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Abstract

The seasonal cycle of primary productivity is impacted by seasonal and intra-seasonal
dynamics of the mixed layer through the changing balance between mixing and buoy-
ancy forcing, which regulates nutrient supply and light availability. Of particular recent
interest is the role of synoptic scale events in supplying nutrients, particularly iron, to5

the euphotic zone in the Sub Antarctic Zone (SAZ), where phytoplankton blooms oc-
cur throughout summer. In this study, we present high resolution measurements of
net community production (NCP) constrained by ∆O2/Ar ratios, and mixed layer depth
(MLD) in the Atlantic SAZ. We found a non-linear relationship between NCP and MLD,
with the highest and most variable NCP observed in shallow MLDs (< 45 m). We pro-10

pose that NCP variability in the SAZ may be driven by alternating states of synoptic-
scale deepening of the mixed layer, leading to the entrainment of iron (dFe), followed
by restratification, allowing rapid growth in an iron replete, high light environment. Syn-
optic iron fluxes into the euphotic zone based on water column dFe profiles and high
resolution glider MLD data, reveal a potentially significant contribution of “new iron”15

which could sustain NCP throughout summer. Future process studies will help elabo-
rate these findings further.

1 Introduction

Two of the principal drivers of the High Nutrient Low Chlorophyll (HNLC) characteris-
tics (Chisholm and Morel, 1991) of the Southern Ocean are limitation by light (Mitchell20

et al., 1991) and iron (Martin et al., 1991; Boyd et al., 2007). The impact of these lim-
iting factors on primary production varies over the growing season (Boyd, 2002). For
instance during winter, increased light limitation is observed due to deep mixed layers
caused by high rates of convective overturning (DeBoyer-Montégut, 2004). However,
deep winter mixing also restores the Fe supply to the euphotic zone and relieves Fe25

limitation for the onset of the spring bloom (Boyd, 2002; Thomalla et al., 2011; Tagli-
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abue et al., 2014). Throughout spring and summer, the iron supplied to the euphotic
zone from the pulse of winter convective overturning is depleted in the euphotic zone
(Boyd, 2002; Tagliabue et al., 2014). The complex role of these multiple driving factors
is emphasised by the large-scale spatial variability of chlorophyll a (chl a), which high-
light regional differences in phytoplankton biomass attributed to variability in seasonal5

physics and biogeochemical dynamics (Arrigo et al., 2008; Moore and Abbott, 2000).
Recent work using satellite data has proposed that phytoplankton variability during
spring and summer in the Southern Ocean can be influenced by intra-seasonal adjust-
ments of the mixed layer physics that modulate light and nutrient limitation (Fauchereau
et al., 2011; Thomalla et al., 2011).10

In the Southern Ocean, the limiting nutrient iron can be supplied vertically into the
euphotic zone by once off wintertime convective overturning (entrainment), and year-
round diapycnal diffusion, as well as Ekman upwelling (Boyd and Ellwood, 2012; Tagli-
abue et al., 2014). Determining vertical supply rates of iron requires knowledge of the
water column iron distribution and the depth of the ferricline plays an important role.15

Using dissolved iron (dFe) measurements, Tagliabue et al. (2014) reported the depth of
the ferricline in the Sub-Antarctic Zone (SAZ) to be between 200–500 m, which results
in weak diapycnal diffusive fluxes (up to 15 nmol Fe m−2 d−1) in the region. In the Drake
Passage, Frants et al. (2013) reported relatively high in situ estimates of diapycnal dif-
fusion up to 64±2 nmolFe m−2 d−1 assuming vertical diffusivity (K ) of 1×10−4 m2 s−1.20

Based on the dFe gradient with depth and monthly mixed layer changes, the authors
also calculated entrainment due to mixed layer deepening of 5–25 nmol Fe m−2 d−1.
Lower diffusive fluxes of 15 nmol Fe m−2 d−1 were observed in the SAZ south of Tazma-
nia, calculated using vertical diffusivity from in situ microturbulence observations (Boyd
et al., 2005). All these estimates exclude synoptic or sub seasonal scale processes in25

their assessments of iron input.
A number of physical processes, at a range of sub-seasonal scales, are known to

modulate MLD variability and primary production (Lévy et al., 2012). For example, in re-
gions of high dynamic variability, mesoscale (10–100 km) and submesoscale dynamics
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(1–10 km), are known to stimulate ocean productivity at similar scales through the verti-
cal transport (advection and diffusion) of subsurface nutrients in oligotrophic ocean re-
gions (Lathuiliere et al., 2011; Lévy et al., 2009; McGillicuddy et al., 2007; Oschlies and
Garcon, 1998). Similarly, under low light conditions, enhanced rates of re-stratification
associated with lateral advection from eddy and frontal instabilities (i.e., Taylor and5

Ferrari, 2011; Mahadevan et al., 2012) reduce the depth of the mixed layer, thereby in-
creasing the exposure of phytoplankton to light in the euphotic zone (Sverdrup, 1953)
favouring production. These findings indicate strong links between fine temporal (sea-
sonal to sub-seasonal) and spatial (mesoscale to sub-mesoscale) scales of mixed layer
dynamics and their influence on primary production.10

Net community production (NCP) reflects the balance between net primary produc-
tion and heterotrophic respiration integrated through the mixed layer (Siegel et al.,
2002). NCP is equivalent to new production, and approximates organic carbon ex-
port from the surface ocean (Falkowski et al., 2003). In order for net autotrophy to
occur, in other words a positive NCP, the mixed layer is required to be shallower than15

a critical depth where water column integrated growth and loss rates are equal (Sver-
drup, 1953). In iron-limited waters an additional consideration is that process studies
(e.g., Boyd et al., 2005) have demonstrated that productivity can be sustained by recy-
cled iron, highlighting the importance of the so-called “ferrous wheel” (Strzepek et al.,
2005). When viewed as “fe-ratios” (uptake of new iron/uptake of total iron) new iron20

has been shown to account as little as 10 % or as much as 50 % (from low to high iron
waters) of the overall iron demand (Boyd et al., 2005; Bowie et al., 2009; Sarthou et al.,
2008). Nevertheless, NCP has been shown to be consistently low when mixed layers
are deep, regardless of iron sufficiency (Cassar et al., 2011). What remains uncertain
is the response of NCP to intraseasonal variability in the MLD, which may influence the25

inputs of iron into the euphotic zone.
In this study, we present high resolution NCP estimates based on continuous ship-

board measurements of ∆O2/Ar ratios (and NCP) (Cassar et al., 2009) collected from
several repeat transects in the Atlantic SAZ during austral summer. We investigate the
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relationship between NCP and co-located MLD across the Sub-Tropical (STZ), SAZ
and the Polar Frontal Zone (PFZ). We highlight the role of intraseasonal mechanisms
that drive the variability of NCP in the context of mixed layer dynamics and explore
a link between summer entrainment of dFe and sustained summer blooms (Swart et al.,
2014).5

2 Data and methods

Five crossings in the Atlantic sector of the Southern Ocean were conducted between
2008 and 2010 (Fig. 1) along the GoodHope monitoring line (Swart et al., 2008; Arhan
et al., 2011). The transects crossed major hydrographic fronts of the Southern Ocean,
namely the Subtropical Front (STF, ∼ 40◦ S), the Sub-Antarctic Front (SAF, ∼ 44◦ S),10

and the Polar Front (PF, ∼ 50◦ S) (Fig. 1). The SAZ lies between the STF and the SAF,
while the PFZ is delimited by the SAF to the north and the PF to the south.

Continuous underway measurements of O2/Ar ratios were made on the ship’s sea-
water supply using Equilibrator Inlet Mass Spectrometry (Cassar et al., 2009). NCP
was determined from biological oxygen supersaturation (∆O2/Ar) (Craig and Hayward,15

1987). Biological oxygen saturation is defined as:

∆O2/Ar = [(O2/Ar)sample/(O2/Ar)sat]−1 (1)

(O2/Ar)sample and (O2/Ar)sat is the seawater sample and saturation ratio, respectively.
A positive ∆O2/Ar value indicates net autotrophic conditions and reflects the combined20

oxygen balance of the entire community. Assuming no vertical or lateral exchanges,
NCP (in units of mmolm−2 d−1) is the biological oxygen flux between the surface ocean
and overlying atmosphere. NCP is estimated by

NCP = kw · (∆O2/Ar) · (O2)sat ·ρ (2)
25

where kw is the weighted gas transfer velocity for O2 (md−1), (O2)sat is the saturation
concentration of oxygen in the mixed layer (mmolkg−1) and ρ is the density of seawater
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(kgm−3) (Cassar et al., 2009). The gas transfer velocity for oxygen was estimated using
windspeed from the NCEP/NCAR reanalysis data product and the parameterization of
Wanninkof (1992). A weighted wind speed history approach was used to account for
prior wind speed variability at the collection site (Reuer et al., 2007). The underlying as-
sumption inherent in this calculation is that NCP has been constant over the mixed layer5

residence time (∼ 10 days). Sporadic data gaps in the wind speed product means that
we cannot calculate gas transfer velocities at all locations for which we have ∆O2/Ar
measurements. Lastly, entrainment or upwelling of O2-undersaturated waters causes
the biological O2 flux to underestimate mixed layer NCP (Jonsson et al., 2013). This
effect is strongest south of the PF where undersaturated Circumpolar Deep Water up-10

wells and reaches the base of the mixed layer (Pollard et al., 2002). This study therefore
focuses on the area between the STF and PF where the influence of this process is
likely minimal.

Water column temperature profiles were collected along the transect at ∼ 20 nautical
mile intervals, using conductivity, temperature and depth (CTD) profiles, expendable15

bathythermographs (XBTs), and underway CTD (uCTD) casts. The research cruises
used in this study are summarised in Table 1. In situ MLD was determined using the
temperature difference criteria, ∆T = 0.2 ◦C in reference to the temperature at 10 m (De
Boyer-Montégut et al., 2004). Summer MLD fields were also derived using the same
temperature criteria from objectively analysed temperature profiles from the Hadley20

EN3 v.2a dataset (Ingleby and Huddleston, 2007). Monthly mean EN3 MLDs (MLDEN3)
are not ideal to assess shorter timescale variability, but it was preferable to use this
data-based product instead of higher resolution modelled data sets. Accordingly, we
only use MLDEN3 to represent the approximate magnitude and range of intraseasonal
MLD variability in summer between 1998–2011 (i.e. the period best constrained by25

observations in the EN3 dataset). Photosynthetically Active Radiation (PAR) was taken
from the standard monthly MODIS climatology product for summer months in units of
mol photons m−2 d−1 (http://oceancolor.gsfc.nasa.gov/cgi/l3) from 2002 to present.
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To assess short timescale in situ MLD variability, we used continuous water column
temperature and salinity profiles of an autonomous glider deployed in the SAZ between
September 2012 and February 2013 (described in Swart et al., 2014). Four hourly
profiles were binned into 1 day bins to assess daily shoaling and deepening of the
MLD. Deepening events along with mean iron profiles from the literature (Tagliabue5

et al., 2012) were used to calculate synoptic entrainment rates of dissolved iron from
below the mixed layer.

3 Results

3.1 Meridional gradients and variability in MLD and ∆O2/Ar ratios

Between 35◦ S–50◦ S, ∆O2/Ar ratios tend to be low (0–2 %) when the MLD exceeds10

45 m, but are generally elevated and highly variable (0–8 %) when the MLD is less than
45 m (Fig. 2a). A similar relationship of elevated and variable NCP is observed with
shallow MLD, albeit with a reduced dataset (Fig. 2c). These results are consistent with
earlier studies which show elevate primary production and NCP in shallow mixed lay-
ers, (e.g. Sakshaug and Holm-Hansen, (1986) (MLD< 40 m) and Cassar et al. (2011)15

(MLD< 50 m)) and support the canonical control of phytoplankton production by irradi-
ance (Sverdrup, 1953). Geographically speaking, the high yet variable set of ∆O2/Ar
(and NCP) observations at MLDs shallower than 45 m are mainly confined to the mid-
latitudes, between 38–46◦ S that encompass the SAZ (Fig. 2b and d).

Since mean PAR decreases and mean MLDEN3 increases consistently with increas-20

ing latitude from 35◦ S – 50◦ S (Fig. 3a and b), their latitudinal gradients alone cannot
account for the observed mid-latitude (38–46◦ S) maxima and range in ∆O2/Ar ratios
(Fig. 2b and d). MLDEN3 meridional gradient (Fig. 3b) shows a strong contrast in the
magnitudes and variability of MLDs with a rapid southward deepening of MLDs in the
SAZ (40–45◦ S). In the STZ, MLDEN3 are shallow (average ∼ 25 m) and characterised25

by low variability (σ ±4.2 m), whereas in the PFZ, MLDEN3 are deep and more variable
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(∼ 70±20.4 m). Only in the SAZ are MLDEN3 variable around the 45 m threshold where
the maximum ∆O2/Ar ratios are observed (Fig. 3b).

3.2 Intra-seasonal Fe supply and demand in the euphotic zone

Together with MLD driven light availability, NCP may also be responding to variations
in the supply of iron that is driven by synoptic scale variations in mixing. Regional dFe5

concentration data (from the literature and summarised in Tagliabue et al., 2012) are
limited to relatively few profiles (Chever et al., 2010; Klunder et al., 2011).

Daily synoptic mixed layer entrainment rates of dFe (FFe-syn in units of

nmolFem−2 d−1) were estimated using a range of the number of positive daily MLD
change events (i.e. deepening of MLD to below 45 m) taken from daily glider MLD data10

in the SAZ between September 2012 and February 2013 (Swart et al., 2014) and the
available dFe profiles along the transect (data from Chever et al., 2010; Klunder et al.,
2011).

FFe-syn = N/n

MLD∫
0

(
([dFe]subMLD − [dFe]euphotic)×

∆MLD45

MLDt

)
·dz (3)

15

Where [dFe]subMLD and [dFe]euphotic are the dFe concentrations from below the mixed
layer and the euphotic zone respectively, MLDt is the depth of the mixed layer af-
ter a daily deepening event, ∆MLD45 the difference between the observed MLDt and
a mixed layer of 45 m (the threshold identified for elevated NCP), and N is the number
of events of entrainment over the month, and n the number of days in per month. In20

Eq. (3) the post entrainment concentration of dFe is scaled to the deepening of the
MLD and the flux is derived by integration to the depth of the mean summer MLD.
This correction for “detrainment” is important as this part of the entrained dFe is lost
and no longer available to primary production when the MLD shoals following a deep-
ening event. When mixed layers remained> 45 m for several consecutive days, the25
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average MLD was used to calculate daily entrainment rates. To derive a mean daily
dFe flux, all synoptic MLD deepening events to below 45 m were summed for each
month and divided by the number of days per month. We assume that euphotic dFe
concentration ranges between 0 nmolL−1, reflecting complete consumption of dFe in
the euphotic zone and 0.15 nmolL−1, reflecting partial consumption of dFe concentra-5

tions, and a subsurface concentration of 0.25 nmolL−1, taken from the profile data of
Chever et al. (2010) and Klunder et al. (2011). Our overall goal was to test the sensitiv-
ity of the synoptic dFe entrainment flux to a weak and strong gradient in dFe, the extent
of the MLD deepening and the number of events per month.

Glider data suggests the number of synoptic events would likely range between10

2 and 5 per month and the mixed layer gradient perturbation would be between
1–35 m deeper than the 45 m threshold. Within this range, FFe-syn is between 98–

599 nmolFem−2 d−1, depending on the surface and subsurface dFe concentrations, as
well as the depth and frequency of the MLD deepening events (Fig. 5). Unsurprisingly,
the largest FFe-syn rates are found when the depth and frequency of deepening events15

in the glider data are the largest. In addition, FFe-syn is enhanced markedly by assuming
complete consumption of the euphotic zone dFe reservoir (compare Fig. 5b with 5a).
Nevertheless, even the lowest rates of FFe-syn estimated here (98 nmolFem−2 d−1) are
similar to or larger in magnitude than those associated with diapycnal diffusion (Boyd
et al., 2005; Frants et al., 2013; Tagliabue et al., 2014).20

4 Discussion

4.1 The role of MLD variability in driving NCP variability in the SAZ

Based on our observations of ∆O2/Ar ratios, NCP and MLD, we consider a mechanism
where intraseasonal synoptic scale MLD deepening entrains essential nutrients from
below the euphotic zone, followed by rapid buoyancy driven shoaling of the MLD that25

creates favourable light conditions for phytoplankton growth. In the STZ, nutrient limita-
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tion through persistent shallow MLDs is known to limit primary production (Pollard et al.,
2002; Joubert et al., 2011) preventing potentially high values of NCP. Here buoyancy
forced stratification in the summer dominates over wind stress mixing (Swart et al.,
2014). In the PFZ, wind stress mixing dominates over buoyancy forcing resulting in
persistent deep MLDs, low mean PAR and low Fe concentrations (Chever et al., 2010;5

Klunder et al., 2011) that constrains NCP to a low range (13.1±18 mmolm−2 d−1). The
SAZ on the other hand lies between these two zonal modes and is characterised by
a rapid meridional change in the mean MLD depth as well as MLD excursions above
and below the critical 45 m light threshold for positive NCP (Figs. 3b and 4). These
sub-seasonal MLD excursions around ∼ 45 m are linked to a combination of intrasea-10

sonal high-wind-stress events (Swart et al., 2014) and restratification that is driven by
mesoscale activity associated with fronts, mesoscale instabilities and eddies gener-
ated from interactions of the Antarctic Circumpolar Current (ACC) with topography and
downstream advection (Swart and Speich, 2010).

It is possible that elevated and highly variable ∆O2/Ar in the SAZ is due to MLD vari-15

ability around a critical depth (∼ 45 m) for NCP at intra-seasonal timescales. For exam-
ple, in the North Atlantic, Mahadevan et al. (2012) showed that eddies increase water
column stratification through eddy slumping when lateral (horizontal) density gradients
destabilise the water column by transporting light water over dense water over weekly
timescales. Such mechanisms rapidly reduce the depth of mixing leading to increased20

light exposure and more phytoplankton growth (Mahadevan et al., 2012). Similarly, Tay-
lor and Ferrari (2011) showed that frontal instabilities can rapidly re-stratify the upper
ocean (suppressing vertical mixing), even in the presence of strong surface cooling
and destabilizing winds enhancing mean light exposure and triggering seasonal bloom
development in low light conditions.25

It is therefore feasible that intraseasonal high-wind-stress events characteristic of the
SAZ (Braun, 2008; Swart et al., 2014) drive MLD deepening and nutrient entrainment,
while increased buoyancy associated with high mesoscale activity creates the den-
sity gradients necessary to drive rapid re-stratification to< 45 m favouring mean light
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conditions for elevated production (Fig. 4). Repetition of this pattern on intraseasonal
timescales reconciles both the observed highly variable NCP (0–80 mmolO2 m−2 d−1)
in this study with sustained summer blooms characteristic of the SAZ (Thomalla et al.,
2011; Swart et al., 2014). In this way, biomass can amass through production cycles
driven by intra-seasonal re-supply of Fe (MLD> 45 m) and light (MLD< 45 m) at ap-5

propriate timescales for phytoplankton growth. This hypothesis however rests on the
presence of both intraseasonal storm events deepening the mixed layer, which entrain
limiting nutrients (primarily Fe) from below the euphotic zone, and subsequent stabili-
sation shallower than the critical NCP depth to alleviate light limitation that stimulates
phytoplankton growth (depicted in Fig. 4).10

4.2 Synoptic input of dissolved iron during summer

The role of synoptic inputs of iron to the euphotic zone in driving the variability of
summer primary production has received little attention. Tagliabue et al. (2014) set
out a seasonal paradigm of a large wintertime dFe pulse from entrainment followed
by small addition of dFe supply from diapycnal diffusion that required high rates of15

dFe recycling to sustain summertime primary production. In this context, synoptic Fe
fluxes can potentially provide a significant additional source of Fe. For example, the
maximum summertime NCP we find is 80 mmol O2 m−2 d−1, which, assuming a photo-
synthetic quotient of 1.4 (Laws et al., 1991), is ∼ 57 mmolCm−2 d−1. This equates to an
iron requirement of ∼ 50 to 500 nmolFem−2 d−1 using Fe : C ratios typical of Southern20

Ocean phytoplankton (0.8–8.6 µmolFemolC−1, Strzepek et al., 2011). The observa-
tional evidence however suggests that much of the phytoplankton iron demand is met
by recycled iron (Bowie et al., 2009; Sarthou et al., 2008; Strzepek et al., 2005). Fe-
ratio estimates range from 0.1 to 0.5 for low to high iron waters, which would imply a
“new” iron requirement of ∼ 5 to 250 nmolFem−2 d−1. Overall, summertime dFe supply25

must therefore provide 5 to 500 nmolFem−2 d−1, assuming a low to high reliance on
“new” Fe input. Diapycnal fluxes from the Atlantic SAZ of 2–15 nmolFem−2 d−1 (Tagli-
abue et al., 2014) are clearly too low to support all but the lowest of our estimated Fe
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demand. In contrast, the synoptic dFe inputs of 100–600 nmolFem−2 d−1 more closely
match demand estimates, suggesting that such supply mechanisms may be of impor-
tance in regions that experience strong variability in MLD dynamics over summer. In
addition to the frequency and magnitude of the synoptic events themselves, the highest
rates of synoptic dFe input require exhaustion of the surface dFe reservoir (Fig. 5). Un-5

fortunately, currently available dFe observations in the Southern Ocean rarely constrain
the seasonal minima in dFe (Tagliabue et al., 2012).

This additional flux of “new” dFe from synoptic events might also account for po-
tential intraseasonal losses of dFe associated with detrainment when the mixed layer
shoals following storm-driven deep mixing of phytoplankton biomass (Behrenfeld et al.,10

2013). This detrainment result in biomass export from the mixed layer and lost from the
euphotic zone when organic matter is sequestered below the thermocline. Mixed layer
deepening events can thus entrain new iron from a reservoir below the mixed layer on
short timescales and replenish the Fe lost due to organic matter detrainment. Since
this mechanism of entrainment/detrainment cycles has not been considered before,15

the implication is that low Fe-ratios potentially underestimate the contribution of new
Fe in the iron budget.

The assumptions that underpin these calculated constraints to short-term event
scale variability of productivity in the euphotic zone require a more vigorous test to as-
sess synoptic entrainment fluxes. For instance, we found a strong sensitivity of synoptic20

input to the assumed surface dFe concentration which needs to be better constrained
in the future (Tagliabue et al., 2012). In addition, our estimates of NCP were collected
during the summer seasons of 2008–2010, dFe profiles were collected in summer 2008
(Chever et al., 2010; Klunder et al., 2011), and glider data were collected during sum-
mer 2012/13, and as such do not necessarily reflect the environmental conditions dur-25

ing the NCP observations. However, the iron and glider datasets were used to estimate
the potential role of synoptic iron input rather than a precise value for a given year.
Finally, top down processes (such as grazing) were not considered which may also
influence phytoplankton biomass during deepening and shoaling of the mixed layer
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(Behrenfeld et al., 2013). In the future, a more comprehensive process study, similar to
the FeCycle III experiment (Boyd et al., 2012), that accurately constrains Fe demand
and its relation to mixed layer dynamics at the appropriate timescales is required.

5 In summary

In this study, we showed a strong non-linear relationship between NCP and MLD modu-5

lated by intraseasonal modes of variability in the Atlantic sector of the Southern Ocean,
north of the Polar Front. The highest and most variable NCP were observed only when
the MLD was < 45 m in the SAZ. The SAZ thus represents a dynamic transition zone
between oligotrophic, shallow (< 45 m) and buoyancy-dominated stratified mixed layers
to the north (STZ), and deep (z > 45 m) light-limited mixed layers to the south (PFZ).10

We propose that elevated and highly variable and sustained primary production in the
SAZ results from intraseasonal scale storm events, alternating between deepening
of the mixed layer, that entrains Fe, followed by rapid shoaling that favours growth in
a transient iron replete, high light environment. We estimate rates of synoptic Fe fluxes
to range between 100–600 nmolFem−2 d−1, which are in the same order of magnitude15

as the Fe requirements for the observed elevated NCP. This dynamic helps explain the
seasonal persistence primary production and biomass observed during summer in the
SAZ (Swart et al., 2014). If this is correct, it highlights another potentially important
climate sensitivity in respect of mid latitude ecosystems and the role of the SAZ in the
biological carbon pump.20
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Table 1. List of research cruises during summers of 2008–2010 and relevant parameters during
this study.

Program Cruise type Research Vessel Date Parameters

Bonus GoodHope IPY process study RV Marion Dufresne 13 Feb 2008–17 Mar 2008 ∆O2/Ar, CTD, XBT
SANAE 48 Leg1 Underway MV SA Agulhas 23 Dec 2008–4 Jan 2009 ∆O2/Ar, uCTD, XBT
SANAE 48 Leg6 Underway MV SA Agulhas 21 Feb 2009–5 Mar 2009 ∆O2/Ar, uCTD, XBT
SANAE 49 Leg1 Underway MV SA Agulhas 9 Dec 2009–22 Dec 2009 ∆O2/Ar, uCTD, XBT
SANAE 49 Leg6 Underway MV SA Agulhas 13 Feb 2010–23 Feb 2010 ∆O2/Ar, uCTD, XBT

uCTD – underway Conductivity, Temperature, Depth profiles.
XBT – expendable bathythermograph profiles.
Underway measurements were conducted on a ship of opportunity (MV SA Agulhas) during the summer
logistics voyages to Antarctica.
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 1 

Figure 1. Sampling track overlaid on the summer climatology for MODIS satellite observed 2 

chl-a showing the zonally constrained elevated chl-a concentrations in the Sub-Antarctic 3 

Zone.  Also depicted are the Subtropical Zone (STZ), SubAntarctic Zone (SAZ) and the Polar 4 

Frontal Zone (PFZ) delineated by the Sub-tropical front (STF), Sub-Antarctic Front (SAF), 5 

and Polar Front (PF).  Frontal positions (black dotted lines) are calculated from mean 6 

absolute dynamic topography. 7 

 8 

  9 

Fig. 1. Sampling track overlaid on the summer climatology for MODIS satellite observed
chl a showing the zonally constrained elevated chl a concentrations in the Sub-Antarctic Zone.
Also depicted are the Subtropical Zone (STZ), SubAntarctic Zone (SAZ) and the Polar Frontal
Zone (PFZ) delineated by the Sub-tropical front (STF), Sub-Antarctic Front (SAF), and Polar
Front (PF). Frontal positions (black dotted lines) are calculated from mean absolute dynamic
topography.
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 1 

Figure 2. a) Relationship of ΔO2/Ar ratios with MLD shows two modes of variability: deep 2 

mixed layers (> 45m) show diminished biological supersaturation, while shallow mixed 3 

layers (< 45m) increased biological supersaturation with high variability.  Colorbar indicates 4 

the latitude while circles, triangles and squares represent the three summer cruises, namely 5 

Bonus-Good Hope (BGH), SANAE48 (S48) and SANAE49 (S49) respectively.  b) 6 

Latitudinal ΔO2/Ar ratios (%) show the highest variance (grey lines) in the Sub-Antarctic 7 

Zone between 38 – 46
o
S.  Variance is calculated from ΔO2/Ar data binned in 0.5 degree 8 

latitude bands.  The colorbar for the panels b and d indicates the corresponding MLD.  The 9 

mean locations of the frontal zones, as determined using the mean absolute dynamic 10 

topography are displayed at the top for all latitudinal figures. c) NCP vs MLD. d) Latitudinal 11 

NCP calculated using equation 2. 12 

  13 

Fig. 2. (a) Relationship of ∆O2/Ar ratios with MLD shows two modes of variability: deep mixed
layers (> 45 m) show diminished biological supersaturation, while shallow mixed layers (< 45 m)
increased biological supersaturation with high variability. Colorbar indicates the latitude while
circles, triangles and squares represent the three summer cruises, namely Bonus-Good Hope
(BGH), SANAE48 (S48) and SANAE49 (S49) respectively. (b) Latitudinal ∆O2/Ar ratios (%)
show the highest variance (grey lines) in the Sub-Antarctic Zone between 38–46◦ S. Variance
is calculated from ∆O2/Ar data binned in 0.5 ◦ latitude bands. The colorbar for (b) and (d)
indicates the corresponding MLD. The mean locations of the frontal zones, as determined using
the mean absolute dynamic topography are displayed at the top for all latitudinal figures. (c)
NCP vs. MLD. (d) Latitudinal NCP calculated using Eq. (2).
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Figure 3. a) MODIS surface Photosynthetically Active Radiation climatology for summer 2 

months (DJF) in units of mol photons m-2 d-1 along the cruise track from 2002 to present.  b) 3 

Summer climatological MLD and associated standard deviation, shows a steep gradient in the 4 

SAZ which separates the shallow, low variability MLD to the north and the deep, highly 5 

variable MLD to the south. 6 

 7 
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Fig. 3. (a) MODIS surface Photosynthetically Active Radiation climatology for summer months
(DJF) in units of molphotonsm−2 d−1 along the cruise track from 2002 to present. (b) Summer
climatological MLD and associated standard deviation, shows a steep gradient in the SAZ which
separates the shallow, low variability MLD to the north and the deep, highly variable MLD to the
south.

4356

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/11/4335/2014/bgd-11-4335-2014-print.pdf
http://www.biogeosciences-discuss.net/11/4335/2014/bgd-11-4335-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
11, 4335–4358, 2014

Intraseasonal
variability of primary

productivity in the
Subantarctic Zone

W. R. Joubert et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

 1 

Figure 4. Conceptual model shows MLD variability (black line) in the STZ, SAZ and PFZ, in 2 

relation to a water column irradiance depth threshold (dotted white line).  This model 3 

proposes that the SAZ is the only region where the MLD deepening, driven by short term 4 

storm events, followed by shoaling during quiescent periods drives short term variability in 5 

phytoplankton production. 6 

 7 

  8 

Fig. 4. Conceptual model shows MLD variability (black line) in the STZ, SAZ and PFZ, in
relation to a water column irradiance depth threshold (dotted white line). This model proposes
that the SAZ is the only region where the MLD deepening, driven by short term storm events,
followed by shoaling during quiescent periods drives short term variability in phytoplankton
production.
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 1 

Figure 5. Sensitivity of synoptic dFe flux rates to number of deepening events and change in 2 

the MLD.  The left and right panels represent a surface dFe concentration of 0.15 nM 3 

(conservative estimate) and 0 nM (assuming complete surface consumption of iron) 4 

respectively. 5 

 6 

Fig. 5. Sensitivity of synoptic dFe flux rates to number of deepening events and change in the
MLD. The left and right panels represent a surface dFe concentration of 0.15 nM (conservative
estimate) and 0 nM (assuming complete surface consumption of iron) respectively.
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