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have a limited understanding of the three-dimensional circulation that brings deep carbon-rich waters to the surface. Here,
we introduce and analyze a novel high-resolution ocean model simulation with active biogeochemistry and online Lagrangian
particle tracking. We focus our attention on a subset of particles with high dissolved inorganic carbon (DIC) that originate
below 1000 m and eventually upwell into the surface mixed layer. We find that 71% of the DIC-enriched water upwelling across
1000 m is concentrated near topographic features, which occupy just 33% of the Antarctic Circumpolar Current. Once particles
upwell to the surface mixed layer, their DIC decorrelates on timescales of “1.5 months—an order of magnitude longer than
their residence time. Our results show that Southern Ocean bathymetry plays a key role in delivering carbon-rich waters to the
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Key Points:

« We simulate the biogeochemical properties of online Lagrangian particles in the
Southern Ocean

¢ Ocean bathymetry plays a disproportionate role in bringing deep, carbon-rich wa-
ter to the Southern Ocean surface

+ Once topographically influenced particles upwell to the surface, their carbon is trans-
formed at the same rate as other mixed layer particles
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Abstract

The physical circulation of the Southern Ocean sets the surface concentration and thus
air-sea exchange of COy. However, we have a limited understanding of the three-dimensional
circulation that brings deep carbon-rich waters to the surface. Here, we introduce and
analyze a novel high-resolution ocean model simulation with active biogeochemistry and
online Lagrangian particle tracking. We focus our attention on a subset of particles with
high dissolved inorganic carbon (DIC) that originate below 1000 m and eventually up-
well into the surface mixed layer. We find that 71% of the DIC-enriched water upwelling
across 1000 m is concentrated near topographic features, which occupy just 33% of the
Antarctic Circumpolar Current. Once particles upwell to the surface mixed layer, their
DIC decorrelates on timescales of ~1.5 months—an order of magnitude longer than their
residence time. Our results show that Southern Ocean bathymetry plays a key role in
delivering carbon-rich waters to the surface.

Plain Language Summary

The Southern Ocean is the only place in the world where ocean currents circle the
globe without hitting land. Here, some of the strongest winds on the planet force wa-
ter to flow west-to-east around Antarctica and bring water from kilometers deep up to
the surface. These waters have traversed the deep ocean for centuries, and in that time
have gathered large stores of carbon from dead algae that rain down from above. When
this water is brought to the surface, it expels its large store of carbon to the atmosphere.
This process is important for the carbon cycle, but has not been extensively studied. Here,
we use a new ocean model simulation that estimates ocean carbon and follows virtual
floats that flow around the ocean and measure simulated carbon levels. We use the model
to figure out how deep carbon in the Southern Ocean reaches the surface. We find that
a large fraction of the carbon that is brought up from depth to the surface occurs in a
relatively small fraction of the Southern Ocean, near places with mountains on the sea
floor. Our study demonstrates that mountains on the sea floor have an influence on the
global carbon cycle.

1 Introduction

The physical circulation of the Southern Ocean is paramount to its carbon cycling
(e.g., Lovenduski et al., 2008, 2013; Landschiitzer et al., 2015). The region is character-
ized by a meridional overturning circulation whose upwelling limb brings deep waters en-
riched in old, respired carbon (Mikaloff Fletcher et al., 2007) to the surface (e.g., Mar-
shall & Speer, 2012; Morrison et al., 2015). Once this natural COs is released to the at-
mosphere it modifies the global carbon cycle and climate system (Gruber et al., 2009).

Substantial progress has been made in studying the Southern Ocean carbon cycle
along the air—sea interface (see Gruber et al. (2019)), albeit through the lens of limited
observations. Due to the region’s harsh conditions, the majority of observations have been
biased to the austral summer and to areas with frequent ship traversals that resupply
Antarctic research stations (Munro et al., 2015). Autonomous ocean profiling floats have
recently been outfitted with sensors to estimate biogeochemical quantities, such as ocean
pH, from which the partial pressure of COs (pCO2) and the air-sea CO4 flux can be de-
rived (Johnson et al., 2017). These floats have begun to fill the seasonal and spatial gaps
in our record and suggest that there is much stronger outgassing of CO5 occurring in the
Southern Ocean than previously estimated (Gray et al., 2018; Bushinsky et al., 2019).
The unaccounted-for outgassing is inferred from elevated surface ocean pCO2 measure-
ments in the upwelling limb of the Antarctic Circumpolar Current (ACC), between the
Polar Frontal Zone and seasonal sea ice edge (Gray et al., 2018). Factors contributing
to carbon transport from depth remain a mystery and further investigation requires an
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analysis of the physical underpinnings that contribute to dissolved COs concentrations
in the Southern Ocean.

Previous studies using Lagrangian ocean simulations suggest that vigorous upwelling
in the Southern Ocean is confined to a few key regions, rather than occurring in a broad-
band fashion across all longitudes of the ACC (Sallée et al., 2010; Viglione & Thomp-
son, 2016; Tamsitt et al., 2017). These upwelling hot spots tend to occur downstream
of topographic features. Due to the conservation of potential vorticity, topographic fea-
tures steer the ACC equatorward, causing jets in the ACC to converge (Rintoul, 2018).
This convergence steepens isopycnals and promotes stronger eddy activity downstream
of the bathymetry, intensifying the local residual upwelling (Rintoul, 2018; Youngs, 2020).
While previous model-based Lagrangian studies illuminated zonal asymmetries in South-
ern Ocean upwelling (Sallée et al., 2010; Viglione & Thompson, 2016; Tamsitt et al., 2017),
no Lagrangian study has assessed the impact of upwelling hot spots on biogeochemical
tracers. Further, these studies were conducted with “offline” Lagrangian particles, where
trajectories are calculated using time-averaged velocity output from an Eulerian simu-
lation, which can introduce unrecoverable error relative to using instantaneous veloci-
ties from the model (Qin et al., 2014).

Here, we aim to build upon the findings of previous Lagrangian studies of upwelling
in the Southern Ocean by introducing and analyzing a novel global high-resolution ocean
model simulation with active biogeochemistry and online Lagrangian particle tracking
(i.e., at model runtime) for reduced error. Our Lagrangian particles are outfitted with
virtual “sensors” that record the time history of physical and biogeochemical tracers along
their trajectories, which allows us to consider the upwelling of dissolved CO5. We view
this problem from a three-dimensional perspective that follows transport pathways, aim-
ing to better understand the deep origins of high-pCOs waters, the locations in which
they upwell, and their potential for air-sea COy exchange once they reach the mixed layer.
Here, topographic contributions to Southern Ocean COs outgassing are evaluated us-
ing Lagrangian analysis to understand the ocean transport of COq, a key driver of the
global carbon cycle.

2 Methods
2.1 Model Configuration

Our primary modeling tool is the ocean and sea ice components of the Energy Ex-
ascale Earth System Model (E3SM; Golaz et al. (2019); Burrows et al. (2020)), the Model
for Prediction Across Scales Ocean (MPAS-O) and the Model for Prediction Across Scales
Sea Ice (Ringler et al., 2013). Our simulation is forced by momentum, heat, and fresh-
water fluxes from the Coordinated Oceanice Reference Experiments IT (COREII) inter-
annual atmospheric forcing dataset (Large & Yeager, 2009). The ocean model compo-
nent also includes active biogeochemistry, which is based on the Biogeochemical Elemen-
tal Cycling (BEC) model (Moore et al., 2013).

We use an unstructured hexagonal mesh (Figure S1) with a horizontal resolution
varying from 30 km at the equator to 10 km at the poles (Figure S2). In the latitude range
of the ACC (50°S - 60°S), the horizontal resolution is an eddy-permitting 14.5 km (Fig-
ure S2). The model has 80 vertical levels with a vertical resolution varying from 2 m at
the surface to 150 m at depth and uses a z-star coordinate system (Petersen et al., 2015).

The atmospheric COs boundary condition in our simulation is a constant 360 ppm,
chosen to align with the main collection period for biogeochemical observations used to
initialize the simulation (Key et al., 2004). While this atmospheric CO4 concentration
is well above pre-industrial levels of ~270 ppm, we focus on the circulation of deep, nat-
ural (pre-industrial) carbon to the surface, rather than the small surface perturbation
due to anthropogenic carbon.
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See the supporting information for more details on model parameterizations, the
ocean biogeochemical model, and model initialization and spinup (Text S1).

2.2 Lagrangian Particle Tracking System

Following the model spinup, we seeded the global ocean with approximately one
million Lagrangian particles using Lagrangian, in Situ, Global, High-Performance Par-
ticle Tracking (LIGHT), which was written specifically for MPAS-O (Wolfram et al., 2015).
Particles were seeded at cell centers, with 15 particles linearly spread over the ocean depth
of the given grid cell. Cell seeding locations were then horizontally downsampled using
algebraic multi-grid splitting from PyAMG (Olson & Schroder, 2018). This resulted in
approximately 300,000 particles initialized south of 45°S, which induced effectively no
additional computational cost to the simulation (Wolfram et al., 2015).

The governing equation used for particle advection is

where three-dimensional Eulerian velocities from MPAS-O (u) were interpolated to par-
ticle positions (x) using Wachspress interpolation (Gillette et al., 2012). Particle trajec-
tories were integrated at model runtime using second-order Runge-Kutta with two-hourly
averages of the velocity fields, composed of the ten-minute model time steps.

Note that we only advect particles with velocities resolved by the model. In other
words, we do not use any stochastic terms for subgrid-scale processes such as mixing and
diffusion, consistent with other model Lagrangian particle studies (e.g., Tamsitt et al.,
2017; Drake et al., 2018). This approach is justified in our study, as upwelling through-
out the interior of the ACC is generally adiabatic (Marshall & Speer, 2012), and most
of our analysis focuses on particle behavior prior to reaching the mixed layer.

We simulated LIGHT particles for 17 years, which matches the 17-year mode of
the transit time distribution for Circumpolar Deep Water to reach the Southern Ocean
surface at this model resolution (Drake et al., 2018). Trajectories were saved to disk ev-
ery two days, recording instantaneous x, y, and z positions as well as instantaneous tem-
perature, salinity, dissolved inorganic carbon (DIC), alkalinity, POy, NO3, and SiO5. Trac-
ers were similarly interpolated from cell centers to particle positions using Wachspress
interpolation (Gillette et al., 2012). Quantities such as pCOs and potential density (og)
were then calculated diagnostically using the recorded tracer values. See Movie S1 for
a demonstration of the Lagrangian advection of DIC at depth over the course of one model
year.

2.3 Model Evaluation

Comprehensive validation of a CORE-II-forced MPAS-O simulation can be found
in Petersen et al. (2019). They show that MPAS-O does a suitable job at replicating ocean
currents, heat transport, sea ice coverage, sea surface temperature, and salinity. The high-
resolution mesh used in this study is capable of replicating strongly eddying flows, such
as the ACC (Petersen et al., 2019). We provide further evaluation of our MPAS-O sim-
ulation in the supporting information, focusing on horizontal transport of the ACC, mixed
layer depth, and deep concentrations of DIC. In summary, our model finds general agree-
ment in all three fields against observations, with relatively high pattern correlations and
relatively low error within the ACC (Figures S3-S5).
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3 History of an Upwelled Particle

We begin by introducing the reader to an example particle trajectory (Figure 1);
this narrative puts the methodology section into practice and helps to frame the forth-
coming results, which will divide particles into groups for ensemble analysis. The par-
ticular particle on which we focus is initialized just beneath 1000 m in the central Pa-
cific sector of the ACC (Figure 1a). Its final deep upwelling across 1000 m occurs just
under two years into its transit, coinciding with shallow bathymetry in the Drake Pas-
sage (Figure 1a). Note that we emphasize the final upwelling across 1000 m to avoid sta-
tistical artifacts from particles that oscillate at high frequency around 1000 m. The par-
ticle then circumnavigates the ACC with nearly monotonic upwelling, first crossing into
200 m near the Campbell Plateau (Figure 1). Upon entering the Drake Passage for a sec-
ond time—around 15.5 years into its trajectory—the particle abruptly downwells and
oscillates around a depth of approximately 350 m, ending its voyage in the Patagonian
Shelf (Figure 1).

We identify the statistical origin of DIC using its e-folding decorrelation time scale—
or “memory time” (Cetina-Heredia et al., 2018)—over the time series segment prior to
upwelling across 1000 m and between the 1000 m and 200 m crossings. The memory time
analysis is used to make an unbiased estimate of the source of DIC for a given particle,
rather than to diagnose the processes leading to the decorrelation of the tracer. We iden-
tify the location of the DIC source for the upwelled particle by backward estimates of
its corresponding memory time; the statistical source of DIC on this particular particle
is indicated with red (1000 m) and pink (200 m) dots on Figure 1b. The DIC memory
time of the particle prior to upwelling across 1000 m is about two months. This corre-
sponds to a DIC source approximately 650 km upstream of the Drake Passage. On the
other hand, the DIC memory time over its 1000 m to 200 m transit is roughly 5.5 years,
corresponding to an upstream DIC source that has traversed nearly half the distance of
the ACC—or 10,500 km (Figure 1b).

Prior to upwelling into the mixed layer, our example particle stores large amounts
of carbon, averaging a DIC concentration of ~2220 pumol kg=! and a potential pCO; of
~560 patm. This potential pCO4 is 200 patm higher than the atmosphere, which would
lead to rapid outgassing of COy from the ocean. Potential pCOq represents the pCOq
that the particle would have upon reaching 200 m, based on the ambient temperature
of the mixed layer where and when the particle upwells, provided that there are no changes
to DIC due to biology or circulation (Sarmiento & Gruber, 2006). Upon upwelling to 400 m
depth just past the Kerguelan Plateau, the particle rapidly loses its carbon. Over the
course of four months, the particle stays between 400 m and 250 m depth and loses 50 pmol kg™
of DIC and 90 patm of potential pCO4. The particle then upwells past 200 m and stays
above this depth for nearly two years while traversing the Pacific Ocean between the Camp-
bell Plateau and Drake Passage (Figure 1b). Here, surface processes such as photosyn-
thesis and air-sea heat and gas exchange likely reduce the particle’s potential pCOg5 enough
for it to uptake COq from the atmosphere during the austral summer and fall (Decem-
ber through April). Upon reaching the Drake Passage, the particle subducts between depths
of 200 m and 500 m.

The example particle trajectory outlined in this section demonstrates how we can
apply statistical methods to our tracer time series to better understand the behavior of
upwelled carbon in the Southern Ocean. We now turn to an ensemble view of particle
trajectories to glean understanding of the bulk behavior of carbon upwelled in the South-
ern Ocean.

1
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Figure 1. Tracer and location history of an upwelled particle in the Southern Ocean. (a)
Depth (green), dissolved inorganic carbon (DIC; orange), and the potential pCO2 gradient be-
tween the ocean and atmosphere (purple) over the 17-year particle history. The gray shading
shows the ocean bathymetry from the nearest Eulerian grid cell and is smoothed over a 15-day
centered rolling average. Potential pCOs represents the pCO2 the particle would have if it were
brought to 200 m without any circulation- or biology-driven changes and warmed or cooled to
the ambient temperature at the location and time in which it crossed into 200 m (Sarmiento &
Gruber, 2006). Potential pCOx2 is subtracted by the fixed atmospheric CO2 concentration of 360
patm. Thus, when potential pCO; is positive (above the purple dashed line), it would outgas
carbon to the atmosphere. When negative (below the purple dashed line), it would uptake CO2
from the atmosphere. (b) Spatial history of the Lagrangian trajectory. The particle starts at the
black dot in the Pacific sector and circumnavigates the Antarctic Circumpolar Current, ending
near the Patagonian Shelf off of South America. The color of the trajectory denotes the particle
depth and the thickness of the line is proportional to the concentration of DIC. The red “X” (in
panels a and b) shows the first 1000 m crossing of the particle and the red circle (red dashed
line in panel a) shows the statistical source of DIC for the 1000 m crossing. The pink “+” shows
the subsequent 200 m crossing of the particle and the pink circle (pink dashed line in panel a)
shows the statistical source of DIC for the 200 m crossing. This source was computed using the
e-folding decorrelation time scale (or “memory time”) of DIC prior to 1000 m and between 1000
m and 200 m following Cetina-Heredia et al. (2018).

4 Ensemble Analysis of Upwelled Carbon

Topographic features have a disproportionate influence on the upwelling of parti-
cles across both 1000 m and 200 m in our simulation (Figure 2). Following Tamsitt et
al. (2017), we organize particle trajectories into ensembles based on the location in which
they last upwell across 1000 m in the Southern Ocean. We ignore particles that upwell
within the model’s 75% annual sea ice extent to keep focus on upwelling occurring within
the ACC. We further subset this by particles that ultimately reach at least 200 m be-
fore the simulation ends, to focus on particles that have an influence on mixed layer prop-
erties. This results in a sample of 19,002 particles (Table 1).

We identify four topographic regions that represent just 33% of the surface area
of the ACC, but contribute to 71% of the total deep particle upwelling: the Drake Pas-
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sage, Crozet Plateau, Kerguelan Plateau, and Campbell Plateau (Figure 2a; Table 1).
These four regions are similar to those outlined in previous studies that identify the out-
sized influence of topography on Southern Ocean upwelling (Sallée et al., 2010; Viglione
& Thompson, 2016; Tamsitt et al., 2017). Roughly 65% of particles that upwell across
1000 m within the ACC first reach 200 m within the ACC as well (Figure 2b). Of the
remaining particles, 32% upwell into 200 m beneath the sea ice and 3% upwell into the
mixed layer north of 45°S. Note that we analyze the location in which particles first cross
into the mixed layer (after their last 1000 m crossing), to assess where they initially in-
fluence and communicate with the upper ocean and atmosphere. Although upwelling across
200 m is seemingly more spatially diffuse than across 1000 m, our four regions that rep-
resent 33% of the surface area of the ACC contribute to 63% of the total mixed layer
particle upwelling (Figure 2a; Table 1). Thus, ocean topography has a disproportionate
influence on upwelling of water both in deep (at 1000 m) and shallow (at 200 m) waters.

(a) 1000 m crossings (b) 200 m crossings

ocean depth [m]

Figure 2. Upwelling locations of Lagrangian particles in the Antarctic Circumpolar Current
(ACC). (a) 1000 m upwelling locations that occurred in the ACC, south of 45°S and outside

of the 75% annual sea ice zone. Only the final 1000 m particle crossings during their 17-year
trajectories are shown, and particles that do not ultimately reach 200 m are not included (N =
19,002). Black dashed boxes show the four regions that are used for ensemble analysis, which

are associated with topographic features and a disproportionate amount of upwelling relative to
the region’s surface area: the Drake Passage, Campbell Plateau, Kerguelan Plateau, and Crozet
Plateau. (b) 200 m upwelling locations. Crossings are only shown for the particles from (a)

whose first 200 m upwelling (following the 1000 m crossing) occurred south of 45°S and outside of
the 75% annual sea ice zone (N = 12,301). Ocean bathymetry from the Eulerian model mesh is

shown in purple contours.

Deep upwelled carbon is generally sourced from waters upstream of topographic
features in a relatively narrow meridional band (Figure 3). Source waters of deep car-
bon span approximately 800 km — 1000 km meridionally, drawing primarily from the ACC
region (Figure 3; Table 1). However, a notable exception is the Kerguelan Plateau re-
gion, which draws DIC from subtropical waters originating in the Agulhas Return Cur-
rent over 1000 km away (Figure 3c). DIC source waters for deep upwelling vary much
more zonally than meridionally between topographic regions (Table 1). The Campbell
Plateau draws DIC from waters spanning a zonal range of 4,900 km—nearly one-quarter
of the ACC (Figure 3d; Table 1). On the other hand, the Kerguelan Plateau DIC source
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originates from a much more narrow zonal band of 3,700 km (Figure 3c; Table 1). The

Crozet Plateau and Drake Passage regions bring deep carbon from a zonal extent of 4,100

to 4,700 km (Figure 3a and b; Table 1).
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Figure 3. Statistical origin of deep (1000 m upwelled) dissolved inorganic carbon (DIC) for
the four topographic regions. Particle ensembles were selected based on their final 1000 m up-
welling location (see Figure 2) and were subset based on the dashed boxes in a-d. The maps
in each panel show the memory time origin for each particle in the ensemble following Cetina-
Heredia et al. (2018), based on the e-folding decorrelation time scale of the particle prior to its
1000 m upwelling. The memory time (M) is derived for each trajectory individually, and then

the x-y coordinates are evaluated M time steps prior to the 1000 m crossing. The side panels

percentage of upwelled particles

associated with each subplot show the zonal (left) and meridional (bottom) sum for each panel.

All values are reported as the percentage of all particles in the given ensemble.

Circumpolar Deep Water (CDW) is the dominant source of DIC upwelling across
1000 m in the topographically influenced regions (Figure 4a). However, Antarctic Inter-
mediate Water (AAIW) also supplies a sizable portion of upwelled DIC in each of the
regions. The Drake Passage (64%), Kerguelan Plateau (72.5%), and Crozet Plateau (86
source a majority of their DIC from CDW, with the remainder attributed to the lighter
AAIW (Figure 4a). The Campbell Plateau is a unique region, in that its sourced DIC

%)
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is roughly split between CDW (46%) and AAIW (47.5%), with the remainder attributed
to Subantarctic Mode Water (SAMW; Figure 4a). Despite the differences in water mass
characteristics of source waters, all four regions upwell waters that are enriched with high
concentrations of DIC and a large store of potential pCOs relative to the atmosphere

(Figures 4b and c; Table 1). Source water DIC varies in a narrow range of 2,212 to 2,220 pmol kg~

(Table 1). These carbon stores translate to waters with a strong outgassing potential.

All four regions have a median potential pCOs ranging from 130 to 150 patm higher than
the fixed atmospheric concentration of 360uatm, and 99.9% of all source waters tend to-
ward outgassing potential rather than uptake potential (Figure 4c; Table 1).
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Figure 4. Properties of deep (1000 m) upwelled waters in the Southern Ocean. Properties
are based on the memory time (e-folding decorrelation time scale; Cetina-Heredia et al. (2018))
for dissolved inorganic carbon (DIC) prior to upwelling across 1000 m in the given topographic
region. The memory time (M) is derived for each trajectory individually, and then tracer con-
centrations are evaluated M time steps prior to the 1000 m crossing. Boxes outline the 25% and
75% quantiles, with the white line showing the median. Whiskers outline the 5% and 95% quan-
tiles, with black dots showing outliers (the remaining 10% of the data). The grey violin plots
show the underlying distribution of the tracers. (a) DIC, (b) potential density (referenced to the
surface), and (c) potential pCO2 minus the fixed atmospheric concentration of 360 patm. Poten-
tial pCO2 represents what the pCO2 concentration would be solely due to the thermal effects of
bringing the particle from its current temperature to the ambient temperature when the given
particle first upwells into 200 m (Sarmiento & Gruber, 2006). Water mass definitions are based
on Schmitz (1996).

Upon reaching the mixed layer, the DIC transformation on the particles is gener-
ally similar, regardless of the deep upwelling pathway taken by the particle. On aver-
age, all particles entering the mixed layer have a DIC decorrelation time scale of 1.5 months
(Table 1). The average residence time in the mixed layer is approximately one week (Ta-
ble 1), suggesting that DIC does not fully equilibrate with the atmosphere during the
average single stay in the mixed layer.

5 Conclusions & Discussion

We generated and analyzed a novel high-resolution simulation of a global ocean model
with biogeochemistry and online Lagrangian particle tracking to illuminate the pathways

1
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over which natural carbon upwells from depth in the Southern Ocean. Our particles were
equipped with virtual “sensors” to record physical and biogeochemical properties along
their trajectories. We found that ocean topography plays a key role in bringing carbon-
enriched waters to the surface; we identified four regions with prominent topographic fea-
tures that cover just one-third of the ACC, but are responsible for 71% of particle up-
welling across 1000 m (Figure 2a; Table 1). All deep waters are enriched in DIC and have
a high potential pCOx relative to the atmosphere (Figure 4b and c; Table 1). Topographic
regions create zonal asymmetries in the meridional overturning of the Southern Ocean
and act as a conduit for circulating this relatively uniform deep carbon supply to the sur-
face. After reaching the mixed layer, the DIC behavior of upwelled particles are indis-
tinguishable from one another, regardless of the particle’s origin (Table 1). Our Lagrangian
model analysis thus demonstrates that topographic features in the Southern Ocean bring
disproportionately large quantities of the relatively uniform deep carbon stores to the
surface, consistent with previous Eulerian analyses (Dufour et al., 2015). Further, our
results indicate that the mixed layer residence time of particles is an order of magnitude
shorter than the decorrelation time scale of DIC at the surface (Table 1). Particles re-
main above 200 m for roughly one week on average, but it takes 1.5 months for DIC to
decorrelate (Table 1).

While this study presents a novel perspective on the three-dimensional circulation
of carbon in the Southern Ocean, there are some caveats worth noting. First, our La-
grangian particle trajectories are only influenced by resolved advection, i.e., we do not
include any stochastic terms to simulate diffusion and unresolved physics (Van Sebille
et al., 2018), and this could affect our estimates of mixed layer residence times. How-
ever, our mesh has a horizontal resolution of ~14.5 km in the ACC (Figure S2) and thus
resolves the influence of mesoscale eddies on trajectories. Further, upwelling in the South-
ern Ocean follows nearly adiabatic pathways prior to reaching the mixed layer (Marshall
& Speer, 2012). Second, we rely upon the accuracy of a single physical and biogeochem-
ical model (MPAS-O and BEC) for our Lagrangian particle tracking system, which is
biased relative to real world dynamics and biogeochemistry. However, our model eval-
uation and previous studies demonstrate that MPAS-O is suitable for simulating the cir-
culation and sub-surface DIC concentrations of the Southern Ocean (Figures S3-S5; Petersen
et al. (2019)). Third, our particle trajectories span 17 years, so we do not resolve the long
tail of the transit time distribution for deep upwelling to the Southern Ocean surface (Drake
et al., 2018). However, we do permit the mode of the transit time distribution (17 years),
so our analysis likely includes the most representative trajectories. Our study required
the use of a high-resolution horizontal mesh so that we could resolve mesoscale eddies
and thus investigate the influence of topographic features on upwelling, which act to mod-
ify the eddy-driven component of Southern Ocean overturning (Rintoul, 2018; Youngs,
2020). Prioritizing the higher resolution of the model incurred significant computational
cost, which limited the temporal extent of our particle trajectories. The conclusions reached
in this study would not have been possible with a low-resolution model or offline par-
ticle tracking methods. Finally, we did not explore particles that upwelled under sea ice.
Sea ice caps surface waters from the atmosphere, and potentially reduces air-sea gas ex-
change (Gupta et al., 2020). Since the bulk of upwelling and air-sea gas exchange oc-
curs in the core of the ACC, we focus our analysis there.

Our study builds upon work done by Viglione and Thompson (2016) and Tamsitt
et al. (2017) by connecting the zonal asymmetries in physical circulation to the marine
carbon cycle. To our knowledge, our study marks the first global high-resolution ocean
biogeochemistry experiment with online Lagrangian particle tracking. Our results show-
case the fine-grained analysis that can be performed with a Lagrangian perspective of
ocean biogeochemistry by tracing out the pathways over which carbon circulates in the
Southern Ocean. There exists a tremendous amount of untapped biogeochemical infor-
mation for future Lagrangian biogeochemical studies to reveal. Future studies could, for
example, focus on the behavior of carbon upwelled under sea ice. Further, an analysis
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similar to this could be conducted in many other regions of the world oceans, where car-

bon and other biogeochemical tracer pathways are under intense study (e.g., the Cal-

ifornia Current; Rykaczewski & Dunne, 2010; Pozo Buil & Di Lorenzo, 2017). While the
computational expense of a high-resolution global online Lagrangian study is high, the
insights gleaned from such a simulation are invaluable. In this case, we have found that
seamounts and ridges on the Southern Ocean seafloor ultimately dictate the three-dimensional
movement of deep carbon to the ocean’s surface and have the potential to influence air-

sea CO4 exchange.
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1. Text S1 to S2

2. Figures S1 to S5
Additional Supporting Information (Files uploaded separately)

1. Caption for Movie S1
Introduction The supporting information serves to provide a more detailed description
of the Eulerian model configuration and to evaluate its performance against observations.
We show the Eulerian model mesh resolution via a snapshot of dissolved inorganic carbon

in the Drake Passage in Figure S1 and as a function of latitude in Figure S2. In Text S1,
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we describe the use of (or lack thereof) subgrid-scale parameterizations, detail the ocean
biogeochemical model, and outline the initialization and spinup strategy. In Text S2,
we assess the Eulerian model’s fidelity at simulating horizontal transport in the Antarctic
Circumpolar Current (Figure S3), mixed layer depths (Figure S4), and deep concentrations
of dissolved inorganic carbon (Figure S5).

Text S1. As mentioned in the main text, we use the ocean and sea ice components of
the Energy Exascale Earth System Model (E3SM) in this study (Burrows et al., 2020),
the Model for Prediction Across Scales Ocean (MPAS-O) and Sealce (Ringler et al.,
2013). Due to the high resolution of the horizontal mesh (Figure S1 and S2), we resolve
mesoscale eddies and thus do not parameterize the effect of baroclinic instabilities on
horizontal tracer diffusion. However, we do parameterize the effect of vertical mixing on
tracer distributions using the K-profile parameterization (KPP; Large, McWilliams, and
Doney (1994)).

The ocean biogeochemical component is derived from the Biogeochemical Elemental
Cycling (BEC) model, which contains three phytoplankton functional types (diatoms,
diazotrophs, and a small calcifying phytoplankton class), a single zooplankton class, sea-
water carbonate chemistry, and also tracks the cycling of C, N, P, Fe, Si, and O (Moore et
al., 2013). MPAS-O adds additional features to BEC, including prognostic dimethyl sul-
fide (DMS) production and an explicit Phaeocystis phytoplankton class (Wang & Moore,
2011).

Prior to initializing the biogeochemical model, we spun up the ocean and sea ice models

from rest for 25 years with CORE-II interannual forcing. We then initialized the ocean
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X-3
biogeochemistry using climatologies from observationally based data products. DIC and
alkalinity were initialized using pre-industrial values from the Global Ocean Data Analysis
Project (GLODAP; Key et al. (2004)), and nutrients were initialized using the World
Ocean Atlas (WOA; Garcia et al. (2013)). The physical and biogeochemical models were
then spun up for 33 years to reach approximate steady-state in air-sea CO, fluxes in the
Southern Ocean (not shown). After the spinup, the global integral of air-sea CO5 flux has
a relatively small linear drift of 0.05 PgC yr=2.

Text S2. Here, we provide further evaluation of the MPAS-O simulation, focusing on
horizontal transport in the ACC, mixed layer depth, and deep concentrations of DIC.
We first compare the barotropic stream function (BSF) in MPAS-O to a high resolution
state estimate of the Southern Ocean (Mazloff et al., 2010) in Figure S3. We find general
agreement between our simulation and the state estimate, with cyclonic polar gyres in
the Ross and Weddell Seas, and similar magnitudes and locations for ACC streamlines
(Figure S3). Next, we assess the annual mean mixed layer depth against Argo-based
observations from Holte, Talley, Gilson, and Roemmich (2017) (Figure S4). Our model
reproduces the spatial patterns of the observational product, with deeper mixed layers
in the ACC downstream of the Kerguelan Plateau and in the Pacific sector (Figure S4).
Within the ACC (south of 45°S and outside of the annual sea ice zone), we find a pattern
correlation of 0.72 with the observational product and a mean absolute error (MAE) of
21 m. Note that our model does have very deep mixed layers within the sea-ice zone due
to open-ocean polynyas (not shown), which has been documented in other ocean models

(Zanowski et al., 2015). While this is unlikely to affect the results of our study, it could
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have an impact on tracer distributions in the Southern Ocean. Lastly, we evaluate the
deep-water stores of pre-industrial DIC in our model (Figure S5). We find that MPAS-O
replicates the broad-scale patterns of the observations well. MPAS-O simulates enriched
stores of pre-industrial DIC within the ACC (where curl-driven upwelling occurs) and
depleted pre-industrial DIC concentrations equatorward of the ACC (Figure S5). This
results in a pattern correlation of 0.90 within the ACC and an MAE of 14 pmol kg!.
Note that the model simulates slightly lower levels of pre-industrial DIC at depth in the
ACC than observations, and thus our results likely underestimate carbon upwelling along
particle trajectories.

Movie S1. Lagrangian flow of dissolved inorganic carbon (DIC) in the Southern Ocean
between 300 m and 2000 m for an arbitrary year of the simulation. Output is stored
and visualized in two day increments, with the previous week’s history drawn to outline
mesoscale eddy activity. Pathlines are colored by the instantaneous DIC recorded by the

particle at model runtime.
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Figure S1. A snapshot of an arbitrary five-day average surface dissolved inorganic carbon

(DIC) field in December. This showcases DIC levels in the Drake Passage, where black grid cells
outline the southern tip of South America (top) and northern extent of the Antarctic Peninsula
(bottom). Hexagonal pixels show the actual Eulerian mesh and its horizontal resolution, which

is approximately 14.5 km in this region (Figure S2).
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Figure S2. Horizontal resolution of grid cells for the ocean model used in this study. The

average hexagonal width of the Model for Prediction Across Scales-Ocean (MPAS-O) are shown

as a function of latitude, with the approximate extent of the Antarctic Circumpolar Current

(50°S—60°S shaded in gray).
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(a) MPAS-O

vertically integrated transport streamfunction (Sv)

Figure S3. Model evaluation of the vertically integrated horizontal transport streamfunction.
(a) Annual climatology of the barotropic streamfunction for the Model for Prediction Across
Scales—Ocean (MPAS-O), the model used in this study. (b) Barotropic streamfunction for a
solution of the Southern Ocean State Estimate (SOSE; Mazloff et al. (2010)). Contours outline
20 Sv increments. The model’s climatology for 75% annual sea ice extent is outlined in black and
mixed layer depths are not compared within this region to focus on the Antarctic Circumpolar

Current.
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Figure S4. Model evaluation of annual mixed layer depth. (a) Annual climatology for mixed
layer depth for the Model for Prediction Across Scales—Ocean (MPAS-O), the model used in this
study. (b) Annual mean mixed layer depth from Holte et al. (2017)’s ARGO-based observational
climatology. The model’s climatology for 75% annual sea ice extent is outlined in black and

mixed layer depths are not compared within this region to focus on the Antarctic Circumpolar

Current.
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Figure S5.  Model evaluation of dissolved inorganic carbon (DIC) at 1000 m. (a) Annual
climatology for DIC at 1000 m for the Model for Prediction Across Scales—Ocean (MPAS-O),
the model used in this study. (b) Annual mean pre-industrial DIC from the Global Ocean Data
Analysis Project (GLODAP; Key et al. (2004)). The model was compared to the pre-industrial
DIC observational product, since that is what was used to initialize the simulation. The model’s

climatology for 75% annual sea ice extent is outlined in black.
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