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The biological carbon pump (BCP) contributes to the oceanic CO2 sink by transferring particulate organic carbon 
(POC) into the deep ocean. The magnitude and efficiency of the BCP is likely to vary on timescales of days to 
seasons, however characterising this variability from shipboard observations is challenging. High resolution, 
sustained observations of primary production and particle fluxes by autonomous vehicles offer the potential to 
fill this knowledge gap. Here we present a 4 month, daily, 1 m vertical resolution glider dataset, collected in the 
high productivity bloom, downstream of South Georgia, Southern Ocean. The dataset reveals substantial tem-
poral variability in primary production, POC flux and attenuation. During the pre-bloom peak phase we find high 
export efficiency, implying minimal heterotrophic POC consumption, i.e. productivity is decoupled from upper 
ocean remineralisation processes. As the bloom progresses from its peak through its declining phase, export flux 
decreases, but transfer efficiency within the upper 100 m of the mesopelagic increases. Conversely, transfer 
efficiency in the lower mesopelagic decreases in the post-bloom phase, implying that the flux attenuation pro-
cesses operating in the upper and lower mesopelagic are effectively decoupled. This finding underscores an 
important limitation of using a single parameter, such as Martin’s ‘b’, to characterise POC flux attenuation in a 
given location or season. Frequent pulses of export flux are observed throughout the deployment, indicating 
decoupling between primary production and the processes driving export of material from the upper ocean. The 
mechanisms underlying the observed seasonal changes in BCP magnitude and efficiency are unclear, as tem-
perature and oxygen concentration changed minimally, although the nature of the sinking particles changed 
substantially as the bloom progressed. Our results highlight the difficulty of capturing temporal variability and 
episodic flux events with traditional shipboard observations, which affects our conceptual understanding of the 
BCP. The increasing use of autonomous vehicles to observe particle fluxes will be essential to characterising the 
temporal variability in magnitude and functioning of the BCP.   

1. Introduction 

The sinking of organic matter generated by primary producers out of 
the upper ocean and into the mesopelagic zone contributes to the 
oceanic sink of CO2. Without this biological carbon pump (BCP), at-
mospheric CO2 levels could be up to 50% higher than they currently are 
(Parekh et al., 2006). CO2 is fixed into particulate organic carbon (POC) 
through primary production (PP) in the ocean’s upper productive layer. 
A fraction of the POC sinks into the mesopelagic layer (termed export 

flux), where remineralisation of the material occurs through 
zooplankton and microbial activity. The remaining fraction of POC flux 
may be transferred out of the mesopelagic layer (setting the “efficiency” 
of the BCP) and the associated carbon may be stored out of contact with 
the atmosphere for decades to millennia. Temporal variability, over days 
to seasons, in the magnitude and efficiency of the BCP have been posited 
(e.g. Smetacek et al., 1978; Heimbürger et al., 2013; Giering et al., 2017; 
Henson et al., 2015), following the observation that the ‘input’ to the 
biological carbon pump (primary production) varies on daily to seasonal 
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timescales, as do factors contributing to the magnitude of export flux 
and its attenuation. Improved characterisation of the daily-to-seasonal 
variability in the BCP should shed light on the mechanistic drivers of 
BCP magnitude, and elucidate the role of episodic events in food supply 
to the mesopelagic and benthic ecosystems. 

However, temporal variability in BCP efficiency is very challenging 
to assess using conventional approaches (e.g. arrays of neutrally 
buoyant drifting sediment traps) as vertical profiles of fluxes are needed, 
and instruments must be deployed and recovered during research 
cruises which are limited to a few weeks’ duration, severely limiting the 
quantity and temporal coverage of data. The most recent compilation of 
direct observations of BCP efficiency made using arrays of drifting 
sediment traps comprises just 24 data points, all collected in the 
Northern Hemisphere over 1–3 day periods (Wiedmann et al., 2020), a 
very small number with which to characterise variability in a key 
climate regulation factor. Although compilations of hundreds of 234Th 
and drifting sediment trap profiles have generated global scale estimates 
of export flux and export efficiency (export flux/PP; Le Moigne et al., 
2013; Mouw et al., 2016), these data similarly suffer from significant 
sampling bias due to ship logistical constraints, cannot provide infor-
mation on (sub)seasonal variability, and furthermore do not measure 
deep sequestration flux. On the other hand, moored sediment traps can 
characterise deep (generally ≥2000 m) POC flux on hourly to 
inter-annual timescales (e.g. McGill et al., 2016; Hartman et al., 2021; 
Honda et al., 2002; Smith et al., 2018), but are geographically limited 
and cannot measure export flux or mesopelagic transfer efficiency. 

Despite the paucity of data, the importance of POC flux attenuation 
in the global carbon cycle has led to efforts to extrapolate the limited 
available data to the global scale, generally using satellite data (e.g. 
Guidi et al., 2015; Henson et al., 2012a,b; Marsay et al., 2015). These 
efforts have resulted in opposing predicted patterns in flux attenuation, 
with both strong attenuation at high latitudes (and low attenuation at 
low latitudes; Guidi et al., 2015; Henson et al., 2012a; Mouw et al., 
2016) and the exact opposite pattern being proposed (Cram et al., 2018; 
DeVries and Weber, 2017; Marsay et al., 2015). These contradictory 
predictions of how flux attenuation varies clearly highlight that our 
current understanding of an important planetary carbon flux is 
incomplete. 

Inherent in many of these extrapolations is the assumption that flux 
attenuation is temporally invariant, i.e. the value obtained for a specific 
region during a particular cruise or sampling campaign is assumed to be 
representative of the seasonal or annual mean. However, model studies 
suggest that overlooking temporal variability in export efficiency 
(export flux/PP) may lead to substantial errors in estimates of annual 
mean export of up to ± 60%, with highest values occurring in regions of 
strong seasonality (Henson et al., 2015). Similarly, estimates of the 
mesopelagic net organic carbon supply are also influenced by assuming 
time invariance, with net POC supply potentially overestimated 
(underestimated) by up to 25% before (after) the bloom peak in 
seasonally variable systems (Giering et al., 2017). 

Continuous, high frequency measurements of particle export and 
attenuation are clearly needed to resolve temporal variability and un-
derstand the uncertainties arising from overlooking it. Autonomous 
underwater vehicles have the potential to deliver this understanding, 
and evidence that temporal variability in flux attenuation may be sub-
stantial and regionally variable is starting to emerge from both 
biogeochemical Argo float and glider datasets. For example, in the 
northeast Atlantic, small-particle flux attenuation was found to be 
lowest in winter and high during the spring bloom (Bol et al., 2018), 
whereas in the subtropical Atlantic flux attenuation was lower during 
the bloom period than outside of it (Estapa et al., 2019). 

The GOCART project (Gauging Ocean organic Carbon Attenuation 
using Robotic Technologies) undertook a multi-month glider mission 
spanning spring and summer in a highly seasonally variable region of 
the Southern Ocean. The glider deployment overlapped with the 
COMICS cruise (Controls over Ocean Mesopelagic Interior Carbon 

Storage; Sanders et al., 2016), which ensured abundant in situ data for 
calibration and validation. The target region was an area downstream of 
South Georgia, an island in the Atlantic sector of the Southern Ocean, in 
the northern Scotia Sea. This region is a hotspot of biological produc-
tivity (and associated carbon export), fuelled by an island-derived iron 
supply, which supports a diverse food-web (e.g. Atkinson et al., 2001; 
Borrione and Schlitzer, 2013). This manuscript gives an overview of the 
South Georgia glider deployment and an assessment of the temporal 
variability in primary production, export flux and its attenuation in the 
mesopelagic over a 4-month period spanning the spring phytoplankton 
bloom. 

2. Methods 

2.1. Glider deployments 

Three gliders were deployed downstream of South Georgia, Southern 
Ocean near the long-term mooring site P3 (Manno et al., 2022) in 
conjunction with the COMICS1 cruise (DY086), which focused on 
sampling particle fluxes, the pelagic community and mesopelagic 
remineralisation processes. The region of our glider deployments was 
sampled from the RRS Discovery between 15 November and 15 
December 2017 in 3 sampling periods, or epochs: P3A from 15 to 22 
November 2017, P3B from 29 November to 5 December 2017, and P3C 
from 9 to 15 December 2017. 

A Seaglider was deployed on 19 October 2017 from the South 
Georgia fisheries vessel, Pharos. Two Slocum G2s were deployed sub-
sequently from the RRS Discovery on 15 November and 29 November 
2017. The Seaglider was recovered from the RRS Discovery on 2 
December 2017, with the two Slocums recovered on 13 February 2018 
from RRS James Clark Ross. The three gliders followed a triangular path 
with sides of ~12 km, centred on 52.75 ◦S, 40.16 ◦W (Fig. 1), with the 2 
Slocum gliders moving in opposite directions around the triangle. A 
complete circuit of the triangle was completed by a glider in ~3 days. 
Each glider was equipped with sensors for temperature, salinity, dis-
solved oxygen concentration, light, chlorophyll fluorescence and par-
ticulate optical backscattering at 700 nm (bbp700). Details of the sensors 
and sampling frequency of each glider are in Table S1. Of note is that the 
Seaglider, which was initially sampling our region solo, had lower 
sampling frequency than the Slocum gliders, leading to lower precision 
(greater variability) in the flux estimates prior to 15 November. 

The Supplementary Material provides details of the inter-calibration 
of the 3 glider datasets (section S1), calibration of the glider data against 
CTD samples (section S2), and non-photochemical quenching correction 
(section S3). 

2.2. Glider-derived primary production estimates 

Glider-derived PP values were computed following the approach of 
Mignot et al. (2018) for biogeochemical-Argo data. This approach uses a 
bio-optical model to estimate daily-averaged, depth-integrated rates of 
PP based on glider vertical profiles of temperature, light, and chloro-
phyll concentration, as well as two prescribed photosynthesis parame-
ters. The model resolves the daily time dependence of sea surface 
incoming solar radiation but it assumes that mixed layer depth, light 
attenuation coefficient (K), and chlorophyll concentration are constant 
during a single day. The two photosynthesis parameters are the 
chlorophyll-specific initial slope of the photosynthesis-irradiance curve, 
αB (mgC mgChl− 1 s− 1/μmol photons m− 2 s− 1) and the maximum 
chlorophyll-specific light-saturated photosynthesis Pb

max (mgC mgChl− 1 

s− 1), which is calculated as an exponential function of Pb
max at 20 ◦C and 

the mixed layer-averaged potential temperature with a Q10 of 2. Based 
on in situ shipboard 14C incubations, αB is set to 11.67*10− 6 (mgC 
mgChl− 1 s− 1)/(μmol photons m− 2 s− 1) and Pb

max (20 ◦C) is set to 
0.45*10− 3 mgC mgChl− 1 s− 1. Finally, the depth integration is performed 
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over the greater of the mixed layer or the euphotic layer depth, where 
the euphotic layer depth is computed as -log(0.01)/K. We determined 
the uncertainty in our PP estimates by using the standard deviation in 
Pb

max and αB measured during the cruise (n = 9), which produced an 
uncertainty in PP of ±40%. We nevertheless suggest that our approach 
results in less uncertainty than using satellite-derived PP estimates (the 

only other means of assessing time-resolved variability in PP). 
Satellite-based estimates use only surface data and global photosyn-
thetic parameters, whereas we are able to use full profiles of in situ glider 
data and regional photosynthetic parameters. Additionally, the tempo-
ral variability in the uncertainty estimates varied only fractionally 
(±1%) and so we conclude that the variations in PP are independent of 

Fig. 1. a) Region of study area in the vicinity of 
South Georgia, Southern Ocean. Contours mark 
depths of 500, 1000, 2000, and 3000 m. Red star 
marks the location of the glider survey. b) Close-up of 
study region showing the locations of each glider 
surfacing in the period 19th October 2017–13th 
February 2018. Red dots mark the nominal glider 
waypoints at the corners of the survey triangle. c) 
Glider-derived chlorophyll concentration in the 5–10 
m depth bin (red line), satellite chlorophyll data 
(MODIS-AQUA 4 km, 8 day resolution) for 
2017–2018 (blue line) and the climatological mean of 
2012–2020 (black line). Shading and arrows repre-
sent the deployment and recovery times of the 3 
gliders used in this study.   

Fig. 2. a-c) Comparison of shipboard flux profiles 
measured by Marine Snow Catcher (MSC; red 
squares) and neutrally-buoyant sediment trap (Pela-
gra; green dots) deployments, and glider-derived 
profiles of flux averaged for the 3 site visits (black 
lines; P3A: 14–21 November 2017, P3B: 28 
November-4 December 2017, P3C: 8–14 December 
2017). Upper and lower uncertainty bounds on 
glider-derived fluxes are shown with dotted lines (see 
section 2.3 for definition). Glider-derived fluxes have 
greater uncertainty in the upper 100 m and so are 
shaded in grey. d) Scatter plot of all co-occurring 
shipboard and glider fluxes, with 1:1 line marked 
with a dashed line (linear regression statistics: r =
0.35, p < 0.01, n = 75, slope = 0.96, intercept =
92.1). See section 2.3 for details of glider calcula-
tions, and Giering et al. (this issue) for shipboard POC 
flux measurements.   
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the uncertainties in the terms of the phytoplankton growth model 
(Mignot et al., 2018). We therefore consider the relative changes in PP 
over time to be robust. 

2.3. Glider-derived POC flux estimates 

Total POC concentration, derived from an empirical relationship 
with backscatter (Supplementary Material section S2), was split into 
contributions from large and small fractions following the methods of 
Briggs et al. (2020, 2011). The small-particle POC is the bbp700 “base-
line” signal, whereas the large-particle POC is derived from the “spike” 
signals of all backscatter wavelengths (Supplementary Material section 
S4). Small-particle POC was bin averaged into two-day, 10 m bins to 
match large-particle POC. For each size class, flux was estimated as the 
product of POC concentration and bulk sinking speed (see section S4.3 
for sinking speed estimates). Total POC flux was then estimated as the 
sum of small-particle POC flux and large-particle POC flux. 

Uncertainty estimates in POC flux (shown as horizontal bars in 
Fig. 2) arise from the range in fast and slow sinking speeds used. The 
small-particle sinking speed was set to 0, 2.5 or 10 md− 1 (Bannon and 
Campbell, 2017; Briggs et al., 2020) for the lower, central and upper 
bounds, respectively. For the large-particle fraction, a depth-varying 
sinking speed was derived from tracking pulses of material (Briggs 
et al., 2011, 2020; see section S4.3 in Supplementary Material). Sinking 
speed increased from ~70 md− 1 at 100 m depth to ~130 md− 1 at 900 m 
depth (Fig. S4; Villa-Alfageme et al., this issue). The central and upper 
uncertainty bounds shown in Fig. 2 use the sinking speeds shown in 
Fig. S4, and the lower bound estimate is calculated by halving these 
speeds to match camera-derived sinking speeds from the Pelagra de-
ployments (Iversen, 2003). 

The uncertainty estimates on the glider-derived POC fluxes (Fig. 2) 
reflect the large a priori uncertainty in the mean sinking speeds of par-
ticles in our two operationally-defined size classes (section S4.3). Our 
absolute values of POC flux should therefore be interpreted with 
caution, especially outside the cruise period, when calibration against 
ship-deployed instrumentation was not possible. However, the ship- 
board data do not suggest any consistent bias in our autonomous POC 
flux estimates at any time or depth (Fig. 2). Furthermore, the observa-
tion of coherent, discrete sinking particle plumes (Fig. S3) demonstrate 
that the gliders observed the same particle populations at different 
depths and times. Although potential changes in particle communities 
outside of the cruise period do add greater uncertainty to our absolute 
POC fluxes and the resultant export ratio at the beginning and end of our 
glider timeseries, nevertheless we expect our observed trends in Teff, Seff, 
and Meff to be robust to any variation in POC:bbp ratio or sinking speed 
because these variations are likely to propagate to depth as the particles 
sink. Therefore, our absolute POC flux estimates are likely to be good 
first-order quantitative estimates and, most significantly for the focus of 
this manuscript, the relative changes with depth and time (used to 
calculate changing export and transfer efficiencies) are robust and 
informative, despite the uncertainty in individual POC flux estimates. 

2.4. Comparison of glider and shipboard flux data 

The glider-derived POC flux is compared to shipboard Marine Snow 
Catcher and neutrally-buoyant sediment trap (Pelagra) flux data in 
Fig. 2. For details of the shipboard measurements, see Giering et al. (this 
issue). The glider-derived profiles of POC flux are consistent with the 
MSC-derived fluxes (r = 0.74, p < 0.001, n = 40, slope = 0.68), although 
the MSC data are instantaneous snapshots of flux and the glider data are 
averaged over each sampling epoch (7–8 days). The Pelagra-derived 
fluxes tended to be somewhat lower than the MSC and glider fluxes, 
particularly for P3C (correlation between Pelagra and glider fluxes: r =
0.36, p = 0.03, n = 35, slope = 0.34). However, the conical-shaped 
Pelagra traps have been found to undertrap small particle fluxes rela-
tive to cylindrical traps in an intercomparison study (Baker et al., 2020). 

As an additional constraint on our glider-derived fluxes, our 1000 m 
glider-derived fluxes were compared to fluxes from a deep moored 
sediment trap at 2000 m depth. The deep moored sediment trap was 
deployed at P3 at 52.72 ◦S, 40.16 ◦W in December 2016 from the RRS 
James Clark Ross. The sediment trap carousel was programmed to rotate 
every 5 days between mid-October 2017 and late January 2018, i.e. for 
much of the glider deployment period. Full details of the sediment trap 
deployment, methodology and deep flux data can be found in Manno 
et al. (2022). The fluxes at 2000 m depth are consistently lower than our 
1000 m fluxes, as expected (see Results section), providing further 
confirmation that our glider-based flux estimates are in a realistic range. 

2.5. Potential influence of advection on glider time series 

The gliders followed a set triangular path around the study location 
(Fig. 1b) and as such were sampling in a Eulerian, rather than 
Lagrangian, frame. Although the study location was specifically selected 
for its quiescence, the possible influence of lateral advection nonetheless 
needs to be assessed. The glider deployments were located in the 
Georgia Basin between the Polar Front (to the north) and the Southern 
Antarctic Circumpolar Current Front (to the south) (Owens et al., 2015; 
Venables et al., 2012), and within a retentive circulation, notable for its 
low current speeds and weak mesoscale activity (Brandon et al., 2000; 
Matano et al., 2020; Meredith, 2003). Satellite-derived surface current 
speed data (https://podaac.jpl.nasa.gov/dataset/OSCAR_L4_OC_th 
ird-deg; Fig. 3a) confirms that despite some variability the gliders 
experienced relatively low current speeds for the duration of the 
deployment (<0.06 m s− 1). The ship-board ADCP data confirms that 
these weak current speeds extend into the mesopelagic (Fig. S6). How-
ever, starting from ~1 January 2018, an unusually sustained period of 
relatively fast, north-westward currents (Fig. 3a) is evident. This period 
coincides with anomalies in satellite chlorophyll data with respect to the 
multi-year climatology (Fig. 1c), with both the satellite and glider 
chlorophyll concentration exceeding the long-term mean from 
mid-January to mid-February by ~ 3 mg m− 3. A relatively clear satellite 
image from 16 January 2018 highlights the patchy nature of the spatial 
distribution of chlorophyll around the glider study site during this 
period (Fig. 3b), ranging from 1 to 10 mg m− 3 over small distances (of 
note is the high chlorophyll region immediately to the south of the glider 
study). The individual chlorophyll measurements recorded within the 
top 25 m during each glider dive plotted in Fig. 3c and d shows advec-
tion of high chlorophyll waters from the south into the glider sampling 
region. Another period of relatively high northwestward current speeds 
(and peak in chlorophyll) occurs during 2–6 February. The potential 
influence of advection during these periods needs to be taken into 
consideration, in particular when comparing deep fluxes to export 
fluxes, as the source region of the particles could be more distant from 
the sampling location at greater depths (Siegel and Deuser, 1997). If 
upper ocean export is spatially patchy, the particles sampled at depth 
may therefore not reflect the conditions in the immediate vicinity of the 
glider sampling triangle. However, outside of the periods identified 
above, no evidence of strong lateral advection was observed in the 
remainder of the dataset and we therefore interpret it principally as a 
time series. It should nevertheless be noted that even weak horizontal 
currents can result in particles at depth originating a considerable lateral 
distance away from the sampling region. In our case, assuming that the 
surface currents shown in Fig. 3a (on the order of ~3.5 km d− 1) remain 
constant with depth and an average sinking speed of ~100 md− 1, par-
ticles reaching the trap at 2000 m depth could have originated from up 
to 70 km away. 

2.6. Definition of flux and efficiency terms 

The depth of export is defined here as the base of the productive layer 
(Zp), which we define operationally as the deepest depth at which 
chlorophyll exceeds 10% of its maximum for each individual profile, 
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following Owens et al. (2015). Our Zp value is never shallower than a 
conservative euphotic depth estimate (depth where PARz = 0.1% * 
PAR0), and matches or exceeds the seasonal mixed layer depth (defined 
as 0.05 kg m− 3 density difference from surface values) throughout the 
study period, with a median difference of 19 m. Export flux is defined as 
flux at Zp, mesopelagic flux is defined as flux at Zp+100 m, sequestration 
flux is defined as the flux averaged in the depth range 900–1000 m, and 
the deep flux comes from a moored sediment trap at 2000 m depth. 
Export efficiency is defined as flux at Zp/PP, transfer efficiency (Teff) is 
defined as flux at Zp+100 m/flux at Zp, sequestration efficiency (Seff) is 
defined as flux averaged in the depth range 900–1000 m/flux at Zp, 
mesopelagic efficiency (Meff) is defined as flux averaged in the depth 
range 900–1000 m/flux at Zp+100 m, and the deep flux efficiency (Deff) 
is defined as flux at 2000 m/flux averaged in the depth range 900–1000 
m. 

3. Results 

Satellite data spanning the period before the glider deployment 
suggests that chlorophyll concentration was increasing gradually during 
September and early October 2017 (Fig. 1c). The ~4 month glider 
deployment captured the majority of the seasonal bloom, including the 
ramp up to the seasonal peak and subsequent decline into a series of 
smaller blooms. 

The daily-averaged, 1 m depth resolution timeseries of temperature, 
oxygen, chlorophyll and POC concentration from the entire 4 month 
deployment is shown in Fig. 4, along with the monthly-mean profiles. 
Equivalent plots for potential density and apparent oxygen utilisation 
are in Fig. S5. The temperature profiles show the expected seasonal in-
crease in upper ocean temperature, and a clear signature of the previous 
winter’s remnant mixed layer, formed by deep convection (Meredith, 
2003; Mosby, 1934). The oxygen data (Fig. 4b) show a decrease in upper 
ocean dissolved oxygen concentration during the course of the deploy-
ment (despite enhanced biological activity), demonstrating the domi-
nance of seasonal heating-driven outgassing of oxygen (Verdy et al., 
2007). The chlorophyll timeseries (Fig. 4g) shows an increase in pro-
ductive layer concentrations from October through November, followed 
by a gradual decline until the end of the deployment in February (except 
for the 2 periods of lateral advection identified in section 2.5). POC 
concentration follows a similar pattern (Fig. 4h), increasing in the upper 
ocean in October and November, before declining (again excluding 
potential advective periods). Of note in the timeseries of both 

chlorophyll and POC concentration are periods (notably from the end of 
November to early January) in which elevated particle concentrations 
occur below the productive layer, reaching depths of 400–500 m (Fig. 4c 
and d), suggesting that fresh material is being exported into the upper 
mesopelagic without undergoing remineralisation in the upper ocean, 
and/or in situ particle fragmentation is occurring. 

The export flux from the base of the productive layer reveals 
considerable temporal variability on timescales of days to months 
(Fig. 5b). During the initial bloom (start of time series to ~ 1 December), 
the export flux remains high, although with daily variability super-
imposed, then declines after the bloom peak. Pulses of elevated export 
flux lasting ~1 week occur post-bloom in concert with pulses of elevated 
PP. The flux 100 m below the productive layer depth (here termed the 
‘mesopelagic flux’; Fig. 5c) mirrors the export flux through mid- 
December, albeit with a slightly later peak. After mid-December, 
mesopelagic flux displays little variability, in contrast with the three 
pulses apparent in PP and export flux. The sequestration flux (flux 
average at depths 900–1000 m; Fig. 5d) increases very gradually until 
early December with a lag of ~15 days with respect to PP and export 
flux, and thereafter declines slowly. The deep flux, captured by a moored 
sediment trap at 2000 m depth, has three distinct peaks (Fig. 5e): one 
pre-bloom peak, one post-peak and one in the decaying phase of the 
bloom (Manno et al., 2022), superimposed on a pattern of increase and 
decline similar to sequestration flux. 

The temporal variability in the fluxes is naturally reflected in sig-
nificant variability in the flux ratios. The export efficiency declines 
during the bloom onset phase until the bloom peak (i.e. to mid- 
November) and thereafter is fairly constant (Fig. 5f). Transfer effi-
ciency from Zp to Zp+100 m in contrast increases gradually from a 
minimum at the beginning of the time series to a peak in late January 
(Fig. 5g). During the bloom growth phase, Teff remains at moderate 
values, with only relatively small temporal variability. However, after 
the bloom peak Teff varies more substantially around a higher mean, 
with peaks occurring during low PP periods. The sequestration effi-
ciency behaves similarly to Teff with a fairly constant value during the 
bloom phase, and an increased mean and temporal variability post- 
bloom peak (Fig. 5h). Again, periods of peak Seff correspond to periods 
of low PP. However, the mesopelagic efficiency shows opposing trends 
to Teff and Seff, with, on average, higher values occurring in the bloom 
growth phase than post-bloom (Fig. 5i). Finally, the deep flux efficiency 
shows pulses of substantially higher Deff (Fig. 5j), coincident with higher 
deep flux episodes. 

Fig. 3. a) Current speed (red) and zonal and merid-
ional velocities (cyan and black, respectively) from 
OSCAR satellite product, and the glider-derived time 
series of chlorophyll at 15 m depth (green), b) com-
bined MODIS-Aqua and MODIS-Terra satellite log 
(chlorophyll concentration) image from 16th January 
2018; study site is marked with a magenta triangle 
and southern boundary of the Polar Front is marked 
with a pink contour (Venables et al., 2012); c-d) in-
dividual glider profile chlorophyll concentration 
averaged over 0–25 m depth showing likely lateral 
advection event from 16 to 21 January 2018; the path 
of SL398 (SL404) is marked with a blue (red) line, 
with the first profile of each period outlined by a red 
ring.   
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4. Discussion 

4.1. Temporal variability in biological carbon pump magnitude and 
efficiency 

The Southern Ocean is a region of strongly seasonal biomass pro-
duction and associated carbon export. The organic material exported by 
the annual bloom is likely to play a significant role in ocean carbon 
uptake and biogeochemical cycling (Marinov et al., 2006; Uchida et al., 
2019), particularly in high productivity, iron-fertilised regions, such as 
downstream of South Georgia. The glider deployments presented here 
were able to capture the majority of the seasonal bloom, including high 
resolution characteristics of primary production and sinking flux during 
the bloom growth phase and subsequent decline over a 4 month period, 

revealing substantial temporal variability in both POC flux magnitude 
and efficiency on timescales of days to months. 

In the first ~3 weeks of the glider time series, PP increases while 
export flux is already relatively high (Fig. 5a and b), leading to declining 
export efficiency. In the post-bloom peak phase, the PP and export flux 
vary in sync such that the export efficiency has relatively low temporal 
variability (Fig. 5f). The combination of our high export efficiency es-
timates and net productive layer POC accumulation (Fig. 4d) during the 
early bloom phase imply minimal heterotrophic POC consumption. 
These results echo findings using similar autonomous methods in the 
springtime North Atlantic, which also suggested that heterotrophic 
respiration was a minimal fraction of PP in the early spring bloom period 
and a high fraction of PP during and after the bloom decline (Briggs 
et al., 2018). The high export efficiency in the early bloom phase is 

Fig. 4. Daily, 1 m vertical resolution data for the full 
glider deployment for a) temperature, b) oxygen 
concentration, c) log(chlorophyll concentration) and 
d) log(POC concentration). The white line represents 
the productive layer depth (see section 2.6 for defi-
nition). The 3 cruise sampling epochs are labelled 
(P3A, P3B and P3C), as are two periods of potentially 
enhanced lateral advection (marked A; see section 
2.5). Right column shows monthly mean vertical 
profiles of e) temperature, f) oxygen concentration, g) 
chlorophyll concentration and h) POC concentration. 
October and February are plotted as dashed lines as 
there is only partial data in those months (13 days in 
both). Note the change in vertical scale in plots g) and 
h).   
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consistent with our conceptual understanding of bloom dynamics, i.e. at 
the start of the growing season, phytoplankton are likely to be able to 
outpace their grazers who have slower growth rates and as a result, 
productivity may become decoupled from upper ocean remineralisation 
processes allowing high export efficiency to occur (Baumann et al., 
2013; Buesseler and Boyd, 2009; Henson et al., 2019). 

During the bloom ramp-up and peak phases, export efficiency de-
clines as Teff and Seff begin to increase. Coincident data from the 
COMICS1 cruise found abundant heavily silicified live diatoms in the 
mesopelagic, suggesting direct sinking of cells without significant 
reworking in the upper ocean (Ainsworth et al., 2023). This is consistent 
with the composition of deep fluxes which consisted mainly of intact 
diatom cells during the bloom ramp-up phase (Manno et al., 2022). 
Furthermore, high chlorophyll concentrations observed below the pro-
ductive layer in December (Fig. 4c) are also indicative of relatively fresh 
material sinking into the upper mesopelagic, perhaps as aggregates that 
then fragment into smaller, slower sinking particles (Briggs et al., 2020). 
Taken together, these results suggest that the aggregates formed during 
this period may have been particularly fragile, leading to lower export 
efficiency during the bloom peak (relative to the bloom growth phase). 

As the bloom developed towards its peak, the composition of deep 
fluxes shifted to partially grazed phytodetritus (Manno et al., 2022) 
which implies that the mesopelagic zooplankton community were un-
able to process the influx of particles during the bloom peak, either 
because the generation time of the recycling organisms is too long to be 
able to respond sufficiently rapidly to a sudden increase in food supply 
and/or because particles sink too rapidly to be fully remineralised in the 
mesopelagic. A particular region or system may therefore have a 
maximum capacity to consume/recycle POC; if the incoming flux 

exceeds that capacity, ‘leakage’ of POC to deeper depths occurs. These 
POC pulses may transit all the way to the seafloor, thus contributing to 
long-term ocean carbon storage (e.g. Cartapanis et al., 2016). Episodic 
depositions of organic material are known to occur (e.g. Billett et al., 
2010; Rembauville et al., 2015) and may at times even be sufficient to 
sustain the benthos (Smith et al., 2013). 

During the declining bloom phase, export efficiency is relatively 
constant (Fig. 5f), implying a tight coupling between PP and export 
production, with phytoplankton growth and zooplankton grazing acting 
in sync. The seasonally changing degree of (de)coupling between PP and 
export highlighted in our multi-month glider data is in contrast to 
model-based estimates, which suggest that the lag between PP and 
export at high latitudes is ~15–30 days (Henson et al., 2015). The single 
lag calculated for a climatological year of monthly PP and export in the 
model study of Henson et al. (2015) is most likely an oversimplification 
of the dynamic nature of export processes and subsequent fluxes. Indeed, 
both Teff and Seff show greater variability than export efficiency and 
remain high, relative to the bloom growth phase. The deep flux was 
dominated by mostly intact diatom resting spores during the bloom 
decline (Manno et al., 2022), implying that these particles are less labile 
or have greater sinking speeds than the aggregates and fecal pellets 
generated in the earlier phases of the bloom. 

The time series of Teff and Meff (i.e. upper mesopelagic and lower 
mesopelagic efficiency, respectively; Fig. 5g,i) have opposing trends, 
with Teff increasing post-bloom peak and Meff decreasing. These patterns 
imply that the majority of remineralisation occurs in the upper 100 m 
below the base of the productive layer in the early phases of the bloom, 
before concentrating deeper in the mesopelagic in the post-peak phase. 
The fluxes (and by association the particle remineralisation processes) in 

Fig. 5. Time series of glider-derived a) primary production, b) export flux at the productive layer depth (Zp), c) mesopelagic flux (flux at depth of Zp + 100 m), d) 
sequestration flux (flux averaged in the depth range 900–1000 m), and e) deep flux collected by a moored sediment trap at 2000 m depth (from Manno et al., 2022), 
all in mg C m− 2 d− 1. Time series of glider-derived f) export efficiency (export at Zp/PP), g) transfer efficiency (Teff; flux at Zp + 100 m/flux at Zp), h) sequestration 
efficiency (Seff; flux averaged over 900–1000 m/flux at Zp), i) mesopelagic efficiency (Meff; flux averaged over 900–1000 m/flux at Zp + 100 m), and j) deep efficiency 
(Deff; flux at 2000 m/flux averaged over 900–1000 m). The 3 cruise sampling epochs are labelled (P3A, P3B and P3C), as are two periods of potentially enhanced 
lateral advection (marked A; see section 2.5). 
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the upper and lower mesopelagic are thus somewhat disconnected, i.e. 
an increase in flux at 100 m below the productive layer doesn’t neces-
sarily translate to an increase in flux at 1000 m, or 2000 m, depth. This 
disconnect could be influenced by lateral advection introducing parti-
cles that have originated from a remote location, particularly in the 
latter part of our dataset where two advection events are identified (see 
Section 2.5 and Fig. 3). Additionally, the disconnect between upper 
ocean and deep fluxes could reflect a vertical structure in the prevailing 
particle type, size and/or remineralisation process, which furthermore 
also have different seasonal trends. For example, labile particles may be 
reworked by zooplankton activity in the upper mesopelagic transition-
ing to a dominance of relatively refractory particles being remineralised 
by bacteria in the lower mesopelagic (Iversen, 2003), combined with 
stronger seasonal variability in zooplankton populations than bacteria. 
Alternatively (or additionally), the particle size spectrum may change 
with depth, as particles get fragmented into smaller, potentially slower 
sinking, particles (Baker et al., 2017; Briggs et al., 2020). Given this 
apparent disconnect between temporal trends in upper and lower 
mesopelagic fluxes, calculating a single remineralisation length scale or 
“Martin’s b” (Martin et al., 1987) for the entire water column may not 
reflect the attenuation occurring over different depth ranges (Cael and 
Bisson, 2018). 

Our results complement the handful of other studies that have 
examined temporal variability in export efficiency and transfer effi-
ciency, either from autonomous vehicles, mesocosm studies, or repeat 
shipboard visits. These studies reach contrasting conclusions about the 
seasonal progression of export efficiency and flux attenuation. In 
contrast to our results, Briggs et al. (2018) found that, in the North 
Atlantic, export efficiency was low in the early bloom phase, increased 
during the bloom peak and decline, and then dropped significantly in the 
post-bloom period. Our findings also differ from Baumann et al. (2013), 
who found low springtime export efficiency followed by higher values in 
the summer in the Bering Sea. However, our analysis is consistent with 
glider observations over a full year in the Northeast Atlantic, which 
revealed that Teff was at its minimum during the bloom period (Bol et al., 
2018). On the other hand, in the subtropical Atlantic, profiling floats 
equipped with optical sediment traps revealed that flux attenuation was 
lower (i.e. high Teff) during the bloom than before or after it (Estapa 
et al., 2019), in contradiction to mesocosm experiments in the sub-
tropical Atlantic which demonstrated a higher flux attenuation (i.e. low 
Teff) during the bloom peak (Bach et al., 2019). Using global data syn-
theses, both Lam et al. (2011) and Guidi et al. (2009) found that diatom 
blooms (i.e. typically high latitude regions) have high export efficiency, 
but low Teff, whereas regions dominated by smaller phytoplankton types 
(i.e. typically low latitudes) experienced the reverse. The opposing sit-
uation in subtropical and subpolar regions suggests that the differing 
ecosystem structures typical of these areas result in differing responses 
to periods of high flux. However, more direct observations of temporal 
variability in fluxes is needed to ascertain whether these patterns are 
applicable on global scales. 

4.2. Drivers of temporal variability in flux attenuation 

Three primary hypotheses currently exist to explain patterns in flux 
attenuation: temperature, oxygen concentration, and community 
structure (Sanders et al., 2016). Temperature has been shown to be a 
useful correlate for global scale spatial variability in flux attenuation 
(Cram et al., 2018; Dunne et al., 2005; Henson et al., 2012a; Marsay 
et al., 2015). Spatial gradients in temperature are large across the global 
ocean, and temperature is a useful first order indicator of productivity in 
a region, i.e. cooler regions tend to be more productive than warmer 
ones (e.g. Longhurst, 2006). As a result, correlation of temperature with 
flux attenuation in global data compilations is perhaps unsurprising. The 
question remains however whether the observed correlation between 
flux attenuation and temperature is causative. There are solid mecha-
nistic grounds to expect temperature to be important in controlling flux 

attenuation via its central role in setting metabolic rates, including 
respiration (e.g. Boscolo-Galazzo et al., 2018). However, here we find 
that flux attenuation (represented by Seff) varies between 0.06 and 0.23 
during the course of the bloom. This is roughly half of the entire global 
range (0–0.4; Cram et al., 2018; DeVries and Weber, 2017; Henson et al., 
2012a; Weber et al., 2016) within a single seasonal cycle – a phenom-
enon also noted by Buesseler and Boyd (2009) and Lam et al. (2011). 
Furthermore, during our glider deployments, the mean temperature 
between 0 and 500 m (as used in Marsay et al. (2015) to define ambient 
temperature) varied by only 0.4 ◦C around its median value of 2 ◦C. With 
a typical Q10 value of 2, this temperature variation implies a mere 3% 
change in remineralisation rate. Variability in temperature is therefore 
not driving the substantial temporal variability in flux attenuation. The 
same is likely to be true of most open ocean locations: seasonal sub-
surface temperature changes are typically small, and therefore temper-
ature cannot be the primary driver of local or temporal variability in BCP 
efficiency. However, it is nevertheless a good proxy for describing dif-
ferences in BCP efficiency across a wide dynamic range of temperatures, 
such as when comparing ocean basins or disparate sites. 

Mesopelagic oxygen concentration has also been suggested as an 
important factor affecting sequestration efficiency (Cavan et al., 2017; 
Devol and Hartnett, 2001). However, this effect is likely only of rele-
vance in low oxygen zones (Cram et al., 2018), whereas at our Southern 
Ocean site, oxygen concentration remains well above suboxic levels 
throughout the year. 

Alternatively, community structure has been hypothesised as a 
control on flux attenuation (Boyd and Newton, 1999; Henson et al., 
2012a; Lima et al., 2014; Wiedmann et al., 2020). The COMICS1 cruise 
data span only a short period of our glider dataset, but nonetheless 
suggest that neither the phytoplankton or zooplankton community 
structure changed significantly between mid November and mid 
December, although overall phytoplankton biomass declined (Cook 
et al., this issue; Ainsworth et al., 2023). It remains unclear then how, or 
whether, changing community structure played a role in driving tem-
poral variability in flux attenuation during the glider deployment. 
Potentially, the range in typical local temperature sets the maximum 
possible metabolic rate for a particular location, while seasonal vari-
ability in flux attenuation is controlled by the local ecosystem state. An 
additional consideration is that community structure should not be 
considered as a control on flux attenuation in isolation, as it is not in-
dependent of temperature and oxygen concentration, with both 
zooplankton and microbial activity responding to changing environ-
mental conditions. Community structure encompasses a myriad of 
different possible processes – not just changes to the abundance of 
dominant taxa, but also how that alters production of transparent exo-
polymers, fragmentation, aggregation, particle sinking speed, fecal 
pellet morphology, particle lability, viral lysis and many more factors (e. 
g. Cavan et al., 2019; Passow and Carlson, 2012). ‘Community structure’ 
is thus a convenient catch-all which, arguably, does little to advance a 
mechanistic understanding of controls on flux attenuation. 

4.3. Influence of temporal variability on interpretation of flux 
observations 

The high resolution glider dataset allows POC fluxes to be examined 
on multiple time scales. In Fig. 6 for example, the monthly mean, 2-week 
running mean, and daily data are plotted, revealing a monthly scale 
pattern of declining export efficiency and increasing transfer efficiency 
as the bloom peaks and declines, as well as the daily episodicity of the 
fluxes. The fraction of PP reaching 100 m below the export depth 
(contours in Fig. 6) can vary from ~0.05 to 0.3 in the space of a week, 
implying that flux to the mesopelagic is highly episodic. The episodicity 
and rapid variability in export efficiency and Teff revealed in our high 
resolution datasets is unlikely to be resolved by typical shipboard de-
ployments for flux studies, e.g. Marine Snow Catchers or neutrally 
buoyant sediment traps, for which typical sampling periods range from 
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instantaneous to a couple of days. The community’s reliance, until 
recently, on discrete shipboard sampling to obtain export flux or 
mesopelagic flux attenuation data may bias interpretation of the flux 
patterns and therefore its potential drivers. 

As an example, a shipboard profile of flux was collected using Marine 
Snow Catchers (Giering et al. this issue) on 5th December 2017 (during 
epoch P3B), for which Teff was estimated at 0.48 (glider-based estimate 
is 0.45 on this date). Based on the instantaneous in situ data alone, we 
might conclude that fairly strong attenuation of flux occurs in the upper 
mesopelagic during the post-peak bloom phase in the South Georgia 
region. However, the daily glider data reveal a much more nuanced 
pattern during December, with daily Teff values varying between 0.28 
and 0.58. Extending this analysis, if the cruise-period glider-derived 
mean export efficiency value (0.35) is applied to time-integrated satel-
lite-derived PP (analogous to the approach of e.g. Ceballos-Romero 
et al., 2016; Fan et al., 2020; Henson et al., 2011), the total cruise-period 
export flux is estimated as 9 gC m− 2. Applying the cruise-period mean 
sequestration efficiency (0.12) then results in an estimated total flux to 
1000 m of 1.1 gC m− 2. The assumption of time-invariant export and 
sequestration efficiency results in substantial underestimates of the 
actual cruise-period total export and sequestration fluxes, which the 
glider is able to resolve. In this case, export flux is underestimated by 
49% (actual flux = 17.8 gC m− 2) and sequestration flux by 45% (actual 
flux = 2 gC m− 2). 

This example demonstrates a limitation of quasi-instantaneous 
shipboard flux data: the difficulty of determining whether a particular 
deployment has sampled an extreme in conditions, or whether the data 
collected are representative of that location and season. Generally, it is 
necessary to make the assumption that typical conditions have been 
sampled due to an absence of data on the seasonal range of conditions 
for a region. However, inadvertently sampling extremes may have dis-
torted our view on the typical range in BCP magnitude and efficiency for 
a region, how those might change seasonally, and what the possible 
drivers of the BCP may be. As the example above shows, assuming a 
time-invariant efficiency or that a single sample is representative of the 
mean, can result in significant discrepancies between actual and esti-
mated fluxes. Syntheses of shipboard flux data designed to deduce 
global-scale patterns of BCP flux or efficiency (e.g. Le Moigne et al., 

2013; Mouw et al., 2016) also suffer from potential biases due to the 
limited temporal coverage and/or resolution of the observations (as well 
as biases in spatial coverage), and the necessary assumption that 
representative conditions have been sampled. These data syntheses are 
frequently used to deduce global spatial patterns in BCP magnitude or 
efficiency, potential mechanisms underlying those patterns, and to 
develop and validate global biogeochemical models (e.g. Crichton et al., 
2021; Stock et al., 2020). Our lack of knowledge on temporal variability 
in flux on daily to seasonal timescales must inevitably introduce un-
certainties into our conceptual understanding of the BCP, and thus how 
we parameterise mechanistic models and interpret their projections of 
contemporary and future BCP. To what degree the use of global ship-
board data syntheses has affected our perspectives on the BCP is difficult 
to quantify, however as we demonstrate here, and has been observed 
previously (e.g. Lam et al., 2011), the range in BCP efficiency at one 
location within a bloom period can be equivalent to the entire global 
range. 

5. Concluding remarks 

Autonomous vehicle-derived estimates of particle fluxes offer 
unparalleled resolution over months or years, allowing the variability in 
the BCP to be quantified on temporal scales impossible to achieve with 
shipboard campaigns alone. Our dataset demonstrates that temporal 
variability is large, and occurs on multiple time scales from daily to 
seasonal. In this high productivity region, we find high export efficiency, 
but low transfer efficiency, during the bloom growth phase, while the 
peak bloom period is characterised by declining export efficiency, but 
increasing transfer efficiency. In the post-bloom phase, transfer effi-
ciency increases in the upper mesopelagic, but decreases in the lower 
mesopelagic. Whether our results are more broadly applicable to other 
regions remains an open question. There are currently too few season-
ally resolved observations of mesopelagic flux and efficiency to ascertain 
any significant global-scale patterns. However, we note that our results 
are consistent with analysis of glider data in another high latitude, 
seasonally variable region of the Northeast Atlantic (Bol et al., 2018). 
The opposite pattern, of higher transfer efficiency during the bloom 
period than outside it, was however observed in a subtropical, weakly 
seasonal region (Estapa et al., 2019). We await more seasonally resolved 
data to determine whether these patterns are typical for high and low 
latitude regions. 

Syntheses of the sparse and biased (both spatially and temporally) 
shipboard observations of sinking flux (e.g. Le Moigne et al., 2013; 
Mouw et al., 2016) have, by necessity, been used to shape the com-
munity’s concepts of the characteristics of the BCP. Parameterisations of 
the BCP for biogeochemical models have then been developed on the 
basis of the understanding drawn from shipboard data. However, the 
new insights starting to arise from autonomous vehicle observations 
emphasise the need to begin incorporating these findings on the 
magnitude and characteristics of temporal variability into our concep-
tual understanding of the BCP, and hence into new model developments. 
Additionally, biogeochemical model fields of POC flux or transfer effi-
ciency are typically validated against either the sparse and biased 
shipboard data syntheses, or against satellite data-based global maps, 
themselves derived from the sparse shipboard datasets. The advent of 
temporally-resolved datasets of POC flux allows truly representative 
means on daily, weekly, monthly (or any other) timescale to be calcu-
lated, thus allowing a more robust comparison of model outputs and 
observations. 

Despite the obvious advantages of autonomously-derived flux data, 
the drawback is the lack of information on processes underlying the 
observed variability. We speculate here on the possible drivers under-
lying the temporal variability, such as changing community structure, 
remineralisation rates etc., but we cannot go further than speculation. 
This highlights a current fundamental limitation of many autonomous 
observations of the BCP, although significant insights into some 

Fig. 6. Daily values of export efficiency plotted against transfer efficiency (flux 
at Zp + 100 m/flux at Zp) in open circles, where the size of the circles is scaled 
to primary production and colour indicates day of year. Filled dots are the 14- 
day running mean of export efficiency and transfer efficiency. The monthly 
mean values are plotted in pink diamonds for partial months (October and 
February, 13 days each) and in pink squares for full months (November, 
December and January). Contours indicate the ratio of flux at Zp + 100 m to 
primary production. 

S.A. Henson et al.                                                                                                                                                                                                                               



Deep-Sea Research Part II 208 (2023) 105274

10

mesopelagic processes from autonomous observations have been gained 
(e.g. Briggs et al., 2020). Ongoing technological developments, for 
example incorporating camera systems into autonomous vehicles (e.g. 
Lombard et al., 2019), have the potential to allow further insights into 
the processes driving variability in the BCP. Although significant tech-
nical challenges are associated with, for example, capturing rates (rather 
than states), characterising particle composition, the processing of 
terabyte-scale datasets, and interpretation of image data, the combina-
tion of novel sensors with autonomous platforms holds the promise to 
usher in a new era of BCP research. 
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