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Eddy-Driven Transport of Particulate Organic Carbon-
Rich Coastal Water Off the West Antarctic Peninsula

Renato M. Castelao' 2, Michael S. Dinniman® ©, Caitlin M. Amos' 2, John M. Klinck? ©, and

Patricia M. Medeiros'

"Department of Marine Sciences, University of Georgia, Athens, GA, USA, “Center for Coastal Physical Oceanography,
Old Dominion University, Norfolk, VA, USA

Abstract The Southern Ocean is characterized by high eddy activity and high particulate organic
carbon (POC) content during summer, especially near Antarctica. Because it encircles the globe, it
provides a pathway for inter-basin exchange. Here, we use satellite observations and a high-resolution
ocean model to quantify offshore transport of coastal water rich in POC off the West Antarctic Peninsula.
We show that nonlinear cyclonic eddies generated near the coast often trap coastal water rich in POC
during formation before propagating offshore. As a result, cyclones found offshore that were generated
near the coast have on average higher POC content in their interior than cyclones generated locally
offshore. This results in a POC enrichment of 5.7 + 3.0 Gg C year " in offshore waters off the Peninsula.
Actual POC enrichment is likely substantially larger, since about half of the volume transport of coastal
water is driven by small eddies that are missed by observations.

Plain Language Summary Coastal waters off Antarctica during summer are generally highly
productive, being characterized by high concentrations of particulate organic carbon (POC). Mechanisms
driving offshore transport of coastal water are important because they contribute to spreading that organic
carbon over large areas of the Southern Ocean. Here, we combine satellite observations and model results
to show that when cyclonic eddies are generated near the coast, they often trap coastal water rich in POC
in their interior. As those eddies propagate offshore, they carry that signature with them, resulting in POC
enrichment in offshore areas. Model results indicate that small eddies, which are generally missed by
satellite altimetry, can account for half of the eddy-driven volume transport of coastal water.

1. Introduction

The Southern Ocean plays a disproportionally large role in the global carbon cycle (McNeil et al., 2007;
Metzl et al., 1999; Takahashi et al., 2002). The Southern Ocean is also unique because it encircles the globe,
providing a pathway for exchange of water, carbon, and other properties between the different ocean basins.
Efforts to quantify particulate organic carbon (POC) distribution on large scales are often hampered by the
sparseness of in situ data, both at spatial and at temporal scales. Studies have shown that POC concentration
is often well correlated with band ratios of spectral remote-sensing reflectance (e.g., Stramski et al., 1999).
This allowed for the development of satellite algorithms for estimating POC in the upper ocean from ocean
color (Gardner et al., 2006; Pabi & Arrigo, 2006; Stramski et al., 2008). Using such algorithms, Allison
et al. (2010) showed that the region close to Antarctica is characterized by high POC during the austral
summer, providing a dominant contribution to the accumulation of POC within the Southern Ocean during
the productive period of the season.

Mechanisms transporting coastal water rich in POC offshore off Antarctica are important because they con-
tribute to spreading that biogeochemical signature over a larger area of the Southern Ocean. This allows for
coastal production to influence biogeochemical processes in the open ocean, in areas away from production
sites near the coast. One process likely to contribute to the offshore transport is nonlinear mesoscale eddies.
Oceanic mesoscale variability occurs primarily as nonlinear eddies (eddies with rotational speed exceeding
their translation speed; Chelton et al., 2007; Chelton, Schlax, & Samelson, 2011), which can trap water in their
interior and transport properties such as heat, salt, nutrients, and carbon along their trajectories (Samelson
& Wiggins, 2006). Even though the entrapment mechanism is not perfect (i.e., some material can leak from
the eddy interior; de Steur et al., 2004), eddies have been shown to transport materials in various regions
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Figure 1. Average surface POC concentration (mg m™>) during austral

150 of the ocean (Amos et al., 2019; Gaube et al., 2014; Lehahn et al., 2011),
resulting in significant cross-isobath flows (Castelao, 2014; Castelao &
He, 2013; Chaigneau et al., 2011; Nagai et al., 2015) and affecting physical
(Gaube et al., 2019) and biogeochemical (Chenillat et al., 2016) process-
es. The Southern Ocean is characterized by strong eddy activity (Kahru
et al., 2007; Patara et al., 2016), and eddies around Antarctica are par-
ticularly effective in trapping material in their interior as they propagate
1100 (Frenger et al., 2015). Along the Antarctic continental shelf, small (radii
of 5-10 km) eddies are important in transporting offshore heat onto and
across the shelf in many locations (Stewart et al., 2018), especially along
the West Antarctic Peninsula (WAP) (Couto et al., 2017; Martinson & Mc-
Kee, 2012; McKee et al., 2019; Moffat et al., 2009). To balance the onshore
volume transport, offshore transport may be driven by several mecha-
nisms, including possibly by eddies, with small eddies (~6 km) shed from
the shelf and larger eddies (radii of 50-60 km) detaching from topograph-
ic features along the slope (Brearley et al., 2019).

Here, we used satellite-derived sea level anomalies and ocean color to

quantify the importance of nonlinear eddies in transporting coastal water
rich in POC offshore off the WAP based on observations. A key limita-
tion for studies in high-latitude regions is the inability of low-resolution

0 altimetry data to resolve small-scale eddies (Chelton, Schlax, & Samel-
son, 2011). We quantified this limitation by comparing observational re-
sults with outputs from a high resolution, submesoscale permitting ocean

summer from SeaWiFs. Black arrows show mean direction of propagation model simulation.
of cyclonic eddies from altimetry. Blue lines delineate offshore region

used for analyses. Thin black contour is 1,000 m isobath. POC, particulate

organic carbon; SeaWiFs, Sea-Viewing Wide Field-of-View Sensor. 2. Methods

POC concentrations were estimated from observations of remote-sensing

reflectance from SeaWiFs (Sea-Viewing Wide Field-of-View Sensor) at
9 km resolution from September 1997 to December 2010 using the algorithm of Allison et al. (2010) (Fig-
ure 1). The 9 km data product was used to better match the resolution of altimetry observations (see below).
To reduce the influence of cloud coverage, data were averaged at a 7 days interval. Data off the WAP are
generally not available from May to August due to sea ice cover. Data availability increases in September/
October, is highest from November to March, and generally decreases sharply in April. In situ data used by
Allison et al. (2010) to develop their algorithm were restricted to open water stations, avoiding the optically
complex coastal environments that often present challenges for ocean color algorithms. Here, satellite ob-
servations were compared to historic in situ POC data from coastal regions off the WAP collected during re-
search cruises from 1991 to 2018 as part of the Palmer Long Term Ecological Research (Palmer-LTER) pro-
gram. In situ samples are available from November to March, although most samples have been collected
in January. In situ samples were processed according to Palmer LTER standard protocols (collected on com-
busted 0.7 um glass fiber filters and analyzed via combustion using a CHNS/O Analyzer; Luria et al., 2017),
and were downloaded from the Palmer LTER data portal. Satellite observations were interpolated in time
and in space to match the location and time of the in situ data. The comparison revealed that 7 days-aver-
aged satellite concentrations are significantly correlated with in situ POC in coastal areas (Figure 2), indicat-
ing that the algorithm, although calibrated for offshore regions, provides useful information near the coast.
Satellite-derived concentrations are smaller than in situ POC for concentrations larger than ~80 mg m™>
and slightly larger for concentrations smaller than that threshold. There is also substantial scatter in the
comparison, with larger variability observed in the in situ coastal data compared to satellite observations.
This is expected since each satellite pixel spans a much larger area than the in situ point measurements, in
addition to representing an average of 7 days, rather than an instantaneous measurement. As such, satellite
observations cannot represent small/short scale variability associated with patchiness in POC distribution.
This is especially important in coastal areas, where scales of variability are reduced due to the smaller Ross-
by radius. Water column POC integrated from the surface to 100 m depth (POC,y) has been shown to be
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Figure 2. (a) Location of in situ surface observations of POC concentration from the Palmer LTER project. (b)
Binned scatterplot of in situ surface POC concentrations from the Palmer LTER and satellite-derived surface POC
concentration (based on 7 days averages) using the algorithm of Allison et al. (2010). Black circles and vertical bars
are mean +1 standard deviation for each bin. Individual data are shown by small blue dots. The 1:1 line (dashed) is
shown for reference. Palmer LTER data span the entire SeaWiFS period. LTER, Long Term Ecological Research; POC,
particulate organic carbon.

highly correlated with surface concentrations obtained from several cruises in the Southern Ocean, includ-
ing off the WAP (¥ = 0.91; Allison et al., 2010). Using this relationship, Allison et al. (2010) developed an
algorithm (POCq (g m™2) = 0.04737 (+0.00141) X surface POC (mg m™) + 2.16672 (+0.22816)) allowing
for POC content in the top 100 m to be estimated from satellite data.

Mesoscale eddies’ characteristics and location were obtained from an existing global dataset from altimetry
observations (Chelton, Schlax, & Samelson, 2011; Schlax & Chelton, 2016). Features with e-folding scales
smaller than ~0.4° are generally not well resolved in the data (Chelton, Schlax, & Samelson, 2011). In the
data set, eddy radius is defined as the radius of a circle whose area is equal to that enclosed by the contour
of maximum circum-average speed around the eddy. The amplitude is defined as the difference between the
maximum (for anticyclones) or minimum (for cyclones) sea surface height within the eddy and the average
height around the outermost closed contour of sea surface height that defines the eddy perimeter (Chelton,
Schlax, & Samelson, 2011). All cyclonic and anticyclonic eddies observed offshore off the WAP were identi-
fied and separated into two groups, one with eddies generated locally offshore (between the two blue lines
in Figure 1) and another with eddies generated close to the coast (to the south of the southernmost blue line
in Figure 1; most of these eddies are generated offshore of the shelfbreak) that propagated offshore. Since
POC is used here as a tracer of coastal water, a distance larger than the average width of the coastal band
of high POC concentrations was chosen to distinguish between coastal and offshore water (boundary iden-
tified by the southernmost blue line in Figure 1), as in Amos et al. (2019). The POC and POC,y, anomalies
associated with each eddy were extracted following Amos et al. (2019). Briefly, we began by spatially high-
pass filtering (Chelton et al., 2004; Schlax & Chelton, 2016) the POC fields from SeaWiFS to remove large-
scale patterns not related to mesoscale variability. The resulting anomalies (with respect to the large-scale
background field) in POC concentration and in the integrated POC content in the top 100 m (POC,,) within
2-by-2 eddy radii from the eddy center were extracted for all eddies identified in the dataset of mesoscale
eddies used here (Chelton, Schlax, & Samelson, 2011). In each case, we normalized the distance from the
eddy center by the eddy radius, a procedure often used to allow for comparisons of eddies of different radii
(e.g., Chelton, Gaube, et al., 2011; Gaube et al., 2013, 2014). Only eddies with at least 90% coverage for POC
observations (ice- and cloud-free pixels) within one eddy radius and 75% within two radii were used. To
remove noise and other mesoscale variability that were not related to the eddy, a 2D Gaussian function was
fitted to the resulting POC and POC,o, anomaly fields (Yuan & Castelao, 2017), consistent with the average
eddy shape (Chelton, Schlax, & Samelson, 2011). Repeating the analyses without the Gaussian fit produced
results that are quantitatively similar to those presented here, although visual inspection of the anomalies
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Figure 3. Surface POC concentration (colors; 7 days composites, mg m™) and sea level anomalies (contours, 3 cm
interval) from satellite observations off the WAP. Black (gray) contours are negative (positive). Blue cross shows
position of cyclone A on February 12. Thick green contour in (b) is 1,000 m isobath. A and D indicate cyclonic eddies
that potentially trapped coastal water rich in POC in their interior, while cyclonic eddy B was generated far from the
coast. C indicates an anticyclonic eddy. POC, particulate organic carbon; WAP, West Antarctic Peninsula.

revealed several mesoscale features that are likely not related to the eddies, especially around the edges of
the 2-by-2 eddy radii boxes. Using the Gaussian fit allowed for the eddy signature to be isolated from those
other mesoscale features (Amos et al., 2019).

Once the POC and POC;, signatures associated with the eddies were isolated, they were used to build com-
posites of POC and POC, o anomalies for both cyclonic and anticyclonic eddies according to their location,
generation site, and amplitude. We built separate composites for eddies found offshore (region inside blue
lines in Figure 1) that were generated locally offshore and for those that were generated near the coast that
propagated offshore. The composites were also built separately for eddies of different amplitudes, since it
is possible that eddies of different amplitudes have different characteristics (e.g., differences in strength of
vertical circulation in their interior). The composites were then used to compute the POC enrichment in the
top 100 m in offshore waters due to eddy-driven transport across the southernmost transect in Figure 1 as

POC enrichment (Gg year’l) = A(POCIOO) x eddy area x N €9

where A(POC;y) is the difference in POC,, inside cyclones or anticyclones found offshore that were gener-
ated near the coast and those generated offshore for each amplitude bin, and N is the number of eddies of
either polarity that were generated each year near the coast and propagated offshore for each amplitude bin.
The POC enrichment was calculated by summing over the various amplitude bins. The assumption is that
while POC concentration inside an eddy generated locally offshore will be influenced by processes occur-
ring within the eddy (e.g., upwelling), POC concentration inside an eddy that was generated near the coast
and moved offshore will be additionally influenced by the trapping of coastal water rich in POC in the eddy
interior (e.g., cyclone A in Figure 3). Therefore, the difference in POC concentration between those eddies
(of similar amplitude) provides a measure of POC enrichment offshore due to the trapping of coastal water
(e.g., trapping of POC rich waters, local production through utilization of nutrients trapped near the coast
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during formation). Uncertainty in the POC enrichment estimate was obtained by propagating uncertainties
in eddy radius, in the number of eddies generated near the coast that propagate offshore in each year, in the
integrated POC anomaly associated with eddies in each amplitude bin, and in the slope and intercept for
the linear fit between surface and vertically integrated POC concentrations (given in Allison et al., 2010).
Additional details of the method are described in Amos et al. (2019).

To investigate the potential importance of small-scale eddies that are missed by altimetry observations,
we used a circulation model that was previously implemented for the WAP and described in detail by Gra-
ham et al. (2016). The model uses the Regional Ocean Modeling System (ROMS) (Haidvogel et al., 2008),
which is a primitive equation ocean circulation model with a free surface and a terrain-following vertical
coordinate. The configuration used for the WAP has 1.5 km horizontal resolution and 24 variable-thickness
vertical layers that are concentrated toward the top and bottom surfaces. The 1.5 km resolution model has
been shown to simulate well small scale (~5-10 km) eddy heat transport onto the WAP continental shelf
(Graham et al., 2016) and larger scale eddy volume transport off the WAP continental shelf/slope (Brearley
et al.,, 2019). It includes a dynamic sea ice model (Budgell, 2005) and simulates mechanical and thermo-
dynamic interactions between the floating ice shelves in the model domain and the water cavity under-
neath (Dinniman et al., 2011; Holland & Jenkins, 1999). Model bathymetry is from the Bedmap2 database
(Fretwell et al., 2013). Atmospheric forcing is from archived forecasts from the Antarctic Mesoscale Pre-
diction System (Powers et al., 2012) covering the period 2006 through 2012. Laplacian horizontal viscosity
is used with a small value (0.1 m? s™") such that the damping time scale due to added numerical viscosity
(Haidvogel & Beckmann, 1999) for the smallest eddies studied here (11 km) is much greater (4 years) than
the period over which any of the eddies are tracked. For further details on the model forcing (including
lateral open boundaries), see Graham et al. (2016). An explicit biogeochemical model is not used in the
current implementation.

A visualization of model eddy transport away from the WAP was created by using a Eulerian tracer in the
circulation model. At a given time step during the model integration a passive tracer with a default value of
1.0 was placed throughout the entire vertical water column. The tracer was released on January 25, 2009 in
this example, in all grid points shoreward of the model 0.08 m sea surface elevation anomaly contour (with
respect to the long term mean over the model domain) along the WAP. The threshold of 0.08 m was chosen
because at that time step it delineated the front separating coastal and offshore waters (see Figure 6). This
tracer was then allowed to freely advect and diffuse within the model domain based on the modeled circu-
lation for the duration of the simulation.

Lastly, we also provided a crude estimate of the fraction of volume transport by eddies of different radii
based on observations and model results. Volume transport was computed as in Amos et al. (2019) as (eddy
area X D X N X trapping efficiency)/T, where N is the number of eddies generated near the coast that moved
offshore each year, T is the number of seconds in 1 year, and D is the thickness of the layer with trapped
fluid. By focusing on a surface layer D (say, top 100, or top 200 m) thinner than the trapping depth of eddies
(eddy signatures in the Southern Ocean extend down to 2,000 m on average, and they are likely to trap fluid
in the top 1,000 m; Frenger et al., 2015), a constant value for D could be used for eddies of different radii. For
simplicity, we also assumed that the trapping efficiency (fraction of fluid actually trapped by eddies) is the
same for eddies of different radii. Previous studies in other systems have shown that trapping efficiencies
may vary between eddies, but differences are generally small (~10%; Amos et al., 2019). These simplifica-
tions precluded quantitative estimates of transport. However, they allowed for identifying the relative im-
portance of eddies of different sizes on the overall eddy-driven transport on the surface layer of thickness D,
with results being independent of the values chosen for trapping depth and efficiency. This calculation al-
lowed us to estimate if small scale eddies that are resolved in the high-resolution model simulations but that
are missed in the lower resolution altimetry data can make an important contribution to offshore transport.

3. Results

The coastal region off the WAP is characterized by high POC content during the austral summer (Figure 1),
with concentrations decreasing sharply offshore of ~200 km from the coast. The region is also characterized
by strong mesoscale eddy activity (Kahru et al., 2007; Frenger et al., 2013, 2015). Analyses of the long-term
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altimetry record indicated that eddies between the Peninsula and the tip of South America generally propa-
gate northeastward (Figure 1), likely influenced by the strong mean flow of the Antarctic Circumpolar Cur-
rent (ACC) (Frenger et al., 2015). Most of those eddies are nonlinear, indicating that they can theoretically
trap and transport fluid in their interior as they propagate (Chelton, Schlax, & Samelson, 2011; Flierl, 1981).
Since coastal waters during summer are rich in POC, eddies generated near the coast off the Peninsula have
the potential of trapping and transporting POC (and any other material contained in the water) offshore
toward the ACC.

An example of offshore transport of coastal water rich in POC by a mesoscale eddy is shown in Figure 3.
Features observed in the POC data generally matched well with mesoscale features resolved by the com-
paratively lower resolution sea level anomaly observations from altimetry. Consistent with the average POC
distribution, a strong gradient in POC concentrations was observed, with high content restricted to coastal
waters although extending beyond the 1,000 m isobath into slope waters. A cyclonic eddy was formed in
early February (cyclone A in Figure 3a), characterized by high POC content in its interior (Figure 3b). Note
that cyclone B located farther offshore had low POC content on February 21, even though it had approxi-
mately the same radius and amplitude as cyclone A. This is consistent with high POC content inside cyclone
A being due to coastal water being trapped in its interior, rather than to local production. As cyclone A
moved northeastward over the next several weeks (Figures 3c-3f), the patch of high POC water also moved
offshore, presumably trapped in the eddy’s interior. Cyclone A was only slightly larger than the area with
high POC on February 21. As the eddy moved offshore and grew with time (Samelson et al., 2014), however,
it became substantially larger than the area with high POC by April 1. This is also consistent with the high
POC content inside the eddy being related to trapping and offshore transport of coastal water. POC content
on April 1 also matched the spatial scales of eddies C and D (Figure 3f). Cyclone D, whose formation can be
seen in the previous panels (Figures 3d and 3e), propagated northeastward in the following days. Although
no POC data are available for that time, it is likely that water rich in POC was transported offshore within
cyclone D, much the same way that cyclone A contributed to POC enrichment offshore.

To identify the effects of the offshore propagation of nonlinear eddies on POC distribution away from the
coast, we quantified the POC anomaly associated with all eddies observed in offshore waters off the Pen-
insula. We compared the POC anomalies for eddies found in offshore waters that were generated locally
offshore (between the blue lines in Figure 1) with the anomalies for eddies found in offshore waters but that
were generated near the coast (to the south of the southernmost blue line in Figure 1). Most of these coastal
eddies that were captured by altimetry were formed off the shelf offshore of the 1,000 m isobath, where
averaged POC concentrations are reduced (Figure 1). However, the front separating coastal water rich in
POC and offshore waters is often situated offshore of the 1,000 m isobath in instantaneous measurements
(e.g., Figure 3b). The analysis revealed that, for a given amplitude, cyclonic eddies found offshore that were
generated near the coast have a higher POC content in their interior than cyclones found offshore that were
locally generated offshore (Figure 4a). The higher POC content for cyclones that were generated near the
coast (as in Figures 3b-3d, where cyclone A had a higher POC content than cyclone B) may be related to the
trapping and offshore transport of coastal water that is rich in POC or to local production as the eddy prop-
agates offshore through the utilization of nutrients that were trapped near the coast at formation (Amos
et al., 2019). It may also be due to remineralization of the trapped POC and recycling into new carbon (and
the associated nutrients that are also recycled along with the carbon), which would help maintain elevated
POC concentrations as an eddy generated near the coast moves offshore (Amos et al., 2019). In all these
cases, POC enrichment offshore is influenced by the trapping of coastal water and offshore transport by cy-
clonic eddies. In contrast, anticyclonic eddies are on average characterized by negative POC anomalies, and
eddies generated offshore and those generated near the coast that propagated offshore are characterized by
similar POC anomalies (Figure 4b). The differences observed between cyclones and anticyclones are likely
related to the water that is trapped during formation. When a cyclone is formed along the boundary current
flowing northeastward, it may trap coastal water rich in POC (e.g., cyclones A and D in Figure 3) and thus
it may have a different POC content compared to a cyclone generated offshore (Figure 4a). An anticyclonic
eddy, even if generated near the coast, will generally trap waters from the offshore side of the boundary
current, which on average will have a lower POC content (e.g., anticyclone C, Figure 3). Thus, anticyclones
generally have similar POC anomalies when they are found offshore, irrespectively of the generation loca-
tion (Figure 4b).

CASTELAO ET AL.

6of 13



V ad |
AGU

Journal of Geophysical Research: Oceans 10.1029/2020JC016791
20 T T T T T T
> (@ cyclonic eddies
© —_ 15 [re 7
£
e E 4ol 1 1 J/I
T o I T T 1 1
8 g i K-______'\'_ — r
a
O 1 ¥ 1 1 1 1
O T T T T T T
=
© il !
S 5 m
e E 4o} -
O
o — -157 ; . . i
o (b) anticyclonic eddies
20— : : : : :
& = il (c) cyclonic eddies ]
£
o I |
E S °
o o
e 9. OF= =L
@)
a
-2 L = . z 4

1-3 3-5 5-7 7-9 9-11 11-13
Eddy amplitude (cm)

Figure 4. Mean POC anomaly and standard error within one eddy radius associated with (a) cyclonic and (b)
anticyclonic eddies of different amplitudes found in the offshore region (see Figure 1) that were locally generated
offshore (red) or generated near the coast and propagated offshore (blue). (c) POC enrichment and standard error in
the offshore region due to cyclonic eddies generated near the coast that propagated offshore off the WAP. Total POC
enrichment integrated across the various amplitude bins is 5.7 3.0 Gg year . POC, particulate organic carbon; WAP,
West Antarctic Peninsula.

We used the number of cyclonic eddies generated near the coast that propagated offshore for different am-
plitude bins and the POC enhancement in the interior of those eddies (as in Figure 4a, but for the integrated
POC content from the surface to 100 m — POC,) to compute the POC enrichment in the offshore region
due to eddy-driven transport using Equation 1. Our calculations revealed that offshore propagation of non-
linear cyclonic eddies across the southernmost transect shown in Figure 1 resulted in a POC enrichment of
5.7 + 3.0 Gg C year " in offshore waters off the WAP (Figure 4c).

Most eddies off Antarctica between 65°-60°S have a radius of 20-50 km, peaking at about 30 km (Frenger
et al., 2015). The eddies detected by altimetry that were generated near the coast and moved offshore off the
WAP were slightly larger, with radii of about 40-60 km on average (Figures 5a and 5b). The smallest eddies
identified moving offshore had radii of about 35 km. This lower limit is likely influenced by limitations
on the resolution capability of altimetry observations, which are unable to resolve features with e-folding
scales smaller than about 0.4° (Chelton, Schlax, & Samelson, 2011). On average, 5.1 + 2.1 eddies were gener-
ated per year near the coast and moved offshore, with values for individual years varying between 2 and 12.
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Figure 5. Fraction of volume transport due to (a) cyclonic and (b) anticyclonic eddies generated near the coast that
propagated offshore (see Figure 1), as a function of eddy radius. Results are presented as percentage because they
are not meant to provide a quantitative estimate of transport. Rather, the calculation is meant to quantify the relative
contribution of eddies of different radii to total transport.

The potential contribution of smaller eddies to offshore transport was quantified using results from a
high-resolution model simulation. The modeled fields showed that cyclonic eddies are often generated near
the coast off the Peninsula (Figure 6). The simultaneous release of a passive tracer revealed that these cy-
clonic eddies can trap coastal water in their interior and transport it offshore as they move away from the
coast (e.g., cyclonic eddy A on Figure 7), which is consistent with observations (Figure 3). However, the size
distribution of the nonlinear eddies generated near the coast that move offshore (across the southernmost
blue line in Figure 1) contributing to transport is different than in the observations. The cyclonic eddies are
smaller in the model than in the observations, with an average radius of 30-50 km (Figure 5a). The smallest
identified cyclone transporting coastal water offshore had a radius of 11 km. Approximately 50% of the
cyclonic eddy-driven modeled transport of coastal water occurs for eddies with radius <40 km, which are
mostly missed by altimetry. For anticyclones, the difference in the size of modeled and observed eddies is
smaller (Figure 5b). Most of the transport in the model occurs for eddies with a radius of 30-70 km, with
the smallest anticyclone transporting coastal water offshore having a radius of 23 km. About 25% of the
anticyclonic eddy-driven transport occurs for eddies with radius <40 km. The number of eddies generated
near the coast that moved offshore ranged between 5 and 10 year™" in the model simulations, with most of
the eddies moving offshore between 66° and 59°W.

4. Discussion

Mesoscale eddies contribute important horizontal heat and salt transports on a global scale, mainly due to
individual eddy movements (Dong et al., 2014). Nonlinear eddies, those with rotational speed U exceeding
their translation speed c, can trap fluid in their interior during formation (Flierl, 1981), potentially trans-
porting the trapped water and its properties for large distances (Early et al., 2011; Lehahn et al., 2011).
In high latitudes, where propagation speeds of eddies are reduced (Chelton et al., 2007; Chelton, Schlax,
& Samelson, 2011) contributing to increased U/c ratios, trapping may be particularly important. Several
previous studies have investigated eddy characteristics and dynamics in the Southern Ocean. These studies
often focused on the region around and to the north of the ACC (Frenger et al., 2015), having addressed the
role of mesoscale eddies in the transport of heat and biogeochemical tracers across the fronts of the ACC
(Dufour et al., 2015) and revealing that eddies often have biological composition which is typical for the
region where the eddy originated (Ansorge et al., 2009). In the ACC region, where eddies exhibit high swirl
velocities, more than 90% of the variance of SST anomalies due to eddies can be related to trapping (Frenger
et al., 2015).

Here, we focused on eddy-driven transport in the coastal region off the WAP. Even though the number of
eddies decreases quickly close to the coast, the gradient in biogeochemical properties between coastal and
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Figure 6. High-resolution ocean model domain. Colors show sea surface
elevation (in meters) on February 14, 2009, 20 days after the model dye
is released (see Figure 7). The 0.08 m contour is shown in black. Note

formation of a cyclonic eddy at 62°W, 60.5°S.

offshore waters is large (Allison et al., 2010) indicating a potential for
eddy-driven transport of biogeochemical signatures. Our observational-
ly based analyses revealed that cyclonic eddies can indeed trap coastal
water rich in POC and transport it offshore. As a result, cyclonic eddies
generated near the coast that propagated offshore have on average dou-
ble the POC anomaly compared to cyclonic eddies of similar amplitude
generated locally offshore. This leads to a POC enrichment of almost
6 Gg C year™ in offshore waters off the Peninsula, although as discussed
below this likely represents an underestimation of the true impact of
coastally generated eddies on the distribution of POC in offshore regions.
These cyclones propagate on average 126 + 70 km (127 = 91 km in the
model simulations) before becoming undetectable. This propagation dis-
tance is on the high end of the range of 10-100 km previously observed
in the Southern Ocean (Frenger et al., 2015). Eddy suppression in the
Southern Ocean is often due to the shear associated with its strong cur-
rents (Naveira Garabato et al., 2011; Thompson & Sallée, 2012). Thus,
eddies generated far from the ACC near the coast can propagate com-
paratively larger distances before being suppressed in the ACC region.
Once cyclonic eddies are suppressed around the ACC, the coastal water
that was trapped in their interior is presumably released into a region of
strong currents that circumnavigate the globe, potentially spreading that
biogeochemical signature (POC and any other material contained in the
coastal water) toward different ocean basins.

Given the uncertainties in carbon fluxes in the Southern Ocean (Kessler & Tjiputra, 2016; Hauck
et al., 2020), it is difficult to estimate if the POC enrichment in offshore waters due to eddy-driven trans-
port could be an important component of the carbon budget in the region. Considering the relatively small
number of eddies detected by altimetry that are generated near the coast and move offshore, the contri-
bution is likely small compared to the POC stock offshore. However, POC anomalies due to the trapping
mechanism for the eddy composites (difference between blue and red lines in Figure 4a; about 5 mg m™)

2009/2/6

2009/3/14

Figure 7. Modeled surface dye concentration off the WAP. The initial position of the dye is shown in panel (a). The 0.08 m surface elevation contour is shown
in panels (c) and (d) to highlight the formation of cyclonic eddy A. A larger view of the surface elevation field for February 14, 2009 (panel c) is shown in

Figure 6. WAP, West Antarctic Peninsula.
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and for individual eddy occurrences (e.g., comparing eddies A and B in Figure 3; >50-60 mg m™>) are
comparable to total POC variability in offshore regions (spatial variability in area between blue lines in
Figure 1 is 5-20 mg m ™). This suggest that eddy trapping and transport can be an important component
driving local POC variability offshore, even if the contribution to the total POC stock is small. This is
consistent with results for the California Current System (CCS), where eddies have been shown to provide
the key mechanism for long-range transport of nutrients and organic matter from the coast into the off-
shore environment (Nagai et al., 2015). Using the same method used here, Amos et al. (2019) estimated
the eddy-driven POC enrichment in offshore regions in the CCS to be 20.9 + 11 Gg year™", larger but of
the same order of magnitude of the transport estimated here for the WAP. Amos et al. (2019) also showed
that eddy trapping and transport results in an increase in POC anomalies associated with cyclonic eddies
offshore in the CCS of ~50%. This relative increase is about half of that observed off the WAP, where the
increase is ~100% (Figure 4a).

Regardless of how important eddy transport is to the POC budget, the composition of the POC transport-
ed offshore by cyclonic eddies is likely different than the composition of the POC found offshore, which
may have important ecological implications. This is because coastal waters trapped during eddy formation
are influenced by recent coastal production, which is known to add labile compounds to the carbon pool
(Ahlgren et al., 1992; Medeiros et al., 2012), including saccharides and low molecular weight fatty acids
(Medeiros et al., 2015). As the fresh material is transported offshore (e.g., Alonso-Gonzalez et al., 2013;
Alvarez-Salgado et al., 2001), it provides a pathway for coastal production to help support heterotrophic
microorganisms away from the coast. Thus, growth conditions inside cyclonic eddies generated near the
coast are likely different than those in surrounding waters. This can possibly drive changes in microbial
community composition (Doherty et al., 2017), since activity by microorganisms has been shown to vary
strongly as a function of POC quantity and composition (Satinsky et al., 2014). The degradation state of the
organic matter transported within eddies may also influence particle settling velocities (Alonso-Gonzalez
et al., 2013), which influences the depth of organic matter decomposition and potential for carbon seques-
tration. Cyclonic eddies have been found to enhance organic carbon, amino acid, and pigment export in the
Canary Current System with respect to noneddy conditions (Alonso-Gonzalez et al., 2013). Microbial res-
piratory activity in that system has also been shown to be controlled by fluctuations in POC advected from
productive coastal waters, in part due to mesoscale eddies (Aristegui et al., 2020). Our analyses off the WAP
also serve as an indicator of transport of other quantities that cannot be easily measured by satellites, such
as freshwater from ice melting, nutrients, and dissolved organic carbon.

As mentioned above, our calculation of POC enrichment in offshore regions likely represents an under-
estimation of the true impact of eddies due to several limitations in the data sets. Our high-resolution
model results suggest that about half of the volume transport of near surface coastal water due to trapping
by cyclones may occur for small eddies that are missed by altimetry observations. This is consistent with
Brearley et al. (2019), who have shown that small scale eddies contribute to the export of cold shelf wa-
ter to the open ocean off the Peninsula. Future satellite missions that will provide sea level anomalies in
higher resolution (e.g., NASA's Surface Water and Ocean Topography mission—SWOT; Fu et al., 2012) will
allow for investigating transport of coastal water rich in POC by small eddies based on observations. Using
SWOT data in conjunction with high resolution ocean color observations will also allow for identifying
POC anomalies associated with small scale eddies, a necessary step for quantifying POC enrichment in
offshore regions due to submesoscale eddies. Additionally, only eddies with a lifespan of at least 4 weeks
were retained in our analyses to reduce noise (Chelton, Schlax, & Samelson, 2011), but short-lived features
may also be significant (Brearley et al., 2019) especially given that eddies propagate only O (100) km be-
fore being suppressed in the ACC region. Last, satellite-derived POC measurements were obtained based
on an algorithm calibrated for open waters (Allison et al., 2010), which possibly underestimates in situ
content in POC-rich coastal regions off the WAP (Figure 2). Collectively, these limitations suggest that
our calculations may substantially underestimate POC enrichment offshore due to eddy-driven transport.
Despite these limitations, our observationally based analyses demonstrate that eddy trapping of coastal
water and offshore transport of the trapped material is significant enough to alter the average distribution
of properties inside cyclonic eddies in offshore regions. Future modeling studies including a biogeochem-
ical component can contribute to reducing uncertainty in the estimates by fully capturing the importance
of small-scale eddies.
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Satellite-based estimates of eddy-driven volume transport associated with trapping are dependent on es-
timates of the trapping depth (generally determined using Argo observations; Castelao, 2014; Chaigneau
et al., 2011) and trapping efficiency (Amos et al., 2019; Donners & Drijfthout, 2004; Nakano et al., 2013). We
chose not to quantitatively estimate volume transport by eddies because few Argo profiles are available near
the coast, not allowing for robust estimates of the trapping depth. Instead, we only estimated the fraction of
volume transport that is due to eddies of different radii (Figure 5) in a given surface layer shallower than the
minimum trapping depth for the eddies of different sizes, assuming that the trapping efficiency is approxi-
mately the same for eddies of different radii, as has been done previously in other settings (Castelao, 2014;
Sangra et al., 2009). In the CCS, the variation in trapping efficiency between different eddies is around 10%
(Amos et al., 2019), suggesting that the uncertainty introduced in the calculation due to this assumption is
small (volume transport scales linearly with trapping efficiency). Although these assumptions precluded
quantitative estimates of eddy-driven volume transport, they allowed for using our high-resolution model
results to identify that small-scale eddies that are missed by satellite observations have the potential to
account for half of the total eddy-driven volume transport off the WAP. We note that our estimate of POC
enrichment offshore due to eddy-driven transport (Figure 4c) based on observations is not dependent on
estimates of the trapping depth or trapping efficiency (Equation 1; Amos et al., 2019). Furthermore, by in-
tegrating the higher-resolution POC data spatially within the eddy, the effects of possible smoothing of sea
level anomalies and uncertainties in eddy size determined by low-resolution altimetry data are minimized.
When the eddy scale determined by altimetry is larger than the scale of the POC anomaly (e.g., cyclone A
in Figure 3f), the spatially integrated POC anomaly within the eddy is not strongly influenced by that, since
the POC anomaly near the outer boundaries of the eddy (as identified by altimetry) is close to zero.

Our analyses were focused on the WAP because it extends into lower latitudes, allowing for better altimetry
coverage and less sea-ice cover. However, mesoscale eddies are ubiquitous features in the Southern Ocean
(Patara et al., 2016) and POC accumulation during summer is also observed in several other Antarctic
coastal regions (Allison et al., 2010). These suggest that offshore transport of coastal water rich in POC
by nonlinear eddies could be important throughout Antarctica, which would result in substantially larger
offshore transport of POC and other material contained in the trapped water, including fresh components
associated with recent coastal production (Alvares-Salgado et al., 2001; Medeiros et al., 2015) that have a
large potential to influence ecological processes offshore (Doherty et al., 2017; Satinsky et al., 2014). The
Indian Ocean sector of the Southern Ocean may be a good region for this process to be investigated, given
the northward extent of the coastline into latitudes where altimetry observations are more readily available.

Data Availability Statement

Observations are available at www.aviso.altimetry.fr (global mesoscale eddy trajectory product), https://
resources.marine.copernicus.eu/?option=com_csw&task=results = (SEALEVEL_GLO_PHY_CLIMATE_
L4_REP_OBSERVATIONS_008_057), https://oceandata.sci.gsfc.nasa.gov/SeaWiFS (daily, 9 km, Rrs_443,
and Rrs_555), and https://pal.lternet.edu/data (Organic Matter, Particulate Organic Carbon and Nitrogen,
cruise and station). Model codes are available at www.myroms.org Model outputs used for this analysis are
available at BCO-DMO (https://www.bco-dmo.org/dataset/831045).
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