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Quite seldom, when reviewing manuscripts, I encounter a study where I wished I had
had the idea myself. This manuscript, of which I have already reviewed an earlier
version for another journal, is one of them. It introduces several new diagostics for
the iron cycle that help to understand the fate of iron stemming from different external
sources as it is advected through the ocean and every now and then gets taken up
by a phytoplankton cell. Over the last decade or so it has been realized that other
sources of iron besides dust (sediments, hydrothermal sources, volcanos,...) contribute
substantially to the inventory of iron in the ocean, and estmates of iron’s residence
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time had to be corrected downwards. But there remain major uncertainties on the
relative magnitude of these sources, and models with very different source strengths
and residence times have been equally, albeit only moderately, successful in modelling
the measured iron distribution. At this state of things it is an important step forward to
have tools at hand that allow to quantify the biological effect of different iron sources,
even if it is only for one specific iron model and assumes steady state.

The new diagnostics are based on a linearization of optimized steady-state solutions
from a global ocean biogeochemical model to separate the effect of the different iron
sources. The idea is to take the resulting iron distribution, and to linearize the nonlinear
parts in the evolution equation for iron around that solution. The linearized equations
are not only the basis for separating the effect of the different iron sources, but also
allow, by splitting the linear operators, to separate in a second step, how often a specific
concentration of iron has passed through biological uptake and remineralization, and
how often it will do so in the future.

It is important that this exercise is not done for one specific model run, but for a whole
family of model runs, differing mostly in the relative strength of iron sources, and cor-
respondingly, in the timescale for scavenging, all reproducing iron observations about
equally well (or badly). Of course this means that the linearized equations are differ-
ent for every member of the ensemble, and the results obtained that way also differ to
some extent. Nevertheless, the authors show quite convincingly that some results are
quite robust and consistent between the different ensemble members.

The main results obtained in that way are that for reasonable strength of external iron
sources, the average number of past and future passages through biological uptake of
a given iron concentration is less than one, meaning that most iron has not or will not
pass through biology before getting scavenged. This number is significantly higher for
dust-deposited iron, since it enters the ocean closer to the place of biological uptake.
Regardless of source the pattern of iron concentration that has passed through several
uptake-recycling cycles converges towards a Southern Ocean-trapped pattern. Not all
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results are equally important or surprising: for example the result that ’total DFe is more
likely to have been regenerated in the past than it is to be regenerated in the future’
(page 17, line 30) is fairly obvious from the fact that remineralisation happens deeper
in the water column than e.g. dust deposition.

Some results may also have to do with the specific iron model: that iron fertilization is
most efficient in the equatorial Pacific may also have to do with the particular parame-
terisation of a variable Fe:P quota in the model by Pasquier and Holzer, which basically
follows a Michaelis-Menten-type curve, meaning that for Fe tending towards zero, the
Fe:P ratio will also tend towards zero; the linearisation of the iron uptake would then
ascribe a very high ratio of P to Fe export in regions with very low Fe. Most iron models
produce an extremely low surface Fe concentration in the equatorial Pacific, which is
far away from dust sources and where the upwelling waters are quite old, meaning thy
are low in Fe.

The dependency on Fe:P is mentioned on page 22, line 11, and the sensitivity of the
results on this is discussed briefly in the subsequent paragraph. In the discussion
section this is however, discussed maybe a bit too briefly (page 25, line 30).

In summary I think that this is quite a significant paper for understanding the iron cycle
in the ocean, and it should be published in Biogeosciences after minor revision.

The paper is quite well written (although it probably appeals more to a reader with
some background in linear algebra) and I have checked the mathematical argumen-
tation in depth and it is clear and correct. The authors attempt, and usually succeed
in connecting the mathematically rigorous description of their results with what these
results mean in terms of biogeochemistry. Nevertheless, here and there, the authors
could do a bit more to make the explanations more palatable to the readership of Bio-
geosciences.

One example that I have is in the beginning of the section on future passages through
the biological pump, where the authors explain that "the natural way to formulate the
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necessary equations is to consider the time-reversed adjoint flow . . . The adjoints are
defined for the volume-weighted inner product." While this is probably clear to a mathe-
matically trained physicist, it may less be so for the average reader of Biogeosciences.
Maybe the authors could add a few lines here on what the adjoints are, what the inner
product.

My small remarks to the earlier version of this manuscript have been taken into account
already, so I stop here.
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