








column. At 500 m depth, the dFe concentration is halved compared to the control simulation (0.2 nM
versus 0.4 nM; Figures 15a and 15b). The concentration at 350 m is � 0:1 nM compared to 0.3 nM for
the control simulation. The large differences between the control and perturbation experiment indicate

Figure 15. Vertical distribution of the two deep iron sources (CDW, sediments) in cases where the tracer is prevented from exiting the ice
shelf cavities. (a) Dissolved iron from sediments. The figure is repeated from Figure 9c for comparative purposes. (b) Dissolved iron from
sediments in the case where the tracer is nudged to zero inside the cavities (no meltwater pump). (c) Dissolved iron from CDW. The figure
is repeated from Figure 9b for comparative purposes. (d) Same as Figure 15b but for CDW. The tracers represent an average over the
month of December 2010 (13 years spin-up).
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that the ice shelf melt-driven circulation is a major component of the circulation on the shelf [e.g., Jour-
dain et al., 2017] and that it is largely responsible for the vertical distribution of the dFe from deep
sediments.

The differences between the control and perturbation experiment are even greater in the case of the CDW
tracer (Figures 15c and 15d). Preventing the CDW from circulating through the ice shelf cavities leads to
deep distributions that are completely unrealistic, again highlighting that the melt-driven circulation is criti-
cal to the movement of all water masses on the continental shelf. The lack of CDW near the bottom inhibits
vertical mixing and leads (along with the absence of ‘‘meltwater pump’’) to unrealistically low concentra-
tions in the upper 300 m (<0.1 nM). Overall, the two modified tracers confirm that the presence of ‘‘deep
dFe’’ in the upper 300 m of the water column is primarily the result of the meltwater pump circulation (Fig-
ure 13) rather than local vertical mixing.

3.6. Perturbation Experiment: Idealized Drawdown During the Summer
A perturbation experiment with an idealized seasonal drawdown is conducted to simulate the postbloom
‘‘replenishment’’ of the iron inventory of the upper 100 m (see section 2.4.2). The experiment provides two
valuable diagnostics: the rate at which each dFe source supplies the upper 100 m of the ASP, and the contri-
bution of each dFe source to the prebloom inventory (winter reserve). The diagnostics are calculated every
model year to estimate the interannual variability.

The dFe inventory (average concentration in the upper 100 m) of the three Eulerian tracers follows a similar
seasonality from one year to another (Figure 16). After the idealized drawdown (15 March), the inventories
rapidly build up over a period of 3–4 months (March–June) and then continue increasing at a slower rate.
The maximum dFe inventory is reached around October–January, after which the tracer concentrations
slowly decrease until the next drawdown.

These seasonal variations are dictated by the physical advection and diffusion which evolve over seasons.
For example, the rapid buildup in the months following March corresponds to the period of maximum sea
ice growth (Figure 14b) and brine rejection over the ASP. This process effectively mixes the upper layers
and drives the quick replenishment of the control volume (see supporting information). Lateral injections at
the ice shelf front (‘‘meltwater pump’’) also contribute to the replenishment, but this contribution is fairly
steady over the year. Finally, the slow decrease in the inventory between January and March corresponds
to a speed-up of the coastal current during the ice-free period (supporting information). The faster coastal
current transports dFe away from the ice shelves and produces a noticeable decrease in the inventory of
the control volume.

The time series of Figure 16 are used to quantify the relative contribution of each dFe source; the results are
summarized in Table 1. The idealized experiment suggests that glacial meltwater and sediments make a
similar contribution (0.17 nM, or 34% each) to the ‘‘winter reserve.’’ This reserve is defined as the dFe inven-
tory in the upper 100 m of the control volume between 1 October and 1 January (�0:5 nM, Table 1; note
that this value is higher than the dFe concentration of Winter Water (see section 4)). The similar contribu-
tions of glacial meltwater and sediments derive from the fact that the two sources have comparable con-
centrations at the base of the control volume (Figures 9a, 9c, 12a, and 12c) and are affected by the same
physical advection/diffusion. The other dFe sources make smaller contributions and provide 26% (CDW)
and 5% (sea ice) of the winter reserve, respectively.

The interannual variability of these contributions is generally small over the 8 years of simulation (2006–
2013). Sea ice is the dFe source that fluctuates the most (640%; see section 3.4) but it remains the smallest
dFe source in importance (Table 1). The interannual variability in the contributions of glacial melt, sediment,
and CDW to the winter reserve is 0.01–0.02 nM (Table 1). This represents only 15% of their average contribu-
tion to the winter reserve. The contributions from the three subsurface dFe sources tend to covary over
2006–2013 (Figure 16) with the largest inputs occurring in 2009 and 2013. The similar variability is expected
from the fact that all subsurface dFe sources are subject to the same idealized drawdown and the same
physical advection/diffusion. Although the limited number of years precludes a quantitative analysis of the
interannual variability, we note that the year 2013 corresponds to relatively low modeled basal melt rates
but high sea ice production within the polynya, emphasizing again the role of vertical mixing in the replen-
ishment of the upper 100 m.
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The rates at which the dFe sources replenish the control volume vary between 0.023 nM month21 (CDW)
and 0.036 nM month21 (glacial ice and sediment; Table 1). The ratio between these rates is consistent with
the concentration of these dFe sources at the base of the control volume (�0:15 nM for CDW, �0:2 nM for
glacial ice and sediment; Figures 9 and 12) and their contribution to the winter reserve (0.13 nM for CDW,
0.17 nM for glacial ice and sediment; Table 1). In other words, the supply rates reflect the relative abun-
dance of the dFe sources at the base of the control volume, consistent with a replenishment that would be
driven by vertical mixing in March–June.

4. Discussion and Summary

Several studies have highlighted the importance of dissolved iron [Alderkamp et al., 2015] and glacial melt-
water [Gerringa et al., 2012; Arrigo et al., 2015] in the high productivity of the ASP. As a first step toward
understanding the iron supply of the ASP and its relation to primary production, we implemented four plau-
sible sources of dFe into a realistic model of the Amundsen Sea. The model is integrated in time to derive
steady dFe distributions for each of these sources and the distributions are directly compared with in situ
observations from the summer period.

The simulated dFe distributions exhibit three important features: an east-west gradient in dFe concentra-
tions generated by the westward oceanic circulation, the dispersion of the dFe sources across the continen-
tal shelf caused by the uneven shelf topography (e.g., along the western edge of the Dotson trough) [Ha
et al., 2014], and the necessity of including the dFe from sediments to reproduce the observed bottom
intensification. Although this picture obtained with conservative tracers is necessarily incomplete, the total
dFe concentrations provided by the four sources are comparable to observed profiles. In the depth range
150–300 m, these modeled dFe concentrations are within a factor of 1.67 of the observations (0.5 nM versus
0.3 nM).

Figure 16. Renewal of the tracers in the control volume (upper 100 m of the polynya) after the idealized drawdown. The time series represent the iron from each source averaged over
the control volume. The horizontal red line is the prebloom inventory (winter reserve) defined as the average concentration between 1 October and 1 January. The oblique red line is
the rate of replenishment defined as the average slope between 15 March and 1 July.
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The main reason for this overestimation is likely to be the lack of iron scavenging and biological uptake.
Both processes act to remove iron from the upper 150 m [Bruland et al., 2014] and are currently absent
from the model. Scavenging is particularly vigorous during the production period when organic particles
are abundant throughout the upper layers and present many opportunities for adsorption. Nonbiogenic
particles, notably in the vicinity of the ice shelves, can also be important as dFe scavengers. The overestima-
tion of the simulated dFe concentrations emphasizes that such biogeochemical processes play a critical role
in dissolved iron dynamics.

The surface-biased structure of simulated glacial meltwater (Figure 3) may play a secondary role in the over-
estimation of the dFe concentrations. Such a bias is to be expected from the lack of tidal mixing within the
ice shelf cavities of the model [e.g., Jourdain et al., 2017; Robertson, 2013]. Unresolved small-scale physical
processes within the outflow of ice shelves [Garabato et al., 2017] may also contribute to this model bias.
Finally, the high bias in the melt of Getz and the large uncertainties in the bathymetry north of Getz ice
shelf [Kal�en et al., 2016; Nitsche et al., 2007] can both influence the glacial meltwater distributions.

The model results support the view that the fast-melting ice shelves in the Amundsen Sea make a critical con-
tribution to the iron supply in the ASP [e.g., Gerringa et al., 2012] in both a direct and an indirect manner.
Direct injection of glacial meltwater is a key contributor to the dFe inventory of the upper 100 m in the experi-
ment with idealized drawdown (34% of the winter reserve; Table 1). However, the results suggest that the
fast-melting ice shelves also contribute indirectly to the iron supply through the ‘‘meltwater pump’’ circulation
(Figure 13). The latter is found to be primarily responsible for transporting dFe from sediments into the upper
300 m of the water column (section 3.5) making this dFe source just as important as glacial meltwater (Table
1). More generally, the ‘‘meltwater pump’’ circulation complements wintertime vertical mixing on the conti-
nental shelf (visibly limited to the upper 350 m) [see the sections in Jacobs et al., 2012] by providing a three-
dimensional pathway for deep nutrients to be injected into the upper 300 m. The perturbation experiments
suggest that, without this mechanism, the deep dFe sources would be largely inaccessible.

This role played by ice shelves is consistent with the correlation between chlorophyll concentrations and
glacial melt reported by Arrigo et al. [2015]. The large differences in glacial melt rates around the continent
would imply that polynyas rely on different mechanisms for the bulk of their iron supply. For example, the
Ross Sea is associated with considerably lower glacial melt rates [Rignot et al., 2013] but also deep vertical
mixing in several locations during winter [e.g., Gordon et al., 2000]. In this case, the main supply mechanism
would be vertical mixing and sediment-derived dFe [Mack et al., 2017; McGillicuddy et al., 2015].

Additional research will be required to further constrain the dFe dynamics of the ASP. Among the four sour-
ces, the dFe from sediments is possibly the least understood, with large variations between neighboring
stations. A possible mechanism driving these variations involves sedimented particulate organic matter
under the polynya bloom, helping to release iron from the sediments, either by supplying dissolved ligands
during decay, or by consuming sufficient oxygen to drive shallow sediment reduction of Fe oxyhydroxides
and release of soluble Fe(II) species to the water column. More generally, the coupling of the physical model
with a biogeochemistry module will allow for a direct evaluation of the link between dFe supply and the pri-
mary production of the ASP.
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