
1.  Introduction
The Antarctic Marginal Ice Zone (MIZ) undergoes the surface ocean's largest transformation by the annual 
growth and retreat of sea-ice (Parkinson, 2019). One of the most productive oceanic regions (Ardyna et al., 2017; 
Arrigo et  al.,  2008), the MIZ accounts for ∼15% of Southern Ocean (SO) primary production (PP) (Taylor 
et al., 2013), that supports a diverse food-web dominated by krill, marine birds, seals and whales (Massom & 
Stammerjohn, 2010), and drives the biological carbon pump (BCP) by mediating the downward transport of 
particulate organic carbon (POC) from the surface ocean to the interior.

The phenology of phytoplankton blooms in the Antarctic MIZ has been relatively well-observed since the satel-
lite era and the introduction of under ice biogeochemical Argo (BGC-Argo) floats (Ardyna et al., 2017; Arteaga 
et al., 2020; Thomalla et al., 2011; Uchida, Balwada, Abernathey, Prend, et al., 2019; von Berg et al., 2020). In 
the Antarctic MIZ, the seasonal range of PP (difference between mean winter and summer chl-a concentrations) 
is 2–3 times greater than in other SO regions in response to the high seasonality of solar irradiance and sea-ice 
(Ardyna et al., 2017). Although blooms initiate while still under light-limiting conditions (<1 Ein m −2 day −1) 
(Arteaga et  al.,  2020; Hague & Vichi,  2021), sea-ice melt enhances the rate of PP by generating a shallow 
freshwater lens and retaining phytoplankton in a higher average light environment (Lester et al., 2021; Smith & 
Comiso, 2008; Smith & Nelson, 1985; Thomalla et al., 2011). Ice melt also deposits iron (Arrigo et al., 2008; 
Lannuzel et al., 2016), which can temporarily enhance PP. However, in the SO, the major supply of iron is from 
depth, when winter mixing deepens the mixed layer beyond the ferricline and entrains a large reservoir of iron 
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to support seasonal growth (Ardyna et  al.,  2017; Llort et  al.,  2015; Nicholson et  al.,  2016,  2019; Tagliabue 
et al., 2014).

PP is connected to the export of POC into the ocean interior through biological and physical processes, with 
only a small fraction of the organic carbon fixed by PP in the surface ultimately reaching the ocean interior 
(Giering et al., 2014; Henson et al., 2019; Martin et al., 1987). The BCP describes a suite of pathways through 
which organic particles are exported from the surface layer to depth (Boyd et al., 2019). These include sinking 
via the gravitational pump or direct transport through the physical injection pump (Omand et al., 2015) as well 
as via feeding by vertically migrating organisms (Stukel et al., 2023). While all pathways are likely to contribute 
to export in the MIZ, the depth of the mixed layer during summer is stable as a result of strong stratification by 
sea-ice melt, suppressing vertical transport along isopycnals by submesoscale flows (Giddy et  al., 2021) and 
thus hindering the role of the physical injection pump. The gravitational pump is therefore thought to be more 
important in driving carbon export in this region, with most export occurring toward the end of the bloom season 
(Moreau et al., 2020). The export efficiency of the gravitational pump is regulated by particle formation and rates 
of sinking (aggregation, fragmentation, ballasting) and remineralization (microbial activity, chemical dissolu-
tion), senescence, grazing and viral lysis, themselves all factors that largely depend on rates of PP and community 
composition (Bach et al., 2019; Henson et al., 2019).

Globally, the upper ocean is predicted to continue to stratify into the 21st century (Kwiatkowski et al., 2020; 
Sallée et al., 2021). In the Antarctic MIZ, the resultant reduction in vertical nutrient fluxes may decrease PP 
(Arteaga et  al.,  2020), but conversely, decreased sea-ice cover may lengthen the bloom season and increase 
net PP (Henson et al., 2021). Sinking organic carbon that is remineralized within the Circumpolar Deep Water 
layer accounts for about half of the carbon sink in the Weddell Sea (MacGilchrist et al., 2019; Naveira Garabato 
et al., 2017), suggesting that changes in the BCP here can have a disproportionate impact on the global carbon 
cycle. However, how changes in PP translate to POC export from subseasonal to interannual timescales in the 
Antarctic remains unclear and an area of active research (e.g., Arteaga et al., 2020; Belcher et al., 2019; Henson 
et al., 2023; Moreau et al., 2020).

This study aims to examine the link between PP and carbon export in the SO MIZ. We focus on a region in the 
North Eastern Weddell Sea (Figures 1a and 1b) that is covered by sea-ice in the winter and has a strong seasonal 
bloom in summer. First, we harness two decades of satellite observations and two profiling SOCCOM BGC-Argo 
floats to contextualize two years of phytoplankton blooms observed between 2018 and 2020, at sub-daily resolu-
tion using gliders (referred to as SG2018 and SG2019 respectively; Figures 1c and 1d). We highlight interannual 
variability in bloom phenology and amplitude and propose a likely physical control mechanism. Second, we 
use the glider data to link the biological and physical processes that control the export of POC to the underlying 
Upper Circumpolar Deep Water (UCDW), from where dissolved organic carbon has the potential to be seques-
tered into the ocean's abyss (Hoppema, 2004; MacGilchrist et al., 2019).

2.  Methods
All data used and their processing is described in Texts S1 and S2 in Supporting Information S1.

2.1.  Phenology Metrics

We describe phytoplankton blooms by duration (days) and magnitude in the northeast Weddell Sea using 23 years 
of satellite observations together with two SOCCOM floats (WMO ID:5904397 and 5904467) that were profiling 
near to the glider deployment location between 2015 and 2020.

The presence of sea-ice limits the ability to detect bloom initiation using only satellite observations of chl-a. 
Therefore, we do not attempt to detect true bloom initiation, but rather the point at which the bloom starts to 
rapidly accumulate toward its seasonal maximum. To do this, we first assess the bloom peak (maximum magni-
tude) as the annual chl-a maximum, wherein an annual cycle is defined from July to the following June. We then 
identify the seasonal ramp as the point at which the bloom reaches 50% of its maximum. Bloom termination is 
defined using a chl-a threshold, following Hopkins et al. (2015), where bloom termination is the postpeak mini-
mum concentration plus 5% of the range between the peak and postpeak minimum concentration. An adjusted 
bloom duration is determined as the number of days between the seasonal ramp and termination. Since integrated 
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chl-a over the bloom duration was linearly correlated with bloom magnitude, (Figure S1 in Supporting Infor-
mation S1; r 2 = 0.7; p < 0.001), we use only bloom magnitude and duration as the key metrics characterizing 
interannual bloom variability.

2.2.  Seasonal Physical Environmental Conditions

Here we define key metrics used to characterize physical environmental conditions of the study region. The onset 
of sea-ice melt is defined as the date when sea-ice concentration first decreased and remained below 85% of the 
annual maximum. As a proxy for sea-ice growth, mean annual sea-ice volume is computed as ice area (from 
sea-ice concentration) multiplied by the ice thickness, and averaged in time. While this metric carries uncertainty, 
both in the satellite products (ice thickness is limited to 50 cm and therefore likely to underestimate true ice thick-
ness), and in the assumed linear relationship between ice growth and ice volume, in lieu of other observations we 
take this as a reasonable first approximation. A threshold for seasonal wind increase is defined as the first day in 
which wind stress reached 10% greater than the median wind stress after the annual minimum wind stress (using 
the same definition for an annual cycle as in Section 2.1). The day when net heat flux (Qnet) rises above (drops 
below) +10 W m −2 (positive into the ocean/negative out of the ocean) is also compared to bloom initiation and 
termination. Photosynthetically Active Radiation (PAR) is correlated with net heat flux (r 2 = 0.86; Figure S2 

Figure 1.  (a) Average satellite chlorophyll-a concentration (Ocean Color-Climate Change Initiative) during austral summer 
(December 2019–Feburary 2020) in the Atlantic sector of the Southern Ocean. The maximum and minimum sea-ice extents 
(National Snow and Ice Data Center) are shown in the dashed and dotted black lines, respectively. The study region is 
demarcated by the inlaid white box (b), which shows the sampling trajectories of the two SOCCOM floats WMO ID:5904397 
(during 2015–2020, dark blue) and WMO ID:5904467 (during 2014–2019, gray), and the two Seagliders (SG2018, during 
December 2018–March 2019, light blue) and SG2019 (December 2019–Feburary 2020, orange). (c) Hovmöller plot for the 
latitudinal extent (averaged across longitude) of the study region of sea-ice concentration (Sea-ice Concentration Climate 
Data Record, OSI 430b) and satellite chlorophyll-a during the (c) 2018–2019 summer season for the SG2018 deployment 
(latitudinal trajectory shown in blue), and (d) for the 2019–2020 summer for the SG2019 deployment (orange).
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in Supporting Information S1) so is not assessed separately. For the analysis of bloom phenology, sea-ice and 
atmospheric variables are averaged to the same temporal resolution as the satellite chl-a observations (8-day) and 
all satellite products are averaged within the bounding box indicated in Figure 1b (−10 to 5°E and −62 to −59°S). 
For the extended analysis of the drivers of bloom magnitude, we use a snapshot of all SOCCOM floats that 
profiled in the MIZ between 2012 and 2022 (Johnson et al., 2022). Data are averaged into 5° × 2° longitudinal 
and latitudinal bins. For comparison with the floats, sea-ice and ocean color observations are similarly binned. 
When comparing only sea-ice and satellite chl-a observations we use 1° × 1° bins.

The mixed layer depth (MLD) is defined as the depth at which the density changes by 0.03 kg m −3 compared to a 
reference density within the mixed layer, at 10 m (de Boyer Montégut, 2004). MLDmax is the annual winter mixed 
layer maximum derived from the SOCCOM floats.

2.3.  Primary Production

PP is estimated using the spectrally resolved Carbon-based Productivity model (CbPM; Westberry et al., 2008; 
Arteaga et al., 2022) applied to the glider profiles (see Figure S3 in Supporting Information S1 for full sections of 
chl-a and phytoplankton carbon, Cphyto and Figure S8 in Supporting Information S1 for PP model comparisons). 
The CbPM estimates PP as a function of carbon biomass and phytoplankton growth rate. Carbon is estimated 
from optical backscatter using empirical relationships previously measured in the SO: Cphyto = 0.19 × POC +8.7 
(Graff et al., 2015) and POC = 9.776 × 10 4 × 𝐴𝐴 bbp1.166

700
 (Johnson et al., 2017), where bbp700 is the optical backs-

cattering at 700 nm (see Text S1 in Supporting Information S1). Growth rate is estimated from the chl-a:Cphyto 
ratio and surface PAR. However, glider PAR was only available during the 2018 deployment (SG2018). To 
extend the PP analysis to the 2019 glider deployment (SG2019), Moderate Resolution Imaging Spectrometer/
Aqua (MODIS) satellite PAR was co-located with both gliders. Glider PAR was comparable with satellite PAR 
(r 2 = 0.44, gain = 0.9; Figure S4 in Supporting Information S1) giving us confidence to use satellite PAR during 
SG2019 when no in situ PAR was available.

2.4.  Aggregate Particulate Organic Carbon Export

We use high resolution optical backscatter measurements from the gliders to estimate POC export. Glider backs-
catter profiles are separated into a “small” particle baseline signal (7-point running minimum followed by a 
running maximum) and a “large” particle “spike” signal (all residuals above the baseline), following Briggs 
et al. (2011). After bin-averaging profiles of backscatter in the vertical to 10 m with a 50 m rolling mean, and 
binning profiles to 2-day with a 2-day running mean in time, carbon flux events are identified as follows. First, 
using a 10-day moving window over each glider data set, the time of maximum spike for each depth level is 
identified. Linear regressions are then fitted between the depth of each maximum spike and time. Only regres-
sions with r 2 > 0.4 are identified as flux events. Application of a rolling window together with the r 2 threshold 
reduces the chances of false identification of advection events as flux events. Finally, the linear regression fits are 
used to estimate the sinking speed of large particles (Δdepth/Δtime) (Figure S5 in Supporting Information S1). 
Large particle backscatter is converted to POC, and multiplied by the derived bulk sinking speeds (with indi-
vidual export events ranging between 48 and 88 m day −1 and an average sinking rate of 65 m day −1) to estimate 
aggregate POC flux (Equation 4, Briggs et al., 2011). Export is estimated at 100 m, as the depth horizon most 
commonly used to estimate export in models (Buesseler & Boyd, 2009) and at Ez, defined as the depth where 
chl-a drops to 10% of its maximum (for further discussion see Buesseler et al., 2020). Export efficiency (Eeff) is 
defined as the ratio of export at 100 m to PP, using PP values from 2 days earlier. The 100 m depth horizon is 
chosen to estimate export efficiency for comparison to previous studies. A lag of 2 days was chosen based on the 
average sinking rates of aggregates. Similarly, transfer efficiency (Teff) is defined as the ratio of export at 170 m 
(the average deepest winter mixed layer, Moreau et al., 2020) to export at 100 m from 2 days earlier. We also 
estimate Teff from the rate of flux attenuation by fitting the aggregate POC profiles identified as export events to 
Martins Curve (Martin et al., 1987):

𝐹𝐹𝑧𝑧 = 𝑓𝑓𝑧𝑧0
× (𝑧𝑧∕𝑧𝑧0)

−𝑏𝑏
,� (1)

where Fz is the carbon flux with depth, 𝐴𝐴 f𝑧𝑧0 is the flux at a reference depth z0, z is depth, and b is the attenuation 
coefficient, with smaller −b representing faster attenuation rates and a lower Teff. We use a variable reference 
depth determined by the depth of Ez.
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3.  Results and Discussion
3.1.  Characteristics and Drivers of Variability of the Seasonal Bloom in the Weddell Sea

The efficiency of the BCP is associated with the characteristics of the seasonal bloom, that are mediated by 
nutrient availability, light and mortality (Arteaga et al., 2018; Behrenfeld & Boss, 2014). We assess the drivers of 
bloom phenology and amplitude in the northeastern Weddell Sea to determine what sets the upper limits of PP in 
this region. Ocean color, float and glider observations of chl-a describe the MIZ summer bloom (Figure 2a), with 
the average bloom ramp occurring in mid-December, and termination in mid-March. Although the mean phenol-
ogy of all three products is in agreement, we note the offset in chl-a magnitude between ocean color derived 
chl-a and chl-a derived from the WET Labs ECO series fluorometers on floats and gliders (Roesler et al., 2017). 
Results show a close correspondence in the timing of sea-ice melt and the bloom ramp, with 50% of the seasonal 
bloom ramp attributed to the onset of ice melt (i.e., when some ice melt has occurred, Figures 2a and 2b; Figure 
S6a and S6b in Supporting Information S1), similarly noted by von Berg et al. (2020). This highlights the impor-
tant role of stratification (by the melt of sea-ice) in driving a high light environment for sustained net growth 
needed to accumulate biomass. The timing of bloom termination was more variable and less predictable. We 
assessed the seasonally variable physical parameters of wind stress, PAR, heat flux, and autumn ice formation as 
potential drivers, but found no significant correlations with the timing of bloom termination (Figure 2b, Figures 
S6c and S6d in Supporting Information S1). As such, we conclude that bloom termination is most likely driven 
by the depletion of nutrients and trace metals (Boyd et al., 2005; Krause et al., 2019), grazing (Kauko et al., 2021; 
Moreau et al., 2020), bacteria, and viruses (Biggs et al., 2021), which were not measured as part of this study.

By far the most prominent characteristic of interannual variability in the seasonal cycle is that of bloom magni-
tude, which ranged from a very meager seasonal maximum of 0.4 mg m −3 (2010) to a seasonal maximum of 
2.8 mg m −3 (2005), when observed across a 23 years satellite record from 1997 to 2020 (Figure 2a, dark green 
line). We hypothesize that years with a higher sea-ice concentration and volume will drive higher magnitude 
blooms as previously suggested by Ardyna et al. (2017) by enhancing iron supply either from ice melt (Arrigo 
et al., 2008; Lannuzel et al., 2016) or winter mixing, driven by brine rejection during sea-ice growth (McPhee 
& Morison, 2001; Wilson et al., 2019). To test this hypothesis in our region of interest (northeast Weddell Sea), 
we compute the correlations between ice volume, the deepest winter mixed layer depth (MLDmax) and bloom 
magnitude (Chlmax). Although a robust statistical analysis is limited by the small sample size (n = 5 years), we 
find strong positive correlations between MLDmax and Chlmax (r 2 = 0.9; p < 0.1, Figure 2c) and MLDmax and ice 
volume (r 2 = 0.69; p < 0.1; Figure 2d), which suggests that the degree of deep winter mixing, itself influenced by 
sea-ice growth, drives interannual variability in Chlmax. This relationship is plausible given the shallow reservoir 
of dissolved iron as UCDW upwells (located between 100 and 200 m in the winter) in the northern edge of the 
Weddell Sea (Klunder et al., 2011). The weaker positive correlation between ice volume and Chlmax (r 2 = 0.36; 
p = 0.2, Figure 2e) suggests that direct supply of iron and/or enhanced light supply from ice melt is less likely to 
play a prominent role in driving bloom amplitude in this region.

Expanding this analysis to the entire ice covered SO using the full ocean color satellite record of sea-ice concen-
tration and chl-a (1997–2022), we find that years with higher sea-ice concentration elicit both weak positive 
(28%; p < 0.1) and negative (23%; p < 0.1) response in Chlmax that varies regionally (Figure 2i). Similar regional 
variability is observed in the response of chl-a to mean annual ice volume (used as a proxy for ice growth) from 
SOCCOM floats (Figure 2h). Notably, regions with a negative correlation between sea-ice concentration and 
Chlmax tend to be constrained to shallow bathymetric features, for example, Maud Rise (65°S, 3°E), which are 
typically less iron-limited than deep open-ocean regions.

In contrast to Li et  al.  (2021), we find evidence of a mechanistic link between winter mixing and Chlmax 
(Figures 2c and 2f), albeit inconsistent across all regions characterized by a positive bloom response to sea-ice 
volume (Figure 2h). The spatial heterogeneity in these relationships is nonetheless expected inlight of recognised 
regional variability in the dominant drivers of seasonal iron and/or light limitation. In cases where a negative 
response is observed in Chlmax to winter MLDmax, light may instead be limiting (Ardyna et al., 2017), or the 
ferricline deeper than the depth of winter mixing (Carranza & Gille, 2015; Fauchereau et al., 2011). Similarly, in 
those instances where enhanced ice volume does not result in deeper winter mixing (Figure 2g), it is possible that 
sea-ice was advected and not formed locally. In addition, depending on the ambient stratification, winter mixing 
will have varying levels of sensitivity to ice growth (Wilson et al., 2019). Alternative mechanisms of iron supply 
may also confound the relationships observed between ice volume—winter mixing (Tagliabue et al., 2014) and 
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the extent of seasonal blooms. For example, iron supplied by hydrothermal vents can drive anomalously large 
blooms (Ardyna et al., 2019). The characteristics of summer storms can have both a positive impact on Chlmax 
by intermittently supplying iron (Moreau et al., 2023; Nicholson et al., 2019) or a negative impact by reducing 
available light (Fitch & Moore, 2007). Although the potential for vertical supply of iron by submesoscale flows 
(Uchida, Balwada, Abernathey, McKinley, et al., 2019) was found to be weak in our specific region of interest 

Figure 2.  (a) Climatologies of satellite-observed surface chl-a (OC-CCI; 1997–2020, dark green) and mean of two SOCCOM floats during overlapping years 
(2015–2019; WMO IDs: 5904467 and 5904397; light green). Glider observations of surface chl-a during the 2018-2019 summer season (light blue, SG2018) and 
the 2019-2020 summer season (orange, SG2019). Float and glider chl-a are averages over the upper 40 m. Note the different y-axis scales for satellite observations 
compared with glider/float observations. The climatological bloom ramp and termination dates are indicated (based on OC-CCI data). (b) Climatologies over the 
same time period of sea-ice concentration (black), Qnet (red), wind stress (blue) and Photosynthetically Active Radiation (yellow). The sea-ice melt onset is indicated. 
Shading in panels (a and b) represent one standard deviation. Linear regressions of (c) yearly averages of the deepest winter mixed layer with the following summers' 
maximum chl-a (Chlmax) as observed by the SOCCOM floats (2015–2019); (d) the total annual ice volume with the deepest winter mixed layer (2015–2019) and (e) 
the annual ice volume with Chlmax as observed by the SOCCOM floats (2015–2019). Yearly averages of the two SOCCOM floats that were within the study region are 
shown. The years that coincide with the glider deployments are depicted in light blue (2018) and orange (2019). (f, g, h) The same as (c, d, e) but presented as a map 
of all available SOCCOM floats (2012–2022). The locations of SOCCOM floats appear as black dots. Colormaps show the Pearson's r correlation coefficient. (i) Map 
of the correlation between sea-ice concentration and Chlmax from 1997 to 2022. Pixels where p < 0.1 are hashed in (i). ETOPO Global Relief Model bathymetry is 
contoured (1,000, 2,000, 3,000 m) in gray. The study region is outlined with a black box, and Maud Rise (65°S, 3°E) is labeled MR.
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(due to the strongly stratified ocean following ice melt, Giddy et al., 2021), this may not be the case for all of 
the ice impacted SO, in particular those regions characterized by weaker stratification and deeper mixed layers 
(Biddle & Swart, 2020; Timmermans et al., 2012). Indeed, while the sea-ice zone was not included in their anal-
ysis, Prend et al. (2022) found that intraseasonal (submesoscale) variability in SO chl-a was the primary deter-
minant of inter-annual variability in mean chl-a. In years and regions where the above discussed mechanisms are 
active or dominant, a decoupling of Chlmax from MLDmax and ice volume would be expected.

3.2.  The Fate of Particulate Organic Carbon

We link surface processes to the fate of sinking organic carbon by coupling the analysis of phytoplankton 
phenology and amplitude in Section 3.1 to two distinct years of seasonal blooms (Figure 2a) that were observed 
by gliders (Figure  1, SG2018 and SG2019). For this analysis, we treat the gliders as Lagrangian, assum-
ing that the advective term is small. The bloom captured by SG2018 was longer and of a lower magnitude 
(Chlmax = 2.0 mg m −3, 101 days), while in contrast, the bloom captured by SG2019 was shorter and of higher 
magnitude (Chlmax = 3.7 mg m −3, 85 days of which the glider sampled 51 days, Figures 1c and 1d, 2a; Figure 
S3 in Supporting Information S1). Correspondingly, MLDmax was 20 m deeper preceding the higher magnitude 
bloom in 2019 compared with 2018 (Figure 2c).

Modeled rates of PP reflect the characteristics of surface chl-a (Figure 1a), and were ∼15% lower during 2018–
2019 (1488 ± 438 mg C m −2 day −1, Figure 3a) compared to 2019–2020 (1731 ± 403 mg C m −2 day −1; Figure 3b). 
Differences in PP between the two years translated into even bigger differences (∼50%) in daily export rates at 
100 m (86 ± 40 mg C m −2 day −1, Eeff = 0.07 ± 0.0 and 195 ± 70 mg C m −2 day −1, Eeff = 0.11 ± 0.03 respectively, 
Figures 3a and 3b; Figure S7b in Supporting Information S1). When we extended this analysis to Teff (export-
170m:export100m), we found that Teff was inverted, with a higher Teff in 2018–2019 (0.46 ± 0.11) than in 2019–2020 
(0.26 ± 0.09; Figure S7c in Supporting Information S1); a result also reflected in the flux attenuation rate, which 
was smaller in 2018–2019 (−1.4 ± 0.4) than in 2019–2020 (−2.2 ± 0.1, Figure 3g). This translates to similar 
daily export rates to 170 m between the two years despite substantial differences in PP and export at 100 m 
(2018–2019: 38 ± 20 mg C m −2 day −1 and 2019–2020: 48 ± 16 mg C m −2 day −1; Figures 3a and 3b). Replacing 
E100m with Ez changes the quantitative estimates of Eeff and Teff but the relative patterns of difference between the 
two years of interest remain the same. To summarize, the bloom observed in 2018–2019 was characterized by 
lower PP and lower Eeff while the bloom observed in 2019–2020 was characterized by higher PP and higher Eeff. 
However, both blooms had similar Teff.

Substantial interannual variability observed in flux attenuation rates (Figure  3g) suggest that remineraliza-
tion rates, which are known to account for a large proportion of variability in Teff (Bach et al., 2019; Belcher 
et al., 2016), contrasted across the 2 years (regardless of choice of export depth horizon as 100 m or Ez) and 
may explain the similarity in export at 170 m, despite differences in PP. The rate of remineralization is primarily 
controlled by (a) temperature (Marsay et al., 2015), (b) variation in sinking rates associated with size and porosity 
of aggregates (Bach et al., 2019) and the ratio between particle and water density (Condie, 1999), and (c) micro-
bial degradation influenced by functional activity and community structure, as well as POC composition (labile, 
semi-labile, recalcitrant) (Cavan et  al.,  2018) and (d) grazing load (Cavan et  al.,  2015; Henson et  al.,  2019). 
Although at a global scale variations in temperature are known to be a key driver of regional differences in atten-
uation (Marsay et al., 2015), we assume the effect of temperature is negligible as interannual variability is small 
compared to latitudinal variability (Figures 3c and 3d).

As expected, a deeper winter MLD prior to the summer bloom would likely result in an increase in iron supply, 
thereby supporting a higher magnitude bloom as seen in 2019–2020 (Figures 2c and 2d). A typical community 
composition response to high iron and light availability would be a dominance of diatoms (Smetacek et al., 2012; 
Tréguer et  al.,  2018), that would be expected to sink faster with their additional ballast, escaping microbial 
degradation and hence drive a higher Teff and lower attenuation rate. Although we did not directly measure 
community composition, chl-a:Cphyto ratios have been used to infer changes in community composition (Cetinić 
et al., 2015). A lower chl-a:Cphyto ratio in 2018–2019 suggests iron limiting conditions. As such, there were likely 
more diatoms (that have higher iron requirements) in the community during 2019–2020 than during 2018–2019. 
However, the sinking rates were not significantly different between the two years (65 m day −1; Figure S5 in 
Supporting Information S1), and the presumptive diatom-dominated bloom was counter-intuitively characterized 
by a faster attenuation rate (Figure 3g).
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Changes in density with depth can also influence the sinking rate of particles through two mechanisms. Firstly, 
when a sinking particle encounters denser water, the relative density between water and particle is reduced and 
the buoyancy force on the particle increases, decreasing its sinking velocity (Condie, 1999). Secondly, under 
conditions where the thermocline deepens at a rate faster than the sinking speed of the particles, particles may 
be re-entrained into the mixed layer (Lacour et al., 2019; D’Asaro, 2008; Noh & Nakada, 2010). If, through these 
mechanisms, particles are retained within the thermocline, they would be exposed to a longer period of remin-
eralization in the upper ocean, thus reducing export to depth. Indeed, the accumulation of particles within the 

Figure 3.  (a) Integrated primary production in the upper 200 m smoothed by 4 days (solid line), export at Ez, the base of the euphotic zone (dashed line), export at 
100 m (dash-dot line) and export at 170 m (dotted line) from glider deployments in (a) the 2018–2019 and (b) the 2019–2020 productive seasons. Vertical sections 
of conservative temperature in (c) 2018–2019 and (d) 2019–2020. Marked on (c, d, e, f) are the mixed layer depth (black line), the depth of maximum stratification 
(𝐴𝐴 N

2

max
 ) (red line), and the depth of the Winter Water 𝐴𝐴 N

2

max
 (orange line). Vertical sections of large particle Particulate Organic Carbon flux during (e) 2018–2019 and 

(f) 2019–2020. Values above 40 m are missing as a result of the 50 m rolling mean applied to the data set (see Section 2.4). Flux events are identified with the white 
dashed lines. (g) Martin Curve fits during flux events. (h) Mean vertical stratification profiles corresponding to SG2018 (blue) and SG2019 (orange). (i) Histograms of 
average mixed layer chl-a:Cphyto ratio in SG2018 and SG2019.
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thermocline is a strong feature of the bloom in 2019–2020 (Figure 3f), and particles appear to follow isopycnals, 
while those in 2018–2019 do not (Figure 3e). Additionally, the level of stratification in 2019–2020 is greater than 
in 2018–2019 (𝐴𝐴 N

2

max
  = 1.6 × 10 −3 s −1 and 1.0 × 10 −3 s −1, respectively; Figure 3h). While a diatom-dominated 

community might be expected to sink faster, the larger density change with depth observed in 2019–2020 may 
slow particle sinking rates, resulting in the relatively similar sinking rates observed across the two years and the 
reduced Teff for 2019–2020.

Finally, remineralization rates and flux attenuation may be influenced by grazing (e.g., Cavan et al., 2015). Thus, 
the faster remineralization rates observed in 2019–2020 could be a result of higher grazing pressure within the 
upper 200 m. This is feasible as grazing by zooplankton has been demonstrated to account for ∼90% of the fate of 
phytoplankton in this region (Moreau et al., 2020), although grazing is not constrained in this study.

The above discussion demonstrates the additional need for biological observations from for example, imaging 
systems, sediment traps or remote access samplers allowing optical or traditional microscope and genetic meth-
ods to distinguish the community and better attribute drivers of the observed variability in export.

4.  Conclusions
Glider measurements of both physical (temperature and salinity) and biological (chl-a and carbon) variables 
enable the simultaneous quantification of PP, export, and water column stratification at scales of hours to days. 
These results, complemented by float and satellite observations, reveal the complexity of interactions influenced 
by the sea-ice characteristics (formation, duration, melt) that currently govern PP and carbon export in the SO 
MIZ. Taking a case study approach, we first find empirical evidence in the northeast Weddell Sea that increased 
winter sea-ice formation drives deeper winter mixing, which in turn leads to more intense phytoplankton blooms 
in the following season, likely due to iron entrainment. Expanding this analysis to all available float data in the 
MIZ reveals spatially variable responses of blooms to both sea-ice formation and winter mixing, highlighting the 
complexity of bloom response to multiple top-down and bottom-up drivers. Despite the spatial heterogeneity, we 
observe coherent regions in parts of the Ross Sea and East Antarctic sector (Figure 2i) whose bloom character-
istics are susceptible to changes in sea-ice conditions. The highly variable response of phytoplankton to physical 
drivers in the dynamic sea-ice zone of the SO calls for targeted multi-season process studies that focus on the 
different regimes that were evident in this study (e.g., open ocean, shallow bathymetry, strongly stratified vs. 
weakly stratified). The integration of shear probes on profiling floats under sea-ice would constrain uncertainties 
related to the turbulent flux of PP limiting nutrients (e.g., Schulz et  al., 2022). Furthermore, sensitivity tests 
with a coupled biogeochemical model are needed to better quantify the mechanistic link between sea ice growth, 
winter mixing and phytoplankton growth as well as develop an understanding of the role of advective terms (both 
of sea ice and subsurface).

Secondly, our two seasons of glider observations provide preliminary evidence of higher carbon export at 100 m 
(higher Eeff) associated with more intense blooms related to enhanced ice growth in the winter and its subsequent 
melt in summer. The implication is that with increased variability and the predicted reduction in sea-ice growth 
that results from a warming climate, carbon export to depth may decrease on seasonal timescales, affecting the 
mesopelagic and the BCP. However, variability in attenuation rates and Teff meant that higher export at 100 m 
did not necessarily translate into substantially higher export past 170 m, the depth of deepest winter mixing. We 
attribute the decoupling between Eeff and Teff to both physiological differences associated with differing phyto-
plankton community compositions in response to differences in iron availability and to changes in stratification 
associated with ice melt. These findings suggest asynchronous inter-annual variability in the drivers of carbon 
export compared to PP.

Data Availability Statement
All data used in this study is freely available online. Biogeochemical Argo data were collected and made freely 
available by the Southern Ocean Carbon and Climate Observations and Modeling (SOCCOM) Project funded by 
the National Science Foundation, Division of Polar Programs (NSF PLR -1425989 and OPP-1936222), supple-
mented by NASA, and by the International Argo Program and the NOAA programs that contribute to it. The Argo 
Program is part of the Global Ocean Observing System. The snapshot used was taken on 2022-05-19 (Johnson 
et al., 2022) and is available at the following DOI:https://doi.org/10.6075/J0MC905G. The results in this paper 
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contain modified Copernicus Climate Change Service information 2021. Neither the European Commission nor 
ECMWF is responsible for any use that may be made of the Copernicus information or data it contains. The 
glider data is archived with the National Center for Environmental Information and is available at the following 
url https://www.ncei.noaa.gov/access/metadata/landing-page/bin/iso?id=gov.noaa.nodc:0244004. The code that 
was used in the analysis of this paper is accessible via Zenodo: https://doi.org/10.5281/zenodo.5655923. The 
code used to compute the glider-CbPM was adapted from L. Arteaga's script available on Github: https://zenodo.
org/badge/latestdoi/368542675.
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