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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.


