibiog particles, it still would not be
possible to model this with the standard version of NEMO-Pisces, because they
do not track the different sizes and densities of particles. However, an extension of
Pisces exists that uses a size-spectrum parameterisation (Kriest and Evans 1999;
Kriest and Oschlies 2011). This method represents changes in the distribution of
size and settling velocity of marine particles by a two-parameter model. In this
thesis this parameterisation has not been utilised.

According to the idea of aggregation during settling, using Stokes’ law, the
settling velocity of Sibiog can be parameterised to monotonically increase with
depth. In the case of Pisces, the settling velocity ws of Sibiog is wML = 30 m d−1

in the mixed layer and increases linearly below the mixed layer until the seafloor
such that w4km = 200 m d−1 at 4 km depth:

ws = wML + (w4km − wML)
z −∆zML

4000m −∆zML
, (3.5)

where z is the model depth and ∆zML the mixed layer depth. This simple pa-
rameterisation is a rough first-order approach that ignores the nonspherical form
of aggregates and the fact that the particle size is not really a function of depth.
Nonetheless, this parameterisation has been used for most of the simulations,
including the reference simulations (Section A.0).

A.4.3.1 Constant settling velocity
Method. To test the effect of a depth-increasing versus a constant settling ve-
locity, an experiment has been performed with a constant settling speed for Sibiog
(and Alads) of ws = 60 m d−1 (simulation SetlConst). SetlConst ran for 120 yr
after which it was not yet in steady state. However, the budgets BO (world ocean;
upper, deep Atlantic Ocean) do tend towards a steady state (d2BO/dt2 < 0).

Result. In Figure A.17 the difference in [Aldiss] between this simulation (Setl-
Const) and the simulation with depth-increasing settling velocity (RefDyn1) is
presented. Generally, [Aldiss] is higher, especially in the deep ocean.

In Figure A.18, the West Atlantic and Zero Meridian Geotraces transects of
[Aldiss] and the difference with the reference simulation are presented. Especially
in the Atlantic region near the sediment between 35 and 55◦ N, and near the
sediment south of 30◦ S, [Aldiss] has significantly increased.

Discussion. In the north, SetlConst simulates [Aldiss] better than RefDyn1
does, while in the south it does a worse job (Figure A.18). The statistics show
a significant improvement of SetlConst with respect to RefDyn1 (Table A.1).
Section A.3 supports the hypothesis that there is a sediment source in the deep
North Atlantic Ocean. However, the improvement near 40–50◦ N in SetlConst
suggests an alternative hypothesis for a high near-sediment [Aldiss], namely, one
related to scavenging kinetics, specifically the settling velocity.
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Figure A.17: Simulation with the settling velocity of Sibiog and Alads set to ws =
60 m d−1 (SetlConst), as opposed to an increasing ws = 30 − 200 m d−1 in the
reference simulation. Difference in [Aldiss] at four depths in the global ocean
between SetlConst and RefDyn1; year 120.

(a) (b)

Figure A.18: Simulation with the settling velocity of Sibiog and Alads set to
ws = 60 m d−1 (SetlConst). (a) [Aldiss] at the West Atlantic and Zero Merid-
ian Geotraces transect for SetlConst, and (b) the difference between SetlConst
and RefDyn1.

Even though this simulation is able to capture the high near-sediment [Aldiss],
there are several reasons why the hypothesis of a sediment source, and specifically
sediment resuspension and subsequent dissolution, is favoured above the idea that
Sibiog settles with a constant settling velocity. Firstly, [Aldiss] in the Southern
Hemisphere has been simulated much worse in the latter simulation, not only in
the West Atlantic Ocean. This is best presented by Figure A.17d, which show
large areas in the Southern Hemisphere where [Aldiss] is much larger than in the
reference simulation. This results in an overestimation of [Aldiss] in the Southern
Ocean (Figure A.18a), while RefDyn1 very reasonably reproduced [Aldiss] in the
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Southern Ocean. Secondly, the Si cycle is perturbed in this simulation, which
may give unrealistic [Sidiss] and [Sibiog] in the deep ocean, which could have a
significant effect on [Alads] and [Aldiss]. However, the goodness-of-fit statistics in
the West Atlantic Ocean of [Aldiss] between SetlConst and the observations show
no significant change compared to those of RefDyn1 (Table A.2).

A.4.3.2 Smaller maximum velocity
In this simulation (SetlMedium) the settling velocity is increased from 30 m d−1 in
the mixed layer to only 90 m d−1 instead of 200 m d−1 at 4 km below the mixed
layer. SetlMedium ran for 120 yr after which it was not yet in steady state.
However, the budgets BO (world ocean; upper, deep Atlantic Ocean) do tend
towards a steady state (d2BO/dt2 < 0).

Figure A.19: Difference in [Aldiss] of the world ocean at four depths between
the simulation with settling speed ws of Sibiog and Alads increasing to 90 m d−1

(SetlMedium) and the one where ws increases to 200 m d−1 (RefDyn1). Year 116.

Result. Figure A.19 shows that the impact is small. Indeed, Dl and rl did
not change to any significant degree (Table A.1).

A.4.4 Scavenging by calcium carbonate
In the previous sensitivity experiments, adsorption only took place onto Sibiog. In
standard Pisces v3.1 used in this thesis, settling particles are presented by four
different tracers. Their settling velocities are listed in Table A.4.

To test the potential importance of other scavengers besides Sibiog for Al
cycling in the ocean, experiments could be performed with scavenging by small
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Name Symbol Unit ws (m d−1)
Petit Organique Carbone POC mol C l−1 2
Grand Organique Carbone GOC mol C l−1 30–200
Biogenic silica Sibiog mol Si l−1 30–200
Calcium carbonate CaCO3 mol C l−1 30–200

Table A.4: List of particles in Pisces 3.1, and their respective settling veloci-
ties ws.

organic particles (POC), large organic carbon particles (GOC), CaCO3 and/or
Sibiog. Since small organic carbon particles (POC) settle with only 2 m d−1, they
are inefficient scavengers. The bigger types of particulates settle faster, from
30 m d−1 in the mixed layer, up to 200 m d−1 at 4 km depth. This increasing
velocity parameterises the effect of aggregation (Section A.4.3). In this section
CaCO3 is the choice of scavenger.

Method. A simulation with scavenging onto CaCO3 (ScavCaCO3) was per-
formed, forked from RefDyn2 (in steady state) that included adsorption of Aldiss
by Sibiog instead of CaCO3. Calcium carbonate settles with the same speed as
biogenic silica. The partition coefficient kd is set to the same value as for Sibiog.
This is unrealistic, since Al adsorbs about forty times better onto Sibiog than to
CaCO3 (McAlister and Orians 2011).2 However, ScavCaCO3 is only performed
to isolate and emphasise the potential effect of CaCO3 compared to Sibiog on
the distribution of Aldiss. ScavCaCO3 ran for 270 yr after which it was not yet
in steady state. However, the budgets BO (world ocean; upper, deep Atlantic
Ocean) do tend towards a steady state (d2BO/dt2 < 0).

Result. Figure A.20 presents [Aldiss] at several layers of SimCaCO3. While
at intermediate and low latitudes [Aldiss] is reasonably captured compared to
RefDyn2 (consistent with the statistics in Table A.1), concentrations have become
much too high in the polar oceans at full depth. While this simulation does not
say anything definitive about the role of CaCO3, it shows that even with a kd
that is probably too high too little Aldiss is scavenged. From this simulation
follows, assuming that GOC does not play an important role and removal of Al is
chiefly due to adsorptive scavenging, high [Sibiog] in the polar oceans must play
an important role in removing Aldiss.

2Adsorption effectiveness, parameterised by the partition coefficient kd, and to a
certain extent the first-order rate constant κ, is also determined by organic coatings
(Balistrieri et al. 1981).
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Figure A.20: Simulation where the modelled tracer CaCO3 is used as the scav-
enger for Aldiss (ScavCaCO3). Concentration of Aldiss (nM), 270 yr after forking
from RefDyn2.

A.5 Biological incorporation
Besides being scavenged by surface adsorption (sensitivity simulations in Sec-
tion A.4), Aldiss becomes incorporated as a trace substitute for Si during the
growth of living diatoms (Section 4.1). After diatom death, it settles towards the
seafloor, similarly to scavenging.

Method. The diatom incorporation of Al is modelled by multiplying the rate
of production of diatom opal (Sidiat) with the dissolved Al/Si concentration ratio
in ambient seawater, with some refinements as explained below. For the biological
Si cycle, production and mortality of diatoms, and dissolution of debris Sibiog, are
all part of the underlying Pisces model. These Si rate variables are represented
by prod, mort and diss, respectively, in the model equations for Al incorporation:

∂Adiat

∂t

∣∣∣
bio

= RAl:Si · prod − Adiat

Sdiat
· mort (4.1a)

∂Abiog

∂t

∣∣∣
bio

=
Adiat

Sdiat
· mort −

Abiog

Sbiog
· diss (4.1b)

∂Adiss

∂t

∣∣∣
bio

=
Abiog

Sbiog
· diss −RAl:Si · prod , (4.1c)

where the subscript ‘diat’ signifies what is incorporated in living diatoms, and
‘biog’ what is incorporated in dead diatoms. No further refinement is made in
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any process, except, optionally, for incorporation during production, using the
term RAl:Si, which is defined as:

RAl:Si = min
(
cin · Adiss

Sdiss
, rmax

)
, (4.2)

with cin (0 ≤ cin . 1) a weight factor for the Al : Si incorporation ratio, and rmax
a prescribed maximum value for the Adiat/Sdiat ratio within the opal of living
diatoms. Such a maximum would be necessary if the Sibiog lattice (e.g Gehlen
et al. 2002) were filled or toxic values of amount of Al in diatom (frustules) were
to be reached. However, it appears that toxic levels are much higher than those
reached in the oceans (Vrieling et al. 1999).

A.5.1 Simple incorporation
In our first simulation, Incorp, incorporation occurs proportionally by the ambient
dissolved Al/Si concentrations and without limit, thus cin = 1 and rmax = ∞.
Incorp ran for 500 yr after which it reached an approximate steady state.

Result. The relative difference between the simulated [Aldiss] with and without
biological incorporation was presented in Figure 4.9 at four depths. In the upper
ocean north of 60◦ S, [Aldiss] has considerably decreased in Incorp compared to
RefDyn2. Namely, the decrease is about 90 % at the surface and about 20 % in
bottom part of the ocean. The resulting concentrations are much lower than the
observed [Aldiss]. This is described in more detail in Section 4.3.4.

Since the scavenging model is, to some extent, tuned to the observations, this
result is not surprising as we added a new removal mechanism. Therefore, removal
by adsorption should be adjusted (lowered) to compensate for the new removal
mechanism. Sections A.5.2 and A.5.3 will show that a decrease in scavenging
is not sufficient to end up with a realistic Aldiss distribution. Hence, several
other sensitivity simulations will be discussed in Sections A.5.5 and A.5.6 where
the strategy is to adjust the incorporation factor RAl:Si. Also increased dust
dissolution has been tried out (Section A.5.4), but it is not clear whether this
would solve the issue.

A.5.2 Decreased partition coefficient
In an attempt to compensate for the depletion of [Aldiss] by incorporation, we
decreased the partition coefficient kd, decreasing the amount of Aldiss scavenged
(IncorpLowPaCo). IncorpLowPaCo ran for 500 yr after which it reached an ap-
proximate steady state.

Result. Figure 4.10 presents the relative concentration difference of Aldiss be-
tween IncorpLowPaCo and RefDyn2. The decrease of [Aldiss] in the Atlantic
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Ocean surface waters is slightly smaller than in the case with incorporation and a
high kd (compare with Figure 4.9). However, in the Southern Ocean [Aldiss] has
increased considerably, yielding concentrations much higher than observed. This
is discussed in more detail in Section 4.4.3.

A.5.3 Decreased first-order rate constant
In this simulation we decreased the first-order rate constant κ from 104 yr−1 to
1 yr−1, in an attempt to induce a delayed adsorption of dust-derived Aldiss onto
Sibiog, resulting in an increased surface [Aldiss] (IncorpLowFORC).

Result. Figure A.21 presents the result of this simulation after 240 yr. As with
the decreased kd simulation, the decrease of [Aldiss] compared to that of RefDyn2
in the Atlantic Ocean is still too large, while in the Southern Ocean [Aldiss] has
increased considerably. Figure A.22 shows the resulting Aldiss concentrations.
Indeed, in the Southern Ocean, at all depths, concentrations are much higher than
the observed concentrations, while in the upper Atlantic Ocean concentrations are
underestimated.

Figure A.21: Simulation with a decreased first-order rate constant κ′ = κ ·10−4 =
1 yr−1; spin-up is 240 yr (IncorpLowFORC). Relative difference at four depth
levels of [Aldiss] (%) between IncorpLowFORC and RefDyn2.

A.5.4 Increased dust dissolution
Yet another approach to counter the underestimation of [Aldiss] when incorpora-
tion is part of the model, is to increase the dust dissolution αAl (or deposition).
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Figure A.22: Simulation with a decreased first-order rate constant κ′ = κ/104 =
1 yr−1); spin-up is 240 yr (IncorpLowFORC). [Aldiss] (nM) at four depth levels,
with coloured dots as observations.

Hence, a simulation with biological incorporation and doubled dust dissolution
has been performed, henceforth named IncorpHighDust. In IncorpHighDust the
dissolution fraction is 10 % instead of 5 %, still within the range of the reported
values of the solubility of Al from dust (e.g. Orians and Bruland 1986; Maring and
Duce 1987; Baker et al. 2006; Han et al. 2012). IncorpHighDust ran for 500 yr
after which it reached an approximate steady state.

Result. Figure A.23 shows [Aldiss] from IncorpHighDust of year 500. In the
Atlantic Ocean the effect of incorporation is partly compensated by the increased
dust dissolution. As with kd and κ, the relative effect is largest in the Southern
Ocean, but to a smaller extent than in the kd and κ simulations. Figure A.24
presents the absolute difference at the West Atlantic and the Zero-Meridian South-
ern Ocean transects.

Discussion. The compensation of decrease by incorporation in the Atlantic
Ocean does not work spatially very well. Figure A.24 shows this by the increase
at the very surface of the ocean between 10 and 25◦ N while the region around
(both meridionally and in the vertically) still shows a notable decrease in [Aldiss].
Section 4.4.3 includes further discussion, suggesting the hypothetical release of Al
from dust below the upper layer of the ocean.

Since [Aldiss] gets too high mainly in the Southern Ocean, one can, e.g., slightly
increase kd (or κ), in combination with a similar extra increase of dust dissolution,
such that the Southern Ocean [Aldiss] is more realistically simulated. In other
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Figure A.23: Simulation with biological incorporation and doubled dissolution
(IncorpHighDust); spin-up is 500 yr. Relative difference of [Aldiss] (%) between
IncorpHighDust and RefDyn2 at four depth levels.

Figure A.24: Simulation with biological incorporation and doubled dissolution
(IncorpHighDust); spin-up is 500 yr. Absolute difference of [Aldiss] (nM) be-
tween IncorpHighDust and RefDyn2 at the West Atlantic and the Zero-Meridian
Southern Ocean transects.

words, when doing incorporation as in Incorp, correctly tuning of the parameters
αAl and kd may simulate [Aldiss] reasonably well. This would require probing the
parameter space3 of (αAl, kd) ∈ [0.01, 0.15] × [28, 1820]m3 mol−1 at a sufficiently

3This means that simulations are performed for different combinations of parameters.
Based on the goodness-of-fits of these simulations, an optimal combination of parameters
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high resolution. Other, or higher-dimensional, parameter spaces (including κ, ws,
cin and rmax) are interesting to probe as well, but that would be a lot of work.

A.5.5 Moderated incorporation
Incorporation of Al into diatom frustules may take place at a rate smaller than
expected based on ambient dissolved Al : Si concentrations. Therefore, a simul-
ation has been performed (IncorpMod) in which RAl:Si is adjusted by setting
cin = 0.08845 as done by Han et al. (2008), loosely based on Gehlen et al. (2002).
IncorpMod ran for 433 yr after which it reached an approximate steady state.

Result. The resulting relative difference of [Aldiss] between IncorpMod and
RefDyn2 (no incorporation) is nearly identical to the result from simulation Incorp
(Figure 4.9) (difference for IncorpMod not presented). Hence, the small cin does
not appear to help in reducing the decrease of [Aldiss] in the mixed layer of the
Atlantic Ocean.4

A.5.6 Upper limit of incorporation
Finally, a maximum ratio rmax can be introduced, above which no additional Al
is built into the frustule. Observations suggest a maximum incorporation ratio
of rmax = 0.002 (Middag et al. 2009). This number is used for this simulation
(IncorpMax). IncorpMax for ran 100 yr after which it was not yet in steady
state. However, the budgets BO (world ocean; upper, deep Atlantic Ocean) do
tend towards a steady state (d2BO/dt2 < 0).

Result. Figure A.25 presents the relative difference in [Aldiss] between IncorpMax
and RefDyn2. There does not appear to be a significant difference between this
simulation (Figure A.25) and the simulation with standard incorporation (Fig-
ure 4.9). Other studies generally suggest a higher rmax; that would yield an
even smaller improvement of [Aldiss] compared to the unconstrained incorpora-
tion simulation (results not presented).

Epilogue. Statistically, almost none of the incorporation simulations improved
[Aldiss] at the West Atlantic Geotraces transect (Table A.1).

can be devised, assuming that an extremum can be found, and if it is not just a local
extremum.

4Setting cin to an arbitrarily small value does reduce incorporation, but in this simul-
ation already cin � 1, and there is no literature suggesting concrete smaller values.
Exceptions are of course studies that suggest no incorporation at all (e.g. Vrieling et al.
1999), corresponding to cin = 0 or rmax = 0.
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Figure A.25: Simulation of 100 yr with a maximum incorporation ratio of rmax =
0.002 (IncorpMax). Relative difference in [Aldiss] (%) between IncorpMax and
RefDyn2.

When including biological incorporation, neither the adjustment of the scav-
enging partition coefficient kd nor of the first-order rate constant κ can compen-
sate for the depletion effect of the incorporation. It appears that in the model
scavenging and incorporation, indeed two fundamentally different processes, have
very different effects at different places in the ocean.

The simulation IncorpHighDust is an exception, with Dl improving signifi-
cantly. However, rl worsened. This shows that extra dust dissolution improves
the reference simulation, but cannot compensate for the removal by incorporation
of Al in the diatom frustules.

None of the above approaches seem to work perfectly, which suggests that if
there is incorporation at all, it must be smaller than unlimited ambient incorpo-
ration as in Incorp. The higher dust dissolution is possibly able to give reasonably
consistent results, keeping open the option of simple, unimpeded incorporation.
To be certain, the relevant parameter space could be probed by a sufficiently large
number of sensitivity simulations. However, to realistically simulate [Aldiss] in the
ocean, one may decide not to model biological incorporation of Al at all.

A.6 Reduced opal dissolution

In Figure 1.5 the association of Al with Sibiog is given by the incorporation (path
from Aluminium to Diatom frustules to Biogenic Si) and by adsorption (direct
dashed arrow from Aluminium to Biogenic Si). These processes will likely decrease
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the solubility of Sibiog, i.e. the strength of remineralisation (arrow from Biogenic
Si to Silicic acid at the right) (Section 4.1).

To test possible effects of Al incorporation and adsorption on the Si cycle, an
inhibition function ι has been defined:

ι(R, kinhib) =
1

1 + kinhibR
, (A.6)

where R is the ratio of incorporated or adsorbed Al compared to Sibiog. Fur-
thermore, the parameter kinhib is the strength of inhibition, such that there is
no inhibition when kinhib = 0, and there is maximum inhibition (i.e. Sibiog does
not dissolve) when kinhib → ∞. Similarly, when R = 0 (equivalent to no pres-
ence of incorporated or adsorbed Al when Sbiog 6= 0) there is no inhibition, while
dissolution of Sibiog is fully inhibited when R → ∞.

The function ι decreases the dissolution in the model as follows:

∂Sbiog

∂t

∣∣∣
diss

= −ι(R, kinhib)λ
∗
bSiSbiog , (A.7)

where Sbiog is the biogenic Si concentration and λ∗
bSi is a growth rate function

of [Sidiss] and the temperature (Aumont in preparation). Alternatively, the inhi-
bition factor ι may be included in λ∗

bSi, which then, effectively, also depends on
[Albiog] or [Alads].

A.6.1 Inhibition by incorporated Al
Loosely based on the empirical study by Van Beusekom and Weber (1992) a
simulation has been performed where incorporated Al inhibits the dissolution of
Sibiog according to Eqn A.7. This simulation is referred to as InhibIncorp. The
inhibition function ι of InhibIncorp is defined as in Eqn A.6 with R = Abiog/Sbiog
and kinhib = 200. Besides this decreased solubility, for both Sibiog and Albiog,
InhibIncorp is identical to Incorp. InhibIncorp ran for 500 yr parallel to Incorp,
resulting in an approximate steady state for most of the ocean (except the deep
Pacific Ocean). [Sidiss] is not in a perfect steady state, but the relative change of
the Sidiss budget over 100 yr is less than 10−5; moreover, the Si budget is restored
in the model (see below).

Result. Figure A.26 presents the relative difference in [Sidiss] between Inhib-
Incorp and Incorp after 500 yr. Clearly, the model has an effect on Sidiss avail-
ability. Notably, in the upper Atlantic and Indian Oceans [Sidiss] decreased up to
15 % and it increased up to 5 % in the deep Atlantic Ocean. In the rest of the
ocean the effect is much smaller.

Figure A.27 shows the relative difference in [Aldiss] after the same 500 yr.
The Aldiss concentration decreased overall by up to 40 % (off-scale in the North
Atlantic and Southern Oceans, and most of the deep ocean) with respect to Incorp.
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Figure A.26: Simulation with a decreased solubility of Sibiog by incorporated Al,
InhibIncorp; spin-up is 500 yr. Relative difference in [Sidiss] between InhibIncorp
and Incorp.

Figure A.27: Simulation with a decreased solubility of Sibiog by incorporated Al,
InhibIncorp; spin-up is 500 yr. Relative difference in [Aldiss] between InhibIncorp
and Incorp.

Discussion. The decrease in [Sidiss] in the upper ocean is the effect of less
dissolution of Sibiog. Compared to Incorp, more of the Sibiog reaches deeper parts
of the ocean before being remineralised. It seems that this results in more release
of Sidiss at deeper levels in the ocean, but the increase in [Sidiss] is more likely
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caused by a budget-closure parameterisation in Pisces (v3.1). If the loss of Si
by burial of Sibiog is higher than the Si input, this loss is compensated (Aumont
in preparation, p. 42). This is done by adding the difference between the Si
sedimentation term for every horizontal gridbox and the average total input of
Si to the ocean to the bottom gridbox.5 Indeed, the areas with increased Si
export (Atlantic and northern Indian Oceans) present an increase of [Sidiss] in the
deep ocean (Figure A.26d). For this reason it is difficult to study the impact of
inhibition on the Si cycle and the feedback to the Al cycle. A separate modelling
study on the impacts of Al on the Si cycle is needed; possibly a different model
than Pisces is needed.

The extra removal of Aldiss can be explained by higher concentrations of Sibiog
of up to 80 % in the intermediate and deep ocean below dust deposition sites
(not shown) in InhibIncorp when compared to Incorp. This results in increased
scavenging, notably in the deep ocean. Also, more Albiog is preserved, which is
notable in diatom-productive areas, except in the northern North Pacific Ocean.
This exception may be related to the small dust deposition in the Pacific Ocean
compared to the Atlantic Ocean. The higher Sibiog concentration is consistent
with lower Sidiss concentrations (Figure A.26).

In this simulation, a lower inhibition parameter has been used (kinhib = 200)
than the one derived from Van Beusekom and Weber (1992) (kinhib = 5000). The
latter value resulted in a strong, unrealistic increase of [Aldiss]. Van Beusekom
and Weber (1992) performed a laboratory study of a specific diatom in the North
Sea which may not be representable for whole ocean.

A.6.2 Inhibition by adsorbed Al
There was no incorporation for this simulation (henceforth InhibAdsorb). Instead,
the solubility of Sibiog was decreased by Alads. The inhibition parameter is kinhib =
0.1× 10−3 and R = [Alads]/[Sibiog]. Besides the decreased dissolution of Sibiog,
InhibAdsorb is identical to RefDyn2. The simulation ran for 100 yr, resulting
in an approximate steady state of the surface ocean and the intermediate depth
Atlantic Ocean. The budgets BO (world ocean; upper, deep Atlantic Ocean) tend
towards a steady state (d2BO/dt2 < 0). As with InhibIncorp, [Sidiss] is almost in
a perfect steady state, regardless of the perturbation of Sidiss in this simulation.

Result. In Figure A.28 the effect of the inhibition on Sidiss availability is pre-
sented. In the upper Atlantic and Indian Oceans there is a decrease of [Sidiss]
of up to 12 % in InhibAdsorb compared to RefDyn2. This is consistent with the
decreased export (flux through the 100 m depth level) of Sibiog in these regions of
up to 20 % (not presented).

5See for instance the source code of Pisces 3.1 at http://dx.doi.org/10.1594/
PANGAEA.836177, file: p4z_sed.F90.

http://dx.doi.org/10.1594/PANGAEA.836177
http://dx.doi.org/10.1594/PANGAEA.836177
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Figure A.28: Simulation with a decreased solubility of Sibiog (InhibAdsorb) be-
cause of Alads; spin-up is 100 yr. Relative difference of [Sidiss] between Inhib-
Adsorb and RefDyn2.

Figure A.29 shows the difference in the Aldiss concentration between Inhib-
Adsorb and RefDyn2. In the surface ocean there is generally an increase in
[Aldiss], while the deep ocean, and the Southern Ocean and northern North At-
lantic Ocean, show a decrease of [Aldiss] in InhibAdsorb compared to RefDyn2.

Figure A.29: Simulation with a decreased solubility of Sibiog (InhibAdsorb) be-
cause of Alads; spin-up is 100 yr. Relative difference of [Aldiss] between Inhib-
Adsorb and RefDyn2.
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Discussion. In InhibAdsorb the effect of Sibiog dissolution inhibition on the
Sidiss distribution is similar to that of InhibIncorp, namely a decrease in the upper
ocean and an increase in the deep ocean. Compared to InhibIncorp, InhibAdsorb
has a much smaller impact on [Aldiss]. The higher [Aldiss] at several places of the
ocean seems unexpected, since the remineralisation of Sibiog decreased and more
Sibiog means more adsorption of Aldiss. However, it must be exported out of the
euphotic zone as well. Where [Aldiss] is high (dust deposition sites) there will be
more biogenic silicon export, which results in less Sibiog in the ocean surface and
hence less time that Aldiss can adsorb onto Sibiog. This may explain the increased
[Aldiss] in the euphotic zone of the Atlantic and Indian Oceans (Figure A.29).

Since the extra loss of Sibiog is compensated in Pisces 3.1 by the budget
closure term in the bottom ocean gridbox (Aumont in preparation, or the source
code: www.nemo- ocean.eu), this reappears at the surface of the ocean near
upwelling regions. There more diatoms grow and hence more Sibiog is available
for scavenging of Aldiss. That might explain the decreased [Aldiss] in the Southern
Ocean and in parts of the northern North Atlantic Ocean. These interpretations
are speculative, not lastly because of the Si budget closure parameterisation in
the model.

In conclusion, inhibition simulations (InhibIncorp and InhibAdsorb) show an
effect on Sidiss availability as well as the Aldiss distribution. However, it is not
clear yet how big ι exactly is, and hence the simulations above are not to be
interpreted in a realistic way, but rather as what kind of effects one can expect
from inhibition in the model NEMO-Pisces.

www.nemo-ocean.eu
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Samenvatting

Het begrip van spoormetalen in de oceaan, in het bijzonder van aluminium
en mangaan, staat in de kinderschoenen. Hand in hand hiermee is het
modelleren van spoormetalen eveneens in een vroege ontwikkelingsfase.
Met name het modelleren van biologisch actieve spoormetalen blijkt lastig.
De processen die aluminium en mangaan in de oceaan ondergaan, begrijpen
we tegenwoordig echter beter dan voorheen.

Achtergrond

Sinds ongeveer 1750 n.Chr. beïnvloedt de mens het mondiale klimaat op
significante wijze. Het verbranden van fossiele brandstoffen resulteert
in verhoogde concentraties van broeikasgassen, waaronder koolstofdioxide
(CO2). Deze broeikasgassen absorberen infrarode straling die door de
Aarde wordt uitgezonden. Als gevolg hiervan wordt een deel van de stra-
ling teruggezonden naar het oppervlak, wat betekent dat een deel van de
warmte wordt vastgehouden. Hierdoor is de gemiddelde temperatuur van
de atmosfeer en van de bovenste ∼700 m van de oceaan merkbaar toege-
nomen. Al met al heeft de oceaan circa 93 % van de extra warmte door
toegenomen broeikasgasconcentraties opgenomen.

Meer dan de helft van de antropogene (door de mens veroorzaakte)
CO2 is opgeslagen in de oceaan en de land-biosfeer, terwijl de rest in de
atmosfeer is gebleven. De CO2 in de lucht neigt naar een evenwicht met
de CO2 in de bovenste laag van de oceaan. Het effect in de oceaan, naast
opwarming, is dat deze verzuurt (d.w.z. minder basisch wordt). Het be-
lang van de oceaan in het systeem Aarde is duidelijk, gegeven het feit dat
40–50 % van de opslag van antropogene koolstof plaatsvindt in de oceaan,
terwijl de rest in de land-biosfeer wordt opgeslagen.
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Zowel in de oceaan als op land wordt CO2 geassimileerd door fototrofen
via fotosynthese. Belangrijke fototrofen in de oceaan zijn diatomeeën (kie-
zelwieren) en cyanobacteriën (blauwalgen). Fotosynthese is het vastleggen
van anorganische koolstof tijdens de groei van planten. Bij fotosynthese
ontstaan koolhydraten en zuurstof, terwijl eiwitten en lipiden bij andere
biochemische processen worden gevormd. Voor fotosynthese zijn zonlicht,
CO2, water en nutriënten nodig (Figuur 1.3). Behalve de veelbenodigde
nutriënten (N, P, Si), zijn voor fotosynthese ook spoorelementen essen-
tieel (Fe, Co, Mn, Ni, Cu, Zn, Cd). Deze komen de oceaan binnen via
rivieren, het oplossen van atmosferisch stof, diffusie van poriewater in het
sediment en het oplossen van opgedwarrelde sedimentdeeltjes. Voor som-
mige elementen (in dit proefschrift met name Mn; eveneens Fe) zijn vul-
kanische onderwaterbronnen belangrijk, terwijl andere elementen geen of
weinig effect tonen in de buurt van vulkanische bronnen (in dit proefschrift
met name Al).

Biologische productiviteit in de fotische zone (bovenste laag van de
oceaan waar voldoende licht is voor fotosynthese) leidt tot een ophoping
van biomassa, bestaande uit fytoplankton, bacteriën en zoöplankton. Een
groot deel van het plankton mineraliseert in de fotische zone of vlak daar-
onder, maar een klein deel ontsnapt aan directe mineralisatie en zinkt tot
grotere dieptes van de oceaan als biogene overblijfselen. Pas dan wordt
CO2 effectief onttrokken aan de atmosfeer (Figuur 1.2).

Deze studie

Het doel van deze studie is om tot een beter begrip te komen van het ge-
drag van de spoormetalen aluminium (Al) en mangaan (Mn) in de oceaan,
door middel van het simuleren van de distributies van opgelost Al en opge-
lost Mn met biogeochemische modellen die ingebed zijn in driedimensionale
oceaanmodellen. Recent zijn vele monsters van zeewater geanalyseerd bin-
nen het Geotraces-programma dat tot doel heeft de biogeochemische
kringlopen beter te begrijpen, met als focus de metingen van spoormeta-
len in monsters zeewater. Die monsters zijn geverifieerd aan de hand van
internationale referentiemonsters en de consensuswaarden van het Geo-
traces-programma. In dit proefschrift zijn deze gemeten concentraties
van opgelost Al en Mn vergeleken met gesimuleerde opgeloste Al- en Mn-
concentraties in een computermodel. Op hun beurt kunnen de resultaten
van deze simulaties worden gebruikt voor het verder ontwikkelen van deze
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modellen om de verdelingen van opgelost Al en Mn preciezer te simuleren,
en/of ons begrip van de processen te verbeteren.

Aluminium

Er zijn twee redenen waarom het gedrag van Al in de oceaan wordt on-
derzocht. Op de eerste plaats wordt Al opgenomen door diatomeeën, een
type fytoplankton met een extern skelet van kiezel (SiO2), als plaatsver-
vangend spoormetaal voor silicium (Si). De verhouding van opname is in
de orde van circa één atoom Al per 500–1000 atomen Si. Naarmate kie-
zel een hogere concentratie Al bevat, wordt de oplosbaarheid ervan lager,
wat een effect heeft op de beschikbaarheid van Si in de fotische zone waar
diatomeeën kunnen groeien. Op de tweede plaats kan de concentratie van
opgelost Al in het oppervlak van de oceaan worden gebruikt als indica-
tor voor beschikbare nutriënten van stofdeeltjes die vanaf het land via de
lucht in het oppervlaktewater van de oceanen terecht komen. Deze stof-
deeltjes bevatten zowel Al als diverse spoornutriënten, met name ijzer (Fe)
en mangaan (Mn). Het biogeochemische Al-model in dit proefschrift heeft
twee bronnen: de atmosfeer (stof) en het sediment in de oceaan. Interne
processen zijn adsorptie van Al aan kiezel, sedimentatie en circulatie (Fi-
guur 1.5).

De belangrijkste kenmerken van de wereldwijde distributie van opge-
lost Al in de oceaan zijn gesimuleerd in overeenstemming met de beschik-
bare observaties. In het bijzonder hebben we de Geotraces-observaties
in de West-Atlantische Oceaan en de Atlantische sector van de Zuidelijke
Oceaan redelijk goed kunnen reproduceren met het model (Figuur 3.7).

Eerdere studies hebben laten zien dat een oceaanmodel van aluminium,
met atmosferisch stof als enige bron en adsorptie en sedimentatie als put,
resulteert in een redelijke verdeling van opgelost Al in het grootste deel
van de oceaan (Hoofdstuk 3). Tot nu toe bestond er echter geen goede
modelsimulatie van de diepe oceaan op het noordelijke halfrond. Dit was
onder andere wegens een tekort aan metingen van concentraties van op-
gelost Al van hoge precisie in de diepe oceaan. Dit onderzoek maakt ge-
bruik van nieuwe, accurate metingen in de diepe oceaan die laten zien dat
bodemwater in de West-Atlantische Oceaan bij 45–50◦ N een hoge concen-
tratie opgelost Al bevat. Dit proefschrift beschrijft het modelleren van het
loslaten van gesedimenteerd Al dat geadsorbeerd zit aan kiezel (silicium-
dioxide gemaakt door organismen). Dit loslaten is gesimuleerd volgens een
functie van de concentratie van kiezelzuur (een zwak zuur afgeleid van sili-
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ciumdioxide) in bodemwater. Dit resulteert in een redelijke verdeling van
opgelost Al in de wereldwijde oceaan en met name in de West-Atlantische
Oceaan (Figuur 4.7). Dit resultaat ondersteunt de hypothese dat sediment
opdwarrelt waarna Al loslaat van kiezel in het bodemwater van de oceaan
(Hoofdstukken 4 en 5). Hoewel het duidelijk is dat de hoge concentratie
van opgelost Al in de diepe Noord-Atlantische Oceaan tot stand komt door
een sedimentbron, kan zeker niet worden uitgesloten dat bij nader onder-
zoek blijkt dat de onderliggende processen anders zijn dan de mechanismen
die we in het model hadden opgenomen.

De dynamica van het oceaanmodel is belangrijk voor de verdeling van
opgelost Al in de oceaan. Door middel van een tijdschaalanalyse heeft deze
studie laten zien dat de belangrijkheid van adsorptie (en sedimentatie) ver-
sus advectie sterk afhangt van de locatie (Figuur 3.19). De lokale verblijf-
tijd is ook sterk ruimteafhankelijk; met name noord–zuid-gradiënten zijn
groot. De verblijftijd varieert tussen minder dan een week in gebieden met
hoge concentraties van kiezel en sterke advectie, tot vele jaren in oligotrofe
gebieden (Hoofdstuk 3, Figuur 3.18). Tenslotte heeft het gebruik van ver-
schillende dynamicavelden een effect op de diepe meridionale structuur van
de concentratie van opgelost Al in de West-Atlantische Oceaan, alsmede
die van opgelost kiezelzuur welke op zijn beurt de concentratie van opge-
lost Al beïnvloedt in de meer realistische simulaties met het opdwarrelen
van sediment (Hoofdstuk 4).

Mangaan

Mangaan wordt gebruikt voor fotosynthese. Wegens deze belangrijke func-
tie willen we graag weten hoe Mn verdeeld is in de oceaan. Mangaan komt
binnen in de oceaan via atmosferisch stof, rivieren, onderwatervulkanen en
diffusie uit het sediment. Mangaan wordt verwijderd door oxidatie en zin-
ken van geoxideerd Mn, en het zinken van door plankton opgenomen Mn
(Figuur 1.6).

Dit proefschrift bevat het eerste onderzoek waarin de driedimensionale
distributies van opgelost Mn en mangaanoxides zijn gemodelleerd (Hoofd-
stuk 6). Veel kenmerken van de distributie van opgelost Mn zijn gerepro-
duceerd door het model. Deze kenmerken bevatten de over het algemeen
hogere concentraties van opgelost Mn onder en stroomopwaarts van lo-
caties van stofdepositie, en de verhoogde concentraties nabij vulkanische
bronnen (Figuur 6.4).



281

Er zijn echter belangrijke tekortkomingen in het model, met name de
moeilijkheid om voldoende Mn opgelost te houden in het zeewater. Er
blijkt een inconsistentie tussen de basisaannames rondom het verwijderen
van opgelost Mn en diens gemeten concentratie. Dit is vooralsnog opgelost
door drempels voor oxidatie of samenklontering in het model te introdu-
ceren.

Aanbevelingen

Aluminium

Het simuleren van de verdeling van opgelost aluminium is de laatste ja-
ren verbeterd. Significante verbeteringen zijn echter nog mogelijk rondom
(i) de sedimentbron van Al; (ii) incorporatie (opname) versus adsorptie (en
sedimentatie) van Al in of aan kiezelskeletten; en (iii) het optimaliseren
van modelparameters door middel van observaties en gevoeligheidsexperi-
menten. Deze voorstellen worden in de volgende alinea’s uitgewerkt.

Wat betreft de sedimentbron: Een dataset van concentratiemetin-
gen van opgelost Al in de diepe en bodemwateren is gebruikt welke veel
groter is dan eerder beschikbare datasets. Desalniettemin is de verticale
resolutie in de buurt van de bodem van de diepe oceaan niet zo groot.
De diepste modellaag (tot 500 m dik) is wat betreft resolutie vergelijk-
baar met de metingen. Echter, in sommige gebieden is de gemodelleerde,
maximale waterkolomdiepte van 5000 m minder diep dan de werkelijke,
volledige diepte van de oceaan. Vanzelfsprekend vraagt het modelleren
van de sedimentbron om een hogere verticale resolutie vlak boven de zee-
bodem; eveneens dient de volledige diepte van de oceaan gerepresenteerd
te worden in het model. Ook is voor de monstername een vergelijkbaar
hoge resolutie wenselijk. Eveneens is poriewaterdynamica (het gedrag van
het bovenste deel van het sediment en diens interactie met bodemzeewater)
mogelijk belangrijk, dus het is wellicht nodig om een uitgebreidere para-
meterisatie van poriewaterdynamica in toekomstige modellen op te nemen.
Het is onmogelijk om poriewaterdynamica expliciet te modelleren, gezien
de lengteschaal van poriewater zo’n 1 cm is terwijl die van een typisch,
driedimensionaal, mondiaal oceaanmodel tot 500 m dik kan zijn.

Wat betreft het verdwijnen van aluminium uit zeewater: De tot nu
toe uitgevoerde simulaties beantwoorden niet de vraag of adsorptie om-
keerbaar is. Evenmin laten ze zien of opname in biota plaatsvindt en in
welke mate, en of actieve biologische opname, dan wel abiotische opname,
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belangrijk is. De totale hoeveelheid Al die wordt geadsorbeerd en geïn-
corporeerd is belangrijk vanwege het remmende effect dat Al heeft op de
oplosbaarheid van kiezel. Eveneens kunnen de relatieve hoeveelheden van
opname en de twee typen adsorptie (omkeerbaar dan wel onomkeerbaar)
relevant zijn vanwege de potentieel verschillende effecten op de oplosbaar-
heid van kiezel. Om dit verder te onderzoeken zijn er meer computersimu-
laties, laboratoriumexperimenten en metingen nodig. Zodra een realistisch
model van opname van Al in kiezel is ontwikkeld, kan als een volgende stap
het effect van Al op de Si-kringloop worden getest. Dit kan dan eindelijk
licht laten schijnen op hoe belangrijk de gereduceerde oplosbaarheid van
kiezel door Al is voor de oceaan en het systeem Aarde.

Wat betreft de modelparameters: Over het algemeen kunnen metin-
gen en experimenten helpen om parameters beter te bepalen en simulaties
te verbeteren. Aan dit proces van verbetering komen ook vaak simulaties
te pas die verschillende waarden van parameters testen door de uitkom-
sten van dergelijke simulaties te vergelijken met metingen. Er zijn grote
onzekerheden in deze methodes. Bovendien moeten de onderliggende dy-
namica en biogeochemie worden overwogen. Men moet hoe dan ook altijd
kritisch blijven over modeluitkomsten, en onderzoeken hoe de modelstruc-
turen (parameterisaties en de fundamentele vergelijkingen) kunnen worden
verbeterd, in plaats van een potentieel onvolledig model trachten te ver-
beteren door het afregelen van parameters (Sectie 2.1).

Mangaan

Het mangaanmodel liet zien dat het problematisch is Mn in oplossing te
houden in het model. Dit is vooralsnog in het model (Pisces) verhol-
pen door de invoering van een drempelwaarde voor samenklontering of
oxidatie. Modelleren is slechts één manier om dit probleem aan te pak-
ken. Bovendien kan men op basis van modellen geen definitieve uitspraken
doen over bijvoorbeeld het al dan niet nodig zijn van drempelwaarden.
Processtudies van Mn zijn nodig om de reactiesnelheidsconstanten te be-
palen, alsmede mogelijke drempelwaarden, dit alles voor redox, adsorptie,
samenklontering en sedimentatie. Meer concentratiemetingen aan man-
gaanoxides zouden ook van pas komen. Als hieraan wordt gemeten, moet
wel duidelijk zijn wat er precies gemeten wordt. Het zou bijvoorbeeld zin-
vol zijn als (i) verschillende deeltjesgrootten worden gemeten en (ii) een
structuuranalyse van de deeltjes wordt uitgevoerd, zodat men ondubbel-
zinnig kan zeggen aan welk deeltje Mn is geadsorbeerd of in welk deeltje
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het zit geïncorporeerd. Alleen dan kan een realistische simulatie van Mn
worden uitgevoerd welke de basisprincipes kan bevestigen.

Er zijn aanwijzingen dat lithogene deeltjes (uit het buitenste deel van
de Aarde) een rol spelen in het adsorberen en sedimenteren van Mn. Als
we aannemen dat deze aanwijzingen correct zijn, moet Pisces worden uit-
gebreid met lithogene deeltjes. Dit kan ook zinvol zijn voor het modelleren
van stofdepositie en processen in de buurt van de continenten. Er zijn ook
aanwijzingen dat calciumcarbonaat een rol speelt in het verwijderen van
opgelost Mn. Deze deeltjes zijn reeds deel van Pisces, en dus kunnen toe-
komstige simulaties met interacties tussen Mn en calciumcarbonaat direct
worden uitgevoerd.
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