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1. Introduction
Having an accurate measure of how much organic carbon is exported from the surface layer to depth is crucial 
in developing an accurate global carbon budget for today and the future. The Southern Ocean is a critical region 
for both inorganic and organic carbon fluxes (Le Quére et al., 2007), and as such, its particulate organic carbon 
(POC) export is essential to quantify. It is markedly different from temperate and tropical oceans, given its low 
temperatures and pulsed, seasonally variable phytoplankton stocks and production. Productivity in the Southern 
Ocean is greatest on the continental shelves (Arrigo & van Dijken, 2004), and among all continental shelves, the 
Ross Sea is the most productive (Smith, Ainley, et al., 2014). It is estimated to be responsible for 28% of Southern 
Ocean carbon fixation (Arrigo et al., 2008) and supports substantial abundances of higher trophic levels (Smith, 
Ainley, et al., 2014). It is also the site of a large amount of organic matter export to depth (e.g., Collier et al., 2000; 

Abstract To assess the temporal biological and hydrographic features of the southwestern Ross Sea, 
we deployed a glider in a spatially restricted, ice-free area during the austral summer (1 December–6 
February), and quantified from sensor measurements the particulate organic carbon (POC; via particulate 
backscatter) concentrations, their changes through time, and net community production (NCP; via dissolved 
O2 concentrations). The POC levels could be divided into three distinct phases (I, II, and III, respectively) 
characterized by changes in NCP, surface-layer POC concentrations, remineralization, and export. Surface 
POC concentrations increased from 215 mg C m −3 in early December to a peak of >400 mg C m −3 by 
mid-December, before decreasing to 227 mg C m −3 in late January–early February. NCP was highly variable 
throughout the summer, becoming maximal in mid-December. By constructing a carbon budget, we estimated 
rates of change of POC and export potential to the mesopelagic in each phase. Changes in euphotic zone POC 
concentrations and NCP suggested that the system is slightly net autotrophic during the observational period 
(average NCP is 0.05 g C m −2 d −1), and POC removal from the top 240 m of the water column averaged 0.22 g 
C m −2 d −1. Our data confirm that the southern Ross Sea during the ice-free season is a high productivity, low 
export system while providing high-resolution POC dynamics that had not been previously observed. Although 
the Ross Sea is a site of substantial carbon fixation, there remains an incomplete understanding both of the 
processes involved in export and the rates and controls of remineralization.

Plain Language Summary The Ross Sea, Antarctica is a remote region of the Southern Ocean that 
has been shown to support a predictable, large growth, and accumulation of photosynthetic microorganisms 
(phytoplankton). This bloom is an ecologically important feature for understanding the global climate cycle, as 
it is believed to account for 28% of the carbon fixation in the Southern Ocean. The annual bloom is composed 
of two types of phytoplankton: the gelatinous Phaeocystis antarctica and siliceous diatoms. Understanding the 
characteristics of the bloom is important to understand how much carbon is removed (i.e., sequestered) from 
the upper ocean and to quantify the role of this region in the global carbon cycle. An autonomous vehicle was 
deployed in 2012–2013 to measure changes in concentrations of particulate organic carbon (POC) and dissolved 
oxygen over the course of the bloom. Results suggest high yet variable rates of net community production and 
fine-scale changes both in time and space in POC in the upper 240 m of the ocean, suggestive of substantial 
microbial degradation of POC. This high-resolution analysis indicates this region is highly productive but does 
not export substantial quantities of organic carbon during the ice-free season.
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Nelson et al., 1996). While the importance of the Ross Sea to the Antarctic carbon cycle has been established, 
the mechanisms, rates and processes involved in carbon export and remineralization remain poorly constrained 
(Gruber et al., 2019).

The seasonal features of the Ross Sea's biogeochemistry and oceanography are relatively well known. Phyto-
plankton begin to grow in early spring (late October) as solar radiation increases in the water column as a result 
of the lengthening photoperiod, the reduction in ice cover, and the shoaling of stratification within the water 
column (Arrigo & van Dijken, 2003; Smith & Gordon, 1997). The austral spring bloom is dominated by the 
haptophyte Phaeocystis antarctica, which reaches its maximum biomass in mid to late December (chlorophyll 
concentrations can exceed 15 μg L −1; Smith et al., 2000; Smith, Asper, et al., 2011). P. antarctica exists largely as 
colonies (up to 2 mm in diameter; Mathot et al., 2000), and its biomass in the euphotic zone after the December 
maximum is rapidly reduced over a period of days to weeks (Jones & Smith, 2017; Smith et al., 2000). During 
summer, diatoms can reach a biomass similar to that of P. antarctica during spring, although substantial interan-
nual variations in diatom abundance apparently occur (Smith, Asper, et al., 2011). The role of diatoms in annual 
productivity has recently been reassessed, and it was concluded that diatoms contribute a large majority (ca. 75%) 
of the annual production (Smith & Kaufman, 2018).

Previous studies have estimated Ross Sea organic carbon fluxes through the use of sediment traps and thorium-234 
budgets (Cochran et al., 2000; Collier et al., 2000; Dunbar et al., 1998; Smith, Shields, et al., 2011), but the 
accuracy of these methods is uncertain (Buesseler & Boyd, 2009). These measurements of export also do not 
generally provide vertical resolution within the water column, as often only a single sediment trap is deployed at 
one location and depth, and use of thorium is constrained by the need to filter water samples at discrete depths. 
Furthermore, as bottom-moored sediment traps often sample to resolve annual patterns, the temporal resolu-
tion of such methods is limited. Increasing temporal resolution is of particular interest in regions with marked 
seasonal pulses, such as the Ross Sea. The increasingly common use of autonomous underwater vehicles, such 
as gliders, allows for data collection with increased spatial and temporal resolution (Alkire et al., 2014; Kaufman 
et al., 2014; B. Y. Queste et al., 2015; Smith, Goetz, et al., 2014). For example, Kaufman et al. (2018) assimilated 
glider data into a 3-D model to estimate vertical POC export in the Ross Sea, and also predicted the impacts of 
climate change on this export. Using glider data and its increased temporal and spatial resolution has provided 
improved understanding of the changes in surface level biomass, the influence of short-term events (perturba-
tions) on POC concentrations, and the local hydrography (Kaufman et al., 2014; Smith, Goetz, et al., 2014).

To assess POC export and net community production (NCP), we used high-resolution autonomous glider data 
(oxygen, fluorescence, and optical backscatter data, with the latter two converted to chlorophyll and POC concen-
trations, respectively) collected during 2012–2013 in the southern Ross Sea, Antarctica. As summer progressed, 
there was a reduction in average productivity and a vertical deepening of the maximum POC concentration (Jones 
& Smith, 2017). We calculated vertical distributions of POC and rates of NCP to estimate continuous inputs of 
organic matter into the euphotic zone via photosynthesis, the potential export of organic matter to depth, and its 
remineralization within the water column. Given the increasingly common use of gliders in oceanographic stud-
ies, such an approach can provide export and remineralization estimates from a variety of oceanic systems and 
reduce the uncertainty of our present estimates of these critical variables. Quantifying these variables will allow 
development of more accurate productivity-export models and a better understanding of the role of the Ross Sea 
in Southern Ocean carbon cycling.

2. Methods
2.1. Glider Analyses

Data for this study were collected as part of the 2012–2013 Glider Observations of Variability in the Ross Sea 
project (Figure 1). We used an iRobot Seaglider™ (Model: 1KA; serial number SG503) equipped with a Seabird 
CT Sail, an Aanderaa 4330F oxygen Optode, a Wet Labs ECO Triplet Puck, and an Imagenex 853 Echo Sounder. 
Glider deployment was on 22 November 2012 at 09:25  UTC from the fast ice near Ross Island (77.438°S, 
169.746°E), and recovery occurred on 8 February 2013 at 00:44 UTC at 76.77°S, 167.729°E from the RVIB 
Nathaniel B. Palmer (Jones & Smith, 2017). The optical puck was turned off below 250 m to conserve battery 
power. Euphotic zone depths were estimated via chlorophyll concentration using the relationships described by 
Morel (1974), as no PAR sensor was mounted on the glider. Mixed layer depths were estimated by a 0.02 kg 
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m −3 change in density relative to the average density for the top 10 m on each of the dives (Ryan-Keogh & 
Smith, 2021). All data are available at https://www.bco-dmo.org/project/566865.

Based on the surface characteristics of chlorophyll and POC, we divided the study period into three phases as 
has been previously done in other studies (Jones & Smith, 2017; Ryan-Keogh & Smith, 2021). Phase I (from 
1 December to 15 December) was characterized by increasing phytoplankton biomass and variable NCP in the 
surface layer, whereas Phase II (from 16 December to 7 January) was delineated by relatively constant levels of 
POC and chlorophyll and high rates of NCP. Phase III (from 8 January to 6 February) was characterized by overall 
declining NCP and reduced surface layer biomass levels and substantial surface layer variability.

Dissolved oxygen concentrations were measured using an Optode, which was factory calibrated before deploy-
ment. Dissolved oxygen concentrations were further calibrated against CTD profiles collected on the RVIB Palmer 
(n = 204; R 2 = 0.76; p < 0.01), corrected for salinity and processed according to the “uea-seaglider-toolbox” 
(created by Dr. B. Queste, 2015), as well as corrected for error via manual inspection (Figure S1 in Supporting 
Information S1). The post-deployment oxygen residual on the Optode as calculated by Sea-Bird was 1.00 mL L −1 
(Figure S2 in Supporting Information S1).

POC concentrations were estimated by conversion of glider optical backscattering counts (𝐴𝐴 𝐴𝐴𝐴𝐴𝑝𝑝 [λ]) calibrated 
using discrete measurements of POC from casts taken upon deployment and recovery of the glider (Figure S3 
in Supporting Information S1). Optical backscattering values were converted to total volume scattering (𝐴𝐴 𝐴𝐴𝐴𝐴𝑝𝑝 ) by 
multiplying by a factory-calibrated scale factor, subtracting the volume scattering of seawater (Morel, 1974) and 
multiplying by 2πχ, where χ is 1.1 (Boss & Pegau, 2001). The regression used was

POC =
(

42, 850 ∗ 𝑏𝑏𝑏𝑏𝑝𝑝 (470 nm)
)

+ 57.47 (1)

(n = 11; R 2 = 0.55; p < 0.01; Figure S3 in Supporting Information S1). In situ samples were collected by filtering 
known volumes of seawater through combusted Whatman GF/F filters, dried at 60°C, and analyzed for POC on 
a Costech ECS Model 4010 elemental analyzer at the Virginia Institute of Marine Science (Gardner et al., 2000).

2.2. Net Community Production

In assessing POC production and export processes, we grouped the data into continuous five-day increments 
(1–5 December, 6–10 December, 11–15 December, 16–20 December, 21–25 December 26–30, December, 31 
December–4 January, 5–7 January, 8–12 January, 13–17 January, 18–22 January, 23–27 January, 28 January–1 

Figure 1. Map of the 2012–2013 glider track (blue line) in the southwestern Ross Sea. The glider was deployed for a total 
of 79 days in austral summer and completed 923 dives. The red mark in the inset shows the location within the Ross Sea. 
Modified from Jones (2015).
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February, and 2–6 February). Five-day increments were chosen because lag time between production and export 
of organic matter from the euphotic zone is believed to be about 5 days in high latitudes (Laws & Maiti, 2019). 
To separate the three phases, the period after 5 January was shortened to 3 days; that change was included in the 
calculations𝐴𝐴 𝐴 NCP in the top 100 m was calculated based on a modified version of the equation used by Alkire 
et al. (2014):

NCP100 = PQ ∗

(

∫
100

0

𝜕𝜕𝜕𝜕2

𝜕𝜕𝜕𝜕
− 𝐹𝐹𝐾𝐾𝑧𝑧

− 𝐹𝐹Adv − ASEML

)

 (2)

where 𝐴𝐴 ∫ 100
0

𝜕𝜕O2

𝜕𝜕𝜕𝜕
 is the change in O2 concentrations integrated over the top 100 m from Day 1 to 5. The surface 100 m 

was chosen as our integration depth because it is a commonly used threshold when assessing production-export 
dynamics (Martin et al., 1987). 𝐴𝐴 𝐴𝐴𝐾𝐾𝑧𝑧

 is the vertical eddy diffusion flux calculated according to:

𝐹𝐹𝐾𝐾𝑧𝑧
= 𝐾𝐾𝑍𝑍 ∗

𝜕𝜕O2

𝜕𝜕𝑧𝑧
 (3)

where 𝐴𝐴 𝐴𝐴𝑍𝑍 is vertical diffusivity (m 2 s −1)𝐴𝐴 𝐴 and 𝐴𝐴
𝜕𝜕O2

𝜕𝜕𝜕𝜕
 is change in oxygen concentration in the vertical direction (μmol 

kg −1 m −2). For our 𝐴𝐴 𝐴𝐴𝑍𝑍 values, we used an estimate previously published from Kaufman et al. (2017) of 10 −3 m 2 
s −1 averaged over the top 200 m. 𝐴𝐴 𝐴𝐴Adv is advective flux in the longitudinal and latitudinal directions where 𝐴𝐴 𝐴𝐴Adv 
is calculated as:

𝐹𝐹Adv =

(

𝑢𝑢
𝜕𝜕O2

𝑑𝑑𝑑𝑑

)

+

(

𝑣𝑣
𝜕𝜕O2

𝑑𝑑𝑑𝑑

)

 (4)

where 𝐴𝐴 𝐴𝐴 is longitudinal change (m s −1), 𝐴𝐴 𝐴𝐴 is latitudinal change (m s −1), and 𝐴𝐴
𝜕𝜕O2

𝑑𝑑𝑑𝑑
 and 𝐴𝐴

𝜕𝜕O2

𝑑𝑑𝑑𝑑
 are change in oxygen 

concentration in the longitudinal and latitudinal directions (μmol kg −1 m −1), respectively. PQ is photosynthetic 
quotient, and ASEML is air-sea exchange within the mixed layer. A polar-specific photosynthetic quotient of 1.3 
was used (Laws, 1991). Air-sea exchange was calculated according to Liang et al. (2013) accounting for bubble 
injection, using wind speed data (m s −1) and pressure (pascals) data from the National Centers for Environmental 
Prediction (NCEP) Reanalysis 1 product (2.5° × 2.5° resolution; Kalnay et al., 1996), and gas transfer velocity 
coefficients from Wanninkhof (1992). When calculating NCP within the mixed layer, calculation of the entrain-
ment flux is necessary, but given all mixed layers on our calculation days are above 100 m, we have omitted 
this term (Emerson et al., 2008). Additionally, we assume lateral mixing and vertical advection to be negligible 
compared to the other terms and thus omit it (see Alkire et al., 2014). All variables were converted to units of g 
C m −2 d −1 for final NCP rates.

2.3. Changes in POC Through Time

To assess POC accumulation and removal, we analyzed temporal changes in POC from 0 to 240 m (mean water 
column depth was ca. 700 m). Because the optical puck was turned off below 250 m, depths below 240 m were 
not evaluated. Change in POC concentration over time was calculated as:

𝜕𝜕POC

𝜕𝜕𝜕𝜕
= ∫

240

0

𝜕𝜕POC

𝜕𝜕𝜕𝜕
− 𝐹𝐹Adv (5)

where 𝐴𝐴 ∫ 240
0

𝜕𝜕POC

𝜕𝜕𝜕𝜕
 is the change in integrated POC concentration for both Day 1 and 5 (Alkire et al., 2014). 𝐴𝐴 𝐴𝐴Adv 

is calculated in the same manner as in Equation 2 but with 𝐴𝐴 POC in each equation instead of 𝐴𝐴 O2 (Table S2 in 
Supporting Information S1). 𝐴𝐴 𝐴𝐴𝐾𝐾𝑧𝑧

 is omitted from the 𝐴𝐴
𝜕𝜕POC

𝜕𝜕t
 equation because the influence of vertical diffusion on 

particulate matter is assumed to be negligible (Alkire et al., 2014).

2.4. Calculation of POC Export Potential

We used our NCP rates and 𝐴𝐴
𝜕𝜕POC

𝜕𝜕𝜕𝜕
 to investigate the POC export potential through a modified version of the equa-

tion of Cassar et al. (2015):

ExportPOC = NCP −
𝜕𝜕POC

𝜕𝜕𝜕𝜕
 (6)
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where ExportPOC is POC export from the surface layer. However, because we are in non-steady state conditions, 
NCP is not equivalent to export. Therefore, we define 𝐴𝐴 Export∗

POC
 as:

Export∗
POC

= NCP −
𝜕𝜕POC

𝜕𝜕𝜕𝜕
 (7)

where 𝐴𝐴 Export∗
POC

 is POC export potential, a measure of how much POC remains in the surface layer and is 
exported and/or remineralized over time (Sweeney et al., 2000). Traditionally, 𝐴𝐴

𝜕𝜕DOC

𝜕𝜕𝜕𝜕
 would be included in Equa-

tion 7, but due to lack of data, dissolved organic carbon (DOC) production is omitted from our estimates.

2.5. Uncertainty

An uncertainty associated with our estimates arises from the in situ calibration of the glider sensors. The Optode 
was factory calibrated, but because oxygen was not intended to be a key parameter of interest for analysis, no 
Winkler titration oxygen samples were taken. Given we are using changes in oxygen concentrations for our 
analysis, discrete oxygen concentrations are not of primary interest, and 𝐴𝐴 𝐴𝐴O2 estimates are still accurate (B. Y. 
Queste et al., 2015). However, caution should be taken when analyzing dissolved oxygen concentration trends 
(Figure 4) as these values may overestimate concentrations given the uncertainty on factory calibrated Optodes 
can be high (Bittig et al., 2018). In situ POC and fluorescence samples were collected upon glider deployment and 
recovery and were used to calibrate the Echo Sounder and ECO Triplet Puck (Figures S3 and S4 in Supporting 
Information S1). Representative relationships were developed, but given the relatively few calibration samples 
and dynamic nature of the study environment, this presents another source of uncertainty. Additionally, euphotic 
zone depths were calculated based on chlorophyll concentration (Morel, 1974) rather than photosynthetically 
active radiation, and as such are likely to be influenced by chlorophyll changes associated with phytoplankton 
physiology. However, because euphotic zone depths are provided for ecosystem context but not incorporated into 
our rate calculations, this does not factor in as an uncertainty within our estimates.

Another large source of uncertainty in our estimates of NCP is associated with the air-sea exchange calculation 
(Naegler et al., 2006). To estimate NCP uncertainty, we used upper (±71%) and lower bound (±34%) uncer-
tainties previously reported for Kz as well as reported uncertainties associated with the bubble parameterization 
(±7–10%) and Schmidt number (±7–10%) in the air-sea exchange model (Yang et al., 2017). To account for 
uncertainties associated with the calibration between glider and CTD O2 measurements, we used the offset at time 
zero (i.e., the y-intercept; Yang et al., 2017) of ±5.5%. We then propagated the individual variable errors to gener-
ate one error estimate for the NCP mass balance equation. This approach gave us an uncertainty of ±38.0–73.2% 
for NCP. We present the average of ±55.6% as the light gray shaded region on Figure 6. The same approach was 
taken to calculate the uncertainty associated with 𝐴𝐴

𝜕𝜕POC

𝜕𝜕𝜕𝜕
 but substituting the offset between glider and CTD O2 

concentrations for POC concentrations, giving an uncertainty of ±12.6%.

As was previously mentioned, the lack of available DOC data constitutes another uncertainty. However, DOC 
generation during photosynthesis is typically a minor fraction of phytoplankton production during active growth 
(Carlson et al., 2000; Hansell & Carlson, 1998; Sweeney et al., 2000). Provided that DOC production is low, 
this parameter is considered a small component of NCP and thus unlikely to influence our estimates (Cassar 
et al., 2015). However, given the lack of DOC data, the calculated 𝐴𝐴 Export∗

POC
 may be a slight overestimate.

Finally, we are assessing temporal changes outside of a Lagrangian framework. By calculating advective fluxes, 
we are separating out spatial biases associated with variable water masses (Alkire et al., 2014). However, due to 
unavoidable microscale variability, some biases may still occur and cause slight over- or underestimations.

3. Results
3.1. POC Concentrations

POC concentrations were relatively low in early December (average of 241 mg C m −3 at the surface during 
Phase 1; Table 1) and showed a typical biological profile, with the greatest vertical decrease from the base of the 
euphotic zone to 50 m (Figures 2–4). The mean euphotic zone depth derived from chlorophyll concentrations was 
19.8 m during this period; average euphotic zone integrated chlorophyll was 80.6 mg Chl a m −3 (Figure S5 in 
Supporting Information S1). Concentrations of POC in the upper 150 m always decreased with depth (Figures 3 
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and 4). Patterns of POC changes were consistent in the upper 100 m but were 
dampened and temporally uncoupled below 150 m. Surface concentrations 
in the upper 50  m increased due to phytoplankton production, and nearly 
doubled between Phases I and II (Figures 3 and 4). Similarly, POC concen-
trations at 100  m increased by 62% over the same period. Concentrations 
at depth (≥150 m) during Phase I were nearly invariant and low (ca. 55 mg 
C m −3), but increased slightly during Phase II, and reached a maximum in 
Phase III before declining (Figures 3 and 4). The greatest change in POC 
concentrations occurred between 100 and 150 m, where they decreased by 
7%–46% through time (Figure 4). The increases at 150, 200, and 240 m from 
the beginning of Phase I to their maximum represented increases of 38%, 
32%, and 26%, respectively. During Phase III, the vertical profiles were less 
uniform and exhibited greater variability from the euphotic zone through 
150 m.

Abrupt changes to POC concentrations (e.g., 10 and 29 December, 18, 21, 
and 25 January, and 3 February) corresponded to perturbation events (i.e., 
periods of enhanced wind speeds (>10 m s −1 and rapid mixed layer deep-
ening (>70 m); Figures 3–5). Average mixed layer depths were 32, 35, and 
47 m for Phases I, II, and III, respectively (Table 1), but were highly variable 
(standard deviations were 13.4, 22.6, and 23.5 m for Phases I, II, and III, 

respectively) during these high wind events. Abrupt changes in mixed layer depth appear temporally uncoupled 
to substantial changes in temperature and salinity (Figure S6 in Supporting Information S1), suggesting these 
changes are unlikely caused by heat loss or gain. These increased mixed layers in Phase III corresponded to 
increased surface to 100 m POC concentration variability.

3.2. Net Community Production

NCP varied considerably over the course of the bloom, as the rates ranged from −3.79 to 4.88 g C m −2 d −1; the 
mean for the entire study was 0.05 ± 2.75 g C m −2 d −1 (Figure 6). NCP showed substantial variability within and 
across phases, frequently changing between net heterotrophy and net autotrophy (Figure 6). Highest production 
occurred within Phase II with an average NCP rate of 1.66 g C m −2 d −1. Phases I and III average NCP rates were 
−1.53 and −0.50 g C m −2 d −1, respectively (Figure 6). Initial NCP from 1 December to 5 December was low 
before a temporary increase by 10 December, followed by a substantial decline (>−3 g C m −2 d −1) that continued 
for the rest of Phase I. Phase II rates of NCP were consistently higher (on average 3.19 g C m −2 d −1) than Phase 
I rates. Maximum rates of NCP occurred from 16 December to 20 December, immediately before the period of 
maximum POC concentrations. Phase III rates of NCP showed a significant decline from Phase II rates (−2.16 g 

Phase I II III

POC at 0 m 241 347 235

POC at 25 m 154 267 233

POC at 50 m 105 202 194

POC at 75 m 90.8 160 153

POC at 100 m 80. 9 125 108

POC at 150 m 67.0 69.1 80.9

POC at 200 m 57.1 49.7 67.2

POC at 240 m 53.7 56.4 63.8

Zeu (m) 19.8 29.6 56.7

MLD (m) 31.9 35.1 46.7

Note. Average euphotic zone depths (Zeu) and mixed layer depths (MLD) for 
each phase are also listed.

Table 1 
Mean Particulate Organic Carbon Concentrations (POC; mg C m −3) From 
0–240 m in All Phases

Figure 2. Vertical particulate organic carbon concentrations (mg C m −3) in Phase I, Phase II, and Phase 3. Profiles were calculated by taking the average concentration 
at 0, 25, 50, 75, 100, 150, 200, and 240 m from all glider up- and down-casts during each day.
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C m −2 d −1) and had the greatest variability, ranging from −3.79–4.23 g C m −2 d −1. The 1–17 January rate was 
the lowest NCP of the entire period and resulted from a steady decrease in biological oxygen concentrations 
(−0.41 mol O2 m −2 d −1) from 8 January to 17 January (Figure 4a). The high degree of variability over the course 
of the bloom is consistent with what we expected in this dynamic, non-steady state system.

Air sea-exchange drove substantial fluctuations in NCP; large declines in NCP are associated with high winds 
(>5 m s −1, Figure 5) and substantial changes in mixed layer depth. Estimated air-sea exchanges ranged from 
−0.02 to 0.09 mol O2 m −2 d −1 and averaged 0.01 ± 0.03 mol O2 m −2 d −1 (or averaged 0.05 ± 0.24 g C m −2 d −1; 
Figure 7; Table S1 in Supporting Information S1). The large and apparently continuous decline in NCP at the end 
of Phase III was driven by increased winds and increased frequency of strong events (18, 21, and 25 January).

Advective fluxes (𝐴𝐴 𝐴𝐴Adv ) were not negligible, ranging from −0.02 to 0.01 mol O2 m −2 d −1 (−0.21 to 0.11 g C 
m −2 d −1) over the course of the bloom, with highest values measured during Phase II (Figure 7; Table S1 in 
Supporting Information S1). Average 𝐴𝐴 𝐴𝐴𝐾𝐾𝑧𝑧

 were comparable to 𝐴𝐴 𝐴𝐴Adv , ranging from −0.01 to 0.01 mol O2 m −2 d −1 
(−0.12 to 0.11 g C m −2 d −1; Figure 7; Table S1 in Supporting Information S1). The changes induced by physical 
transport mechanisms were highly variable but on average were still 1–2 orders of magnitude less than those of 
total dissolved oxygen change, suggesting that the majority of oxygen dynamics within the Ross Sea productive 
period were driven by biological processes.

3.3.  

Throughout the bloom 𝐴𝐴
𝜕𝜕POC

𝜕𝜕𝜕𝜕
 ranged from −1.61 to 2.84 g C m −2 d −1 and averaged 0.22 ± 1.24 g C m −2 d −1 

(Figure  6). Phase averages were −0.10, 0.93, and −0.22  g C m −2 d −1 for Phases I, II, and III, respectively 
(Figure 6). In this context, negative 𝐴𝐴

𝜕𝜕POC

𝜕𝜕𝜕𝜕
 indicates an increase in POC concentrations due to substantial NCP 

within the upper 240 m from Day 1 to Day 5. On average POC accumulated within the water column during 
Phase I and Phase III, whereas POC decreased during Phase II. Highest rates of 𝐴𝐴

𝜕𝜕POC

𝜕𝜕𝜕𝜕
 coincided with the periods 

of highest POC concentrations in the upper 100 m. Despite substantial variability, the average 𝐴𝐴
𝜕𝜕POC

𝜕𝜕𝜕𝜕
 remained 

positive, that is, average POC was decreasing.

Highest rates of 𝐴𝐴
𝜕𝜕POC

𝜕𝜕𝜕𝜕
 in the top 240 m were 2.84 g C m −2 d −1 and were observed 5 days after the highest NCP 

during 16–20 December, suggesting a slight temporal uncoupling between the two (Figure  6). Paired t-tests 
between NCP and 𝐴𝐴

𝜕𝜕POC

𝜕𝜕𝜕𝜕
 per phase and over the course of the bloom yielded p-values all greater than >0.1 suggest-

ing that production and export dynamics are not significantly correlated. These processes are coupled ecologi-
cally, but are likely statistically uncoupled due to a variety of confounding factors (small numbers of data points 

Figure 3. Discrete daily particulate organic matter concentrations (mg C m −3) of a given depth from 1 December to 6 
February. Dashed gray lines indicate the phase dates. Concentrations from all of the glider dives on a given day were averaged 
into one value per depth per day.
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(14 per NCP and 𝐴𝐴
𝜕𝜕POC

𝜕𝜕𝜕𝜕
 , respectively), changing remineralization length scales for Phaeocystis vs. diatoms, and 

varying levels of biomass in the surface). Additionally, the limited duration over which we evaluate the parame-
ters likely influenced the statistical relationships and thus underscores the need to evaluate production and export 
dynamics on complete seasonal or annual timescales.

3.4. POC Export Potential

The average 𝐴𝐴 Export∗
POC

 was −0.17 g C m −2 d −1 (Figure 6). Trends in 𝐴𝐴 Export∗
POC

 were consistent with trends in 
NCP, with 𝐴𝐴 Export∗

POC
 being high (0.73 g C m −2 d −1) during Phase II, lower during Phase III (−0.28 g C m −2 d −1), 

and lowest during Phase I (−1.43 g C m −2 d −1; Figure 6). However, peak 𝐴𝐴 Export∗
POC

 occurred during Phase III 
between 18 January and 22 January when NCP has high and 𝐴𝐴

𝜕𝜕POC

𝜕𝜕𝜕𝜕
 was low. 𝐴𝐴 Export∗

POC
 was highly variable (similar 

to NCP), with values ranging from −2.70 to 4.57 g C m −2 d −1 (Figure 6). Negative 𝐴𝐴 Export∗
POC

 is driven by negative 
NCP (i.e., a decrease in production due to physical forcing or high community respiration rates), and can result 
from physical or biological changes in the upper 100 m. The high percentage (>60%) of periods with negative 

𝐴𝐴 Export∗
POC

 likely results from highly variable NCP rates and temporal decoupling between NCP and 𝐴𝐴
𝜕𝜕POC

𝜕𝜕𝜕𝜕
 during 

temporary periods of net heterotrophy.

Figure 4. Temporal patterns of dissolved oxygen concentrations (μmol kg −1), oxygen saturation (%), and particulate organic carbon concentrations (mg m −3) in the 
upper 240 m from the glider transect. Dashed lines indicate mixed layer depths.
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4. Discussion
While the dynamics of the Ross Sea annual productive period have been well studied (Schine et al., 2015; Smith 
et al., 2000, 2013), logistical challenges have prevented most fine-scale studies, although a few high-resolution 
analyses have been completed (Hales & Takahashi, 2004). This study represents the highest resolution analysis 
of POC distributions within the Ross Sea austral spring and summer to date. Our POC profiles demonstrate the 
progression of the annual productive period (Figures 2 and 3); the accumulation (Phase I), maxima (Phase II), 
and its decline (Phase III) likely correspond to the progression of the spring Phaeocystis bloom, as well as the 
subsequent export of organic material from the surface to deeper waters (Figure 2; Jones & Smith, 2017; Smith 
et al., 2000). The change from an exponential decline below the mixed layer in Phase I to the decreases in Phases 
II and III is a function of the large POC changes below 50 m (Figure 2). The increase in POC concentrations at 
50 and 100 m from Phase I to Phase II was substantial (ca. 100%–150% more in Phase I than in II; Table 1), and 
almost certainly results from a large mass of sinking particles from the euphotic zone. The profiles in the begin-
ning of Phase III exhibit the same general shape as profiles in Phase II, but they show increased variability in the 
upper 100 m concentrations and a decoupling of concentrations between the surface to upper 100 m (Figure 2). 
Concentrations also decrease from 100 to 150 m over time, but return to consistently low values at 240 m by 
late Phase III. We suggest that the decrease in 0–25 m POC concentrations during this period (13 January 13–1 
February) likely reflected a period of increased, wind-driven, vertical mixing that induced export of water from 
the surface, thus enhancing POC export. The mechanism for initiating increased export is unclear, but it is possi-
ble that an increased number of particle interactions in a turbulent environment led to the formation of larger, 
more  rapidly sinking aggregates (Burd & Jackson, 2009).

Throughout our study, the 200–240 m average POC concentrations slowly increased through time and reached 
maximum values in Phase III (Table 1). This suggests that from 50–200 m 𝐴𝐴

𝜕𝜕POC

𝜕𝜕𝜕𝜕
 occurred at a faster rate than 

those at 240 m. Through a variety of techniques, previous studies have suggested substantial remineralization of 
P. antarctica in the upper 100–150 m, consistent with our findings (Asper & Smith, 2019; Jones & Smith, 2017; 
Reigstad & Wassmann, 2007). Conversely, diatom-associated carbon is thought to be remineralized less rapidly, 
since the carbon associated with the siliceous tests may sink more rapidly than does non-silica associated organic 
material and therefore reach greater depths (Twinning et al., 2014), although this may not be universally true 
(Yasuda et al., 2016).

There was a slight increase in POC concentrations (∼10 mg C m −2 d −1) from 200 to 240 m (Figure 3, Table 1). 
During Phase III the average POC in the upper 100 m decreased (Figure 3), coinciding with substantial increases 
in POC at 150, 200, and 240 m (11, 18, and 21 mg C m −2; Table 1) and decreases in oxygen concentrations and 

Figure 5. Daily surface particulate organic carbon concentrations (mg C m −3; black line), average wind speeds (m s −1; red 
line), and mixed layer depths (m; blue line) from 1 December to 6 February. Wind speed data are from the National Centers 
for Environmental Prediction Reanalysis 1 product (Kalnay et al., 1996). Dashed gray lines indicate the phase.
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saturation in the upper 100 m (Figure 4). The changes in POC and oxygen concentrations suggest an increase in 
heterotrophic remineralization of POC in the upper 100 m. Ducklow et al. (2001) found that bacterial biomass 
was greatest during late January throughout the upper 300 m of the water column, and Caron et al. (2000) also 
found that microzooplankton abundance reached a maximum at the same time. The seasonal patterns of both of 

Figure 6. Temporal patterns of net community production (NCP; mg C m −2 d −1), 𝐴𝐴
𝜕𝜕POC

𝜕𝜕𝜕𝜕
 (mg C m −2 d −1), and particulate 

organic carbon export potential (𝐴𝐴 Export∗
POC

 ; mg C m −2 d −1) calculated over five day increments from 1 December to 6 
February. Phases are designated with dashed lines. Uncertainty estimates are represented in light gray for NCP and dark gray 
for 𝐴𝐴

𝜕𝜕POC

𝜕𝜕𝜕𝜕
 .

Figure 7. Temporal patterns of the different flux parameters (in units of g C m −2 d −1) that compose the 𝐴𝐴
𝜕𝜕POC

𝜕𝜕𝜕𝜕
 and net 

community production calculations calculated over five day increments from 1 December to 6 February. The top panel 
includes all parameters: 𝐴𝐴 ∫ 240

0

𝜕𝜕POC

𝜕𝜕𝜕𝜕
 (labeled as 𝐴𝐴

𝜕𝜕POC

𝜕𝜕𝜕𝜕 240), advective flux (𝐴𝐴 𝐴𝐴Adv ) for POC, 𝐴𝐴 ∫ 100
0

𝜕𝜕O2

𝜕𝜕𝜕𝜕
 (labeled as 𝐴𝐴

𝜕𝜕O2

𝜕𝜕𝜕𝜕
 ), vertical eddy 

diffusion flux (𝐴𝐴 𝐴𝐴𝐾𝐾𝑧𝑧
 ) for O2, advective flux (𝐴𝐴 𝐴𝐴Adv ) for O2, and air-sea exchange (𝐴𝐴 ASEML ). 𝐴𝐴 ∫ 240

0

𝜕𝜕POC

𝜕𝜕𝜕𝜕
 and 𝐴𝐴 ∫ 100

0

𝜕𝜕O2

𝜕𝜕𝜕𝜕
 are removed in 

the bottom panel to allow for trends associated with the other fluxes to be more apparent on a smaller scale. Vertical lines 
indicate different phases.
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these heterotrophic assemblages are consistent with the late summer decreases in POC that we observed in the 
upper 100 m, which must have resulted from heterotrophic processes.

The Ross Sea is a region of substantial primary production, with annual rates exceeding 200 g C m −2 (Smith & 
Kaufman, 2018; Smith et al., 2006). Estimating rates of NCP are crucial in assessing system dynamics follow-
ing enhanced productivity as well as POC export potential. Previous studies have calculated NCP rates through 
carbon budgets (Bates et al., 1998; Sweeney et al., 2000), nutrient deficits (Smith, Shields, et al., 2011; Sweeney 
et al., 2000), and O2/Ar ratios (Long et al., 2011). Previous NCP estimates are highly variable, ranging from 
0.13 g C m −2 d −1 to 96 g C m −2 over the productive season (Long et al., 2011; Smith et al., 2006). These rates 
are comparable, albeit slightly lower than our values and may be due to interannual variability, methodologi-
cal differences (including longer integration times associated with oxygen-based productivity estimates; Cassar 
et al., 2009), and/or lower resolution sampling. Previously reported ratios of NCP: primary production suggest 
low rates of community respiration and substantial particulate matter accumulation (i.e., export potential) in the 
upper water column, consistent with our findings (Long et al., 2011; Smith et al., 2006; Sweeney et al., 2000). 
Substantial biomass retention may suggest that loss processes are highly variable in time (Smith et al., 2006), 
and during the seasonally productive period, rates of production and accumulation greatly exceed rates of loss 
processes.

Export has also been known to be linked to surface phytoplankton composition and physiology (Bach et al., 2016; 
Burd & Jackson, 2009; Guidi et al., 2009). The southern Ross Sea is known to support a spring bloom of P. 
antarctica, which generally is followed by the growth of diatoms (Smith, Ainley, et al., 2014). This pattern is 
reflected in the POC:chl ratios (Kaufman et al., 2014; Smith & Kaufman, 2018); that is, the initial P. antarctica 
bloom has “normal” values, but diatoms have greatly elevated ratios as an adaptation to growth in an iron-limited 
environment (Ryan-Keogh & Smith, 2021). Our glider data confirm this pattern (Figures S5 and S7 in Supporting 
Information S1), and from this we infer that Phaeocystis dominated Phases I and II and diatoms became much 
more prevalent in Phase III. The trends observed during the Phaeocystis-dominated portion of the bloom may 
result from unique and contrasting export dynamics associated with the different morphotypes of Phaeocystis. 
Single Phaeocystis colonies and ghost colonies can sink quickly while single cells likely do not sink (Asper & 
Smith, 2019; DiTullio et al., 2000). Colonial forms appear labile and subject to substantial bacterial reminerali-
zation in the upper 300 m (Asper & Smith, 2019). Additionally, the decrease in biological oxygen concentrations 
coincident with the shift from the Phaeocystis to diatom dominated assemblage may suggest active reminerali-
zation of the Phaeocystis.

The presumed change in taxonomic composition corresponds to a decoupling between 𝐴𝐴
𝜕𝜕POC

𝜕𝜕𝜕𝜕
 and NCP from Phase 

II to III. In Phases I and II, changes in 𝐴𝐴
𝜕𝜕POC

𝜕𝜕𝜕𝜕
 appears to lag changes in NCP slightly, consistent with what has been 

observed in sediment trap data and model studies (Figure 6; Kaufman et al., 2017; Smith, Shields, et al., 2011). 
However, when composition shifts to a predominance of diatoms in Phase III, changes in 𝐴𝐴

𝜕𝜕POC

𝜕𝜕𝜕𝜕
 appear to lag 

changes in NCP by a much longer period (∼28–50 days; Smith & Dunbar, 1998; Smith, Shields, et al., 2011). 
The variability we observed in 𝐴𝐴

𝜕𝜕POC

𝜕𝜕𝜕𝜕
 during Phase III, particularly from 100 to 200 m, may have resulted from 

the spatially variable growth of diatoms and changes to sinking and remineralization length scales, resulting in 
a more complex pattern of POC concentration change. While assessing the role of the different taxa on carbon 
export is outside the realm of this study, the potential influence of diatoms presents interesting implications for 
future changes to the Ross Sea biological pump, given that diatom populations may increase in coming decades 
(Kaufman et al., 2017). Overall, taxonomic composition appears to be a dominant factor in regulating export 
dynamics, and the peak 𝐴𝐴

𝜕𝜕POC

𝜕𝜕𝜕𝜕
 during the period of presumed Phaeocystis dominance would lend support to chal-

lenges to the theory that large, dense cells (such as diatoms) dominate export processes (Cassar et al., 2015; S. A. 
Henson et al., 2021; Juranek et al., 2020).

Higher export rates can result from zooplankton ingestion of phytoplankton and production of fecal pellets (as 
well as the release of partially ingested particles via sloppy feeding; Steinberg et al., 2008), and zooplankton graz-
ing is strongly regulated by phytoplankton composition. In the Ross Sea, P. antarctica is generally considered 
to be unpalatable and avoided by most mesozooplankton (Smith, Ainley, et al., 2014), although in situ grazing 
estimates are lacking. Microzooplankton herbivory on colonial P. antarctica is nearly zero (Caron et al., 2000). 
Mesozooplankton abundance and grazing in the Ross Sea are considered to have minor impacts on phytoplank-
ton biomass (Smith, Ainley, et al., 2014), although sediment traps have recorded a substantial number of fecal 
pellets late in the summer (Dunbar et al., 1998; Smith, Shields, et al., 2011). Rapidly sinking particles would 
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rarely be observed in glider POC profiles, and based on our carbon budgets, likely do not constitute a major 
component of POC export on a seasonal basis, a conclusion generalized for much of the ocean (Turner, 2002). 
Export also includes passive sinking of intact cells and of aggregates that sink more rapidly than solitary cells 
(Asper & Smith, 1999). Passively sinking senescent P. antarctica colonies likely are a significant component of 
our rates of 𝐴𝐴

𝜕𝜕POC

𝜕𝜕𝜕𝜕
 , especially in the upper 150 m during Phases I and II. Aggregates also likely contribute substan-

tially to the 𝐴𝐴
𝜕𝜕POC

𝜕𝜕𝜕𝜕
 , as aggregate POC accounted for ca. 20% of the total POC in the southern Ross Sea (Asper & 

Smith, 1999, 2019).

Previous studies have calculated carbon export potential in the Ross Sea during austral summer (Hansell & 
Carlson, 1998; Sweeney et al., 2000). Sweeney et al. (2000) calculated a total carbon export potential of 81% 
of NCP.  Various other studies have calculated carbon export in the Ross Sea through direct-sampling meth-
ods, such as sediment traps (Collier et  al.,  2000; Dunbar et  al.,  1998; Langone et  al.,  1997; Smith, Shields, 
et  al.,  2011) and thorium measurements (Cochran et  al.,  2000). Significant methodological differences exist 
among these  and  autonomous assets and have led to export rates calculated via a mass balance being substantially 
larger than those estimated from sediment traps. Given our study ended in early February and the known lags 
between production and export, this study misses the final diatom reduction, making calculations of the ratio of 
seasonal POC export potential to NCP difficult. However, a coupling between temporal NCP and POC export 
potential dynamics and substantial 𝐴𝐴

𝜕𝜕POC

𝜕𝜕𝜕𝜕
 over the seasonal period is evident. Thus, high NCP and high POC export 

potential suggest that overtime, total net 𝐴𝐴
𝜕𝜕POC

𝜕𝜕𝜕𝜕
 will be large.

The variable but high NCP, high POC export potential, and the substantial decline in POC concentrations from 
the upper 100–240 m we derived suggest low biological carbon pump efficiency, similar to previous estimates 
from other regions of the Southern Ocean (Buesseler et al., 2020; S. Henson et al., 2019). Sweeney et al. (2000) 
found that only 27% of NCP was exported below 100 m, although substantial variability was also present (±25%). 
These results are consistent with the substantial upper water column remineralization we observe, underscoring 
the episodic nature of carbon export dynamics within the Ross Sea and how export pulses can be unresolved when 
calculating seasonal (or even short-term) averages. Therefore, in highly dynamic environments like the Southern 
Ocean, it is particularly important to assess NCP, 𝐴𝐴

𝜕𝜕POC

𝜕𝜕𝜕𝜕
 , and POC export potential through temporal patterns rather 

than by seasonal averages.

One advantage of estimating POC dynamics from glider data is that it allows us to estimate changes in vari-
ous portions of the water column instead of those for the entire water column. PAR and fluorescence sensors 
on gliders also allow the calculation of specific euphotic zone depths and mixed layer depths, enabling better 
understanding of the potential processes influencing export potential than are generally possible with fixed meas-
urements (Buesseler et al., 2020). Our results indicate that POC removal processes (i.e., remineralization, flux 
to depth) within the water column are non-uniform in time. This is likely biologically driven because primary 
production, microbial remineralization, and taxonomic controls on sinking rates all vary in time.

The overall, 𝐴𝐴
𝜕𝜕POC

𝜕𝜕𝜕𝜕
 from 0 to 240 m ranges from −1.61 to 2.84 g C m −2 d −1, and 𝐴𝐴 Export∗

POC
 ranges from −2.70 to 

4.57 g C m −2 d −1 (Figure 6). The December–February period is responsible for 90% of Ross Sea annual primary 
production, although export of POC may be delayed in time (Sweeney et al., 2000). Our high 𝐴𝐴 Export∗

POC
 relative 

to NCP suggests active remineralization but an overall accumulation of POC. However, export and 𝐴𝐴 Export∗
POC

 
appear to be slightly decoupled but temporally dependent; evidence of high export efficiency to depths below 
200 m in the Ross Sea in the early autumn have been reported (February–March; DeJong et al., 2017). Although 
substantial changes in primary productivity and assemblage composition make it necessary to consider the Ross 
Sea phytoplankton bloom dynamics dependent temporal trends, the high rates of NCP and accumulation of POC 
within the upper water column throughout the productive period reinforce the conclusion that the Ross Sea plays 
an important role in Southern Ocean and global carbon cycling.

In addition to the roles taxonomy and trophic interactions play in controlling NCP, 𝐴𝐴
𝜕𝜕POC

𝜕𝜕𝜕𝜕
 , and 𝐴𝐴 Export∗

POC
 , the vari-

able mixed layer depth appears to be a substantial control on production and export dynamics. Previous studies 
have highlighted the need to consider seasonal fluctuations of the mixed layer and the redistribution of organic 
matter throughout the water column, particularly at high latitudes (Dall’Olmo et al., 2016). Our results support 
these findings as substantial declines in NCP, and subsequently 𝐴𝐴

𝜕𝜕POC

𝜕𝜕𝜕𝜕
 and 𝐴𝐴 Export∗

POC
 , occur during the periods 

21–25 December to 26–30 December and 18–22 January to 23–27 January when mixed layers deepen dramat-
ically (−71.8 and −91.5 m) over short time periods (approximately 4–6 days; Figure 5). During these periods, 
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air-sea exchanges also change substantially due to wind impacts on the in- and out-gassing of oxygen (Table S1 
in Supporting Information S1). Highly variable mixed layer depths have been reported for the Southern Ocean 
(Ryan-Keogh & Smith, 2021; Salle et al., 2010; Smith et al., 2013) and the relationship between mixed layer 
depth, NCP, 𝐴𝐴

𝜕𝜕POC

𝜕𝜕𝜕𝜕
 , and 𝐴𝐴 Export∗

POC
 we observed is likely representative of typical biophysical dynamics in the 

Southern Ocean during the spring season.

The role of this “mixed layer pump” is an important but poorly characterized control on export in the biologi-
cal carbon pump. Our results highlight the importance of high-wind events on mixed layer depths and air-sea 
exchange and consequently, the impacts on POC distributions and NCP.  Deep and fluctuating mixed layers 
occur in other regions associated with high primary production such as the North Atlantic and Northwest Pacific 
(Dall’Olmo et al., 2016) and thus, the impacts of the mixed layer pump we found are comparable to those in other 
climatically important regions. However, in other systems wind forcing has been shown to enhance pulses of POC 
export, a process we did not observe (Lacour et al., 2019). Further investigation into the relationship between 
mixing dynamics and export processes, particularly utilizing high resolution sampling methods such as gliders to 
resolve changes on short time scales, is warranted.

5. Conclusions
Ross Sea POC concentrations and export potential to depth show substantial vertical and temporal changes due 
to shifts in surface POC concentrations, primary production, phytoplankton composition, and rates of biological 
remineralization. While more research is needed to fully evaluate the influence of each of these factors on export 
dynamics, our results represent an important step in quantifying Ross Sea POC change and export potential and 
their biological and physical controls. Our findings highlight the benefits that autonomous vehicles provide in 
enhancing observational capabilities, leading to a more comprehensive understanding of dynamics within tempo-
rally and vertically resolved frameworks as well as the role of lag times between processes when observed over 
finer scales. Further investigations on similar space and time scales are necessary to more accurately understand 
and model the biological pump and carbon cycle in other parts of the Southern Ocean, and to assess changes that 
will occur under future climate scenarios.

Data Availability Statement
All data is publicly available at the Biological and Chemical Oceanography Data Management Office: https://
www.bco-dmo.org/dataset/568868.
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