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Abstract Estimates of the ocean biological carbon pump are limited by uncertainties in the magnitude
of the physical injection of particulate and dissolved organic carbon to the ocean interior. A major
challenge is to evaluate the contribution of these physical pumps at small spatial and temporal scales
(<100 km and <1 month). Here, we use a submesoscale permitting biophysical model covering a large
domain representative of a subpolar and a subtropical gyre to quantify the impact of small-scale physical
carbon pumps.The model successfully simulates intense eddy-driven subduction hot spots with a
magnitude comparable to what has been observed in nature (1,000–6,000 mg C·m−2·day−1). These
eddy-driven subduction events are able to transfer carbon below the mixed-layer, down to 500- to 1,000-m
depth. However, they contribute <5% to the annual flux at the scale of the basin, due to strong
compensation between upward and downward fluxes. The model also simulates hot spots of export
associated with small-scale heterogeneity of the mixed layer, which intermittently export large amounts of
suspended particulate and dissolved organic carbon. The mixed-layer pump contributes ∼20% to the
annual flux. High-resolution measurements of export flux are needed to test models such as this one and to
improve our mechanistic understanding of the biological pump and how it will respond to climate change.

1. Introduction
The oceanic biological carbon pump draws down atmospheric CO2 by exporting particulate and dissolved
organic carbon (POC and DOC) produced at the surface by marine ecosystems to the deep ocean (Falkowski
et al., 1998). Estimates of the global carbon export associated with the biological pump vary widely between
5 and 15 Gt/year (Boyd & Trull, 2007; Boyd et al., 2019; DeVries & Weber, 2017; Dunne et al., 2007; Henson
et al., 2011, 2012; Laws et al., 2000; Schlitzer, 2004; Siegel et al., 2014). Achieving a better constraint on the
magnitude of the biological pump is difficult because it requires the characterization of multiple biological
and physical processes that transfer and transform organic carbon. A particularly daunting challenge is
to quantify the impact of processes occurring at small spatial and temporal scales (scales <100 km and
<10 days) on the export flux at annual and large spatial scales (1,000 km).

At large spatial scale, the export is dominated by the passive sinking of POC produced in the well lit surface
layer or euphotic zone—referred to as the gravitational pump. Two physical processes complement the grav-
itational pump: the deepening of the mixed layer that carries organic carbon out of the euphotic zone and
leaves it behind during restratification—referred as the mixed-layer pump—and Ekman pumping of organic
carbon associated with wind-driven ocean circulation—referred as the Ekman pump. Globally, the gravita-
tional pump is estimated to be 4 to 9 Pg C/year (Bopp et al., 2013; Boyd et al., 2019; DeVries & Weber, 2017;
Siegel et al., 2014) and the mixed-layer pump around 2.0–2.4 Pg C/year (corresponding to annual exports
of 1.9 Pg of DOC and 0.1–0.5 Pg of POC, Hansell et al., 2009; Dall'Olmo et al., 2016). The Ekman pump is
considered to be weaker and around 0.7 Pg C/year because of compensation between regions of downward
and upward Ekman pumping (Lévy et al., 2013).

Fine-scale measurements have, however, revealed that POC export can be intensified at the center of ocean
mesoscale eddies or in frontal structures at their periphery (Benitez-Nelson et al., 2007; Buesseler et al.,
2009; Estapa et al., 2015; Guidi et al., 2012; McGillicuddy et al., 2007; Newton et al., 1994; Omand et al.,
2015; Waite et al., 2016; Stukel, Aluwihare, et al. 2017; Stukel, Song, et al. 2017). Observations have also
highlighted the presence of localized maxima in POC concentrations below the base of the euphotic layer,
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Figure 1. Spatial variability from basin scale to eddy scale over the model's idealized domain on 21 March: (a) sea
surface temperature (SST), (b) surface chlorophyll (SChl), (c) mixed-layer depth (MLD), and (d) vertical velocity at
100-m depth (W). Upward vertical velocities are positive. Subtropical, jet, and subpolar regions are delimited by annual
SChl concentrations thresholds of 0.15 and 0.3 mg/m3 (black lines; Resplandy et al., 2012). Vertical Section S used in
Figure 2 is shown in panel (b).

which are interpreted as evidence of small-scale physical subduction of POC (Llort et al., 2018; Omand et al.,
2015; Stukel, Aluwihare, et al.2017). High-resolution biophysical models suggest that these subuduction
“hot spots” are sustained by intense downward vertical velocities of the order of 1–100 m/day that can locally
subduct POC (Karleskind et al., 2011; Lévy et al., 2001; Omand et al., 2015). These ageostrophic velocities
ensue both from mesoscale dynamics and submesoscale frontal dynamics. Here we will use the generic term
”eddy-driven” vertical velocity, to refer to the range of (sub)-mesoscale dynamics, that is, in the scale range
1–100 km. This eddy pump of POC could account for 20% to 70% of the local organic carbon export at the
base of the euphotic layer (Llort et al., 2018; Omand et al., 2015; Stukel, Aluwihare, et al.2017, Stukel, Song,
et al. 2017; Stukel & Ducklow, 2017) and has been identified as a potential pathway to transfer carbon to
depths below the reach of the seasonal mixed layer (Erickson & Thompson, 2018). Nevertheless, previous
observational and fine-scale model estimates of the eddy pump were limited in space and time (typically a
few eddy structures over a few weeks/months and the upper 100 m) and excluded the eddy effects on the
subduction of DOC. The integrated effect of the eddy pump on the biological carbon pump and its efficiency
at exporting carbon to depth are therefore still poorly constrained.

The traditional view that the gravitational pump and mixed-layer pump operate solely on large scales is also
being reassessed. Studies have shown that upward vertical velocities associated with eddies and fronts can
supply nutrients to the euphotic zone, locally promote biological production, and eventually modulate the
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Figure 2. Eddy-driven export hot spots on 21 March along Section S (see
position in Figure 1b). (a) Model particulate organic carbon
(sinking + suspended POC) and vertical velocities (black contours, dashed
downward, and solid upward). (b) Model vertical velocities and MLD
(black). POC export hot spots across the base of the euphotic zone (100 m)
are collocated with intensified vertical velocities at frontal regions. Negative
velocities are downward. Density contours are indicated in gray.
MLD = mixed-layer depth; POC = particulate organic carbon.

sinking of POC (e.g., Harrison et al., 2018; Lévy et al., 2012; Mahadevan,
2016; McGillicuddy, 2016). This dynamically driven variability in the
gravitational pump could be further reenforced by biological processes,
such as zooplankton diel and seasonal vertical migrations, which are
expected to locally add 10% to 200% to the passive sinking flux of POC
(Jónasdóttir et al., 2015; Steinberg & Landry, 2017). Eddies and fronts
are also known to introduce spatiotemporal variations in the mixed-layer
depth, as they can locally restratify or destratify the water column and
modulate the large-scale seasonal patterns in mixed-layer depth (Dufois
et al., 2014, 2016; Hausmann et al., 2017; Karleskind et al., 2011;
Mahadevan, 2016). Yet the effect of eddies and fronts on the mixed-layer
carbon pump has not been quantified (Dall'Olmo et al., 2016; Hansell
et al., 2009; Lévy et al., 2013).

In this study we address some of these open questions. We character-
ize how the gravitational and physical subduction pumps vary in space
and time, quantify how export hot spots occurring at small spatial scales
(<100 km) influence the large-scale and seasonal patterns of the export
flux, and examine how they might transfer carbon below the euphotic
zone and the mixed layer. We use a high-resolution (2 km) biophysical
model of a double gyre system that captures the mesoscale and part of
the submesoscale dynamics (Lévy et al., 2010, 2012). The model, run over
a repeating seasonal cycle, captures the intense frontal and mesoscale
activity necessary to represent export hot spots as well as the regional con-
trasts between the warm low-chlorophyll waters of the subtropical gyre
and the cold high-chlorophyll waters of the subpolar gyre (Figure 1, see
validation and details in section 2). In the following, section 2 presents the
model and how the gravitational, eddy, mixed-layer, and Ekman pumps
are calculated. In section 3, we examine how the different pumps con-
trol the spatial and temporal variability of the organic carbon export flux
and quantify their contribution to the annual export at the base of the
euphotic zone and their efficiency at transferring carbon deeper in the
water column. Finally, section 4 discusses the implications for measuring
and estimating carbon export budgets.

2. Methods
2.1. Idealized North Atlantic Model—Description and Evaluation
This model is based on the free surface primitive equation ocean model NEMO (Madec, 2008), with 30 z
coordinate vertical layers (10 to 20 m in the upper 100 m and 300 m at the bottom), forced with seasonal
zonal profiles of wind, solar radiation, heat, and salt fluxes. We used the physical fields of Lévy et al. (2010)
computed at a horizontal resolution of (1/54)◦ (2 km). The spectral analysis of the velocities in this simu-
lation has revealed that the resolved scales are close to (1/9)◦ (i.e., ∼10 km; Lévy et al., 2012). Moreover,
Lévy, Resplandy, et al. (2012) have shown that the off-line advection of a tracer by the velocities computed
on a (1/54)◦ grid at full resolution or degraded down to (1/9)◦ produces patterns that are almost indistin-
guishable (see their Figure 7). This methodology has the advantage to greatly reduce the numerical cost of
the simulation while retaining the strength of the horizontal and vertical velocities produced by the original
(1/54)◦ model (see details in Lévy, Resplandy, et al., 2012). Therefore, here we used these degraded fields to
transport and compute the evolution of the biogeochemical tracers off-line.

The biogeochemical module used here is the LOBSTER version described in Resplandy, Lévy, et al. (2012),
which includes phytoplankton, zooplankton, semilabile dissolved organic material (DOM, 5-month time
scale), nitrate, ammonium, and two classes of sinking detritus (slow and fast sinking rates of 5 and
200 m/day). Aggregation and disaggregation of detritus and DOM take into account differential settling and
turbulence coagulation mechanisms (Resplandy et al., 2012). We use a constant carbon to nitrogen C:N
ratio of 6.6 (Redfield proportions) for both POC and DOC. Detailed description and evaluation of the phys-
ical and biological dynamics of the model can be found in Lévy et al. (2010), Lévy, Iovino, et al. (2012), and
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Resplandy, Martin, et al. (2012). The spatiotemporal evolution of surface chlorophyll, mixed-layer depth,
and surface POC and DOC is shown in supporting information Video S1.

The GYRE model reproduces the large-scale distribution of temperature, surface chlorophyll, and the par-
ticulate export expected from thorium deficit measurements in the North Atlantic (see details in Resplandy
et al., 2012). It also simulates the features of export hot spots observed in nature. Figure 2 shows three vertical
intrusions of POC associated with intensified downward vertical velocities along eddy-driven fronts. These
intrusions extend down to 400 m in the model, similar to what has been measured in the North Atlantic
(Omand et al., 2015). Finally, the model reproduces subsurface maxima in POC concentrations between the
base of the euphotic layer and 600 m (Figure S1), which have been observed in situ and previously used to
quantify the strength of the eddy subduction pump (Llort et al., 2018; Omand et al., 2015; Stukel, Aluwihare,
et al. 2017).

Daily maps of the spatial variability in model physical (sea surface temperature, mixed-layer depth, and
vertical velocity) and biological (chlorophyll, POC, and DOC concentrations) fields are shown in Figures 1
and S2 and Video S1.

2.2. Pumps of Organic Carbon
For each tracer C (C can be fast sinking POC, slow sinking POC, and suspended POC or DOC), the total
export EC is computed off-line as the sum of the gravitational and subduction pumps:

EC = Egravitational + Esubduction. (1)

We further decompose the subduction pump into three contributions: the advective flux associated with
large-scale Ekman pumping (Ekman pump), the eddy-driven advective flux arising from spatiotemporal
variations in vertical velocities and organic carbon (eddy pump), and the export associated with vertical
mixing (mixed-layer pump):

Esubduction = EEkman + Eeddy + Emixed layer. (2)

All terms are computed as a function of depth. Note that in the literature, subduction sometimes includes
the mixed-layer pump and the eddy pump (Stukel, Song, et al. 2017), the mixed-layer pump and the Ekman
pump (Lévy et al., 2013), or only the eddy pump (Omand et al., 2015).

The gravitational pump across the depth level z is computed from the sinking speed VC of tracer C (VC > 0
for slow and fast sinking POC and VC = 0 for suspended POC and DOC) and the concentration in tracer C
at depth z and time step t (C(t, z)):

Egravitational = − VC × C(t, z). (3)

The Ekman pump at depth z is computed from the annual mean concentration at depth z (C(z) and annual
mean vertical velocity at depth zw(z) (overbar indicates the annual average):

EEkman = − w(z) × C(z). (4)

The eddy pump is the residual between the total model vertical advective flux at depth z and time t and the
annual Ekman pump at the same depth. It includes spatiotemporal covariations between vertical velocity
w(t, z) and concentrations C(t, z):

Eeddy = − w(t, z)′ × C(t, z)′ (5)

with w(t, z)′ = w(t, z) − w(z) and C(t, z)′ = C(t, z) − C(z).

The mixed-layer pump is often evaluated as a detrainment term assuming an homogeneous concentration
of tracer in the mixed layer (e.g., Dall'Olmo et al., 2016). Here, however, we use the spatiotemporally varying
POC and DOC profiles and simulated vertical diffusivities. Note that using the entrainment method would
introduce differences of the order of 5–10% in the mixed-layer pump due to the assumption of homogene-
ity in the mixed layer. The mixed-layer pump at time t and depth z is computed using the model vertical
diffusion coefficient Kz (m−2·s−1) and the vertical gradient in tracer C:

Emixed layer = Kz(t, z) × 𝜕C(t, z)
𝜕z

(6)
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Figure 3. Export of organic carbon out of the euphotic zone (100 m) in the GYRE model. The total export of dissolved
organic carbon and particulate organic carbon composed of the contributions from the gravitational and subduction
pumps. The subduction pump is further decomposed into the mixed-layer, eddy, and Ekman pumps. Export
contributions are shown on 21 March during the spring bloom (a–c and g–i) and averaged annually (d–f and j–l).
Negative values indicate a downward export and positive values an upward transport.
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These calculations are done from 2-day model average results using a 360-day annual calendar. The seasonal
cycle of POC, DOC, and the contribution from the different pumps in the subtropical, subpolar, and jet
regions is shown in Figures S3 and S4. The spatiotemporal evolution of the pumps and the total export of
organic carbon are shown in supporting information Video S2.

For each pump, we compute the probability density distribution of the local export, that is, at each model
point, and the probability density distribution of the export averaged in 100 by 100-km boxes (Figure 4).
There are 40,824 points and 551 one hundred kilometer boxes per time step in the model domain and 180
time steps (2-day averaged fields), yielding 7,348,320 local export estimates (Figures 4a and 4b) and 99,180
estimates averaged on scales of 100 km (Figures 4c and 4d). Monthly maps of the gravitational pump and
subduction pump averaged in 100 by 100-km boxes and the spatiotemporal variability of these pumps in
these boxes are shown in the supporting information.

3. Results
3.1. Carbon Pumps Spatial Variability at the Base of Euphotic Layer
A starting point for quantifying spatial variability is to consider the daily export flux of total organic carbon
(POC + DOC) simulated at the peak of the spring bloom (here we use 21 March). As shown in Figure 3, the
total export flux on 21 March shows a basin-scale south-to-north gradient strongly modulated by export hot
spots (defined here with an arbitrary threshold of local export >400 mg C·m−2·day−1). Locally, the export
flux on that day can exceed 1,000 mg C·m−2·day−1 (up to 4,000 mg C·m−2·day−1) and shows variations up to
800 mg C·m−2·day−1 on scales smaller than 100 km.

The background south-to-north gradient in export is largely imposed by the gravitational pump. On March
21, phytoplankton are blooming in the subpolar gyre around 40◦N (Figure 1), and the gravitational export
is highest on the southern flank of the actively blooming region (30◦N to 40◦N) due to the 1- to 2-week lag
between the peak in surface phytoplankton and the peak in particle export (Figure 3b). As previously shown
in Resplandy et al. (2012), the simulated south-to-north gradient in the gravitational pump falls within the
range of values expected from thorium deficit measured during spring and summer in the subtropical, jet,
and subpolar North Atlantic regions. At smaller scales, hot spots in the gravitational pump are localized in
filaments wrapped around eddy structures (Figure 3b) and mirror the spring bloom patterns delineated by
surface Chl and POC concentrations (Figures 1b and S2). The variability of the gravitational pump in the
model is in agreement with high-resolution measurements in the subtropical gyre and jet region that shows
variations in the sinking flux on the order of 5–30 mg C·m−2 · da𝑦−1 over 40-km transects (see Figure 8 and
10 in Estapa et al., 2015).

Locally, most intense export fluxes are controlled by the subduction pump and in particular the eddy pump
(Figures 3c and 3h). The eddy pump follows the patchiness of the vertical velocity field, with hot spots local-
ized at fronts where vertical velocities are larger than 50 m/day (Figure 1d). These hot spots can locally
reenforce (negative values), balance, or even reverse (positive values) the export of sinking particles by bring-
ing organic carbon back into the euphotic zone (Figure 3h). The mixed-layer pump is also patchy (Figure 3g).
On 21 March, this pump mostly exports organic carbon in the northern subpolar gyre but modulations of
the mixed layer at spatial scales smaller than 100 km in the jet region (Figure 1c) locally suppress or enhance
the export in specific frontal and mesoscale features.

Figure 4 generalizes the results obtained for 21 March and quantifies how each pump contributes to export
hot spots at scales <100 km over the model domain and full seasonal cycle. As suggested by the daily export
field, the dynamical spatial variability influences the subduction pump more than the gravitational pump.
The eddy pump can locally subduct up to 6,000 mg C·m−2·day−1 and upwell up to 4,000 mg C·m−2·day−1, the
mixed-layer pump can subduct up to 1,500 mg C·m−2·day−1, while hot spots in the gravitational pump never
exceed 1,000 mg C·m−2·day−1 (Figures 4a and 4b). Yet we find that gravitational hot spots are more efficient
at exporting organic carbon than subduction hot spots. We evaluate the impact of hot spots on the export
at larger scale by comparing the local export (at each model point) with the export averaged over spatial
scale of 100 km. The gravitational pump shows no damping of the export flux when averaged over 100 km
(similar probability density distribution in Figures 4a and 4c). In contrast, subduction hot spots occurring
at scales <100 km largely balance when averaged over 100-km areas (tapering of extremes in probability
density distribution by a factor of 10 from −6,000 to −600 mg C·m−2·day−1, Figures 4a and 4c).
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Figure 4. Export at 100-m depth. (a and b) Local export at each model point and (c and d) averaged over
100 km × 100 km. Gravitational and subduction pumps (a, c) and contributions to subduction from mixed-layer, eddy,
and Ekman pumps (b, d). Distribution densities are the number of model points (a and b) or 100-km × 100-km model
boxes (c and d) with a certain value of export. The total number of model points is 7,348,320, and the total number of
100-km × 100-km model boxes is 99,180 (see section 2). Monthly maps of the mean export and its spatiotemporal
variability in the 100-km × 100-km boxes are shown in the supporting information.

In the model, the weak contribution of the eddy pump at spatial scales of 100 km is explained by a strong
compensation between downward and upward vertical transport. Although downward hot spots can be
larger than upward hot spots (probability density distribution is not symmetric in Figure 4b), the eddy pump
falls below 500 mg C·m−2·day−1 when averaged over spatial scales of 100 km (Figure 4d). The mixed-layer
pump is predominantly exporting carbon downward (negative values, Figure 4b), but as shown in the daily
export flux this pump is patchy and the effect of mixed-layer export hot spots is dampened by contiguous
areas of no export (Figure 3d). As a result, the mixed-layer pump also falls below 500 mg C·m−2·day−1 when
averaged over spatial scales of 100 km (Figure 4d).

3.2. Subduction Hot Spots Modulate Export Seasonal Cycle
As shown by three cases studies in Figure 5, the export flux and the contributions from the different pumps
also vary in time. On seasonal time scales, the export is dominated by the gravitational pump and the
mixed-layer pump (solid lines indicate average in 100 × 100-km areas). The export in the northern subpolar
gyre (Box 1) follows the canonical succession of export by the mixed-layer pump in winter and early spring
(200–300 mg C·m−2·day−1), sinking of particles produced during the spring bloom (600 mg C·m−2·day−1),
followed by a weaker export flux during summer and fall (100 mg C·m−2·day−1, Figures 5a and 5b). The
magnitude of this seasonal cycle gradually decreases southward into the jet region (mixed-layer and grav-
itational pumps <200 mg C·m−2·day−1 in Box 2, Figures 5c and 5d) and disappear in the subtropical gyre
(mixed-layer and gravitational pumps <10 mg C·m−2·day−1 in Box 3, Figures 5e and 5f).

On shorter time scales (days to months), the export flux is strongly influenced by the dynamical variability
and subduction at small spatial scales. We quantify the impact of spatial variability on the seasonal cycle
using the variability of the export flux within the 100-km case study area (shading in Figure 5 is the±1 spatial
standard deviation in 100 × 100-km areas). The eddy pump can locally introduce short-term variations of at
least 25–50 mg C·m−2·day−1 yearround in the three areas, and variations as high as 1,000 mg C·m−2·day−1 due
to specific frontal and eddy features such as the sharp front that passes through Box 1 in August/September
(Figures 5b and S5). The gravitational and mixed-layer pumps can introduce short-lived variations of
100–400 mg C·m−2·day−1 in the export flux, but this process is limited in space and time to the subpolar
gyre and jet regions during winter and spring (Figures 5b and 5d). The patchiness of these two pumps is
otherwise weaker and <50 mg C·m−2·day−1.
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Figure 5. Seasonal and regional variations in export flux at the base of the euphotic zone (100-m depth). The
gravitational and subduction pumps (a, b) and individual contributions to the subduction pump (mixed-layer, eddy,
and Ekman pumps, [e, f]) are compared in three 100-km × 100-km case studies ([a, b] Box 1 in subpolar gyre, [c, d] Box
2 in jet region, and [e, f] Box 3 in subtropical gyre). The mean (solid lines) and the export variability on spatial scales
smaller than 100 km (shading indicates ±1 spatial standard deviation) are shown for each box. The seasonal evolution
of dissolved organic carbon and particulate organic carbon in Boxes 1 to 3 is shown in Figure S3, and the export pumps
averaged over the subtropical gyre, jet region, and subpolar gyre are shown in Figure S4.

3.3. Eddy Pump Contributes Little to Annual and Regional Budgets
On annual average, the export of organic carbon at the base of the euphotic zone is 30 mg C·m−2·day−1 in the
subtropical gyre, 70 mg C·m−2·day−1 in the jet region, and 120 mg C·m−2·day−1 in the northern subpolar gyre
(Figure 3d, spatial mean over each regions). The gravitational pump accounts for 73% of this annual carbon
export over the domain, while the subduction pump in comparison only accounts for the remaining 27%
(Figures 3e, 3f, and 8). The mixed-layer pump alone accounts for 22% of the annual organic carbon export
over the domain (i.e., 80% of the subduction pump) but is mostly confined to the subpolar gyre. Despite the
presence of strong hot spots, the eddy pump accounts for 4% of the annual export at 100 m at the basin scale,
which is similar in magnitude to the contribution of large-scale Ekman pumping found in this study (1%)
and derived from global ocean simulations (7% in Lévy et al., 2013).

Although the eddy pump and Ekman pump (i.e., advective subduction pumps) contribute little to the annual
export over the domain, our results suggest that together these two pumps export more than 60% of the
DOC in the jet and subtropical gyre where the mixed-layer pump is weak (Figure 8). This result is consistent
with a recent study suggesting that the export of DOC is a major contributor to the export of organic car-
bon in subtropical gyres (Roshan & DeVries, 2017). Their diagnostic approach does not resolve eddy-driven
dynamics and the biological processes producing and decomposing DOC explicitly, but it demonstrates the
need for a large export of DOC to reconcile surface DOC production with observed ocean tracer distribu-
tions. Our results suggest that subduction could sustain the DOC pump in subtropical gyres inferred by
Roshan and DeVries (2017). Finally, we also note that in the subpolar gyre, the Ekman pump yields a weak
reemergence of DOC (upward transport of 5.0 mg C·m−2·day−1 into the euphotic zone) because of the large
DOC export by the mixed-layer pump in winter, which becomes available for upward vertical transport after
spring restratification.

RESPLANDY ET AL. 8
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Figure 6. Depth profiles of annual mean export of organic carbon in the subpolar, jet, and subtropical regions. Total export sums the gravitational and
subduction pumps. The subduction pump is decomposed into contributions from mixed-layer, eddy, and Ekman pumps. Box plots of the maximum winter
mixed-layer depth (MLD) are shown (median, first and third quartiles, and minimum and maximum values in each region). Export is in log scale.

3.4. Can the Eddy Pump Transfer Carbon Deeper in Water Column?
In the model, the contribution of the subduction pump declines with depth, and at 500 m it only accounts
for 2% of the annual organic carbon export, the gravitational pump accounting for the remaining 98% (Table
S1 and Figure S6). Yet, in regions of deep convective winter mixed layer (such as the northern subpolar gyre
in our model), the mixed-layer pump can subduct carbon as deep as 500–1,000 m (Figures 6 and S6). In
regions of shallower winter mixed layer (jet and subtropical gyre), the mixed-layer pump is limited to the
upper 100–200 m but the eddy pump acts as a relay, transferring carbon below the mixed layer (eddy pump
maximum right below the mixed-layer pump maximum in Figures 6b and 6c).

The individual depth profiles of the eddy pump shown in Figure 7 suggest its effect is generally confined
to the mixed-layer but can, in some cases, export as much as 500 mg C·m−2·day−1 below the depth of the
mixed layer (e.g., Profiles 1 to 5). However, because these events are relatively rare and limited in space
and time, their contribution to the annual and regional carbon export is still about 10 times smaller than
the gravitational pump (Figure 6). This result is consistent with the study of Stukel, Song, et al. (2017),
which showed that, in the California Current, sinking particles were more efficiently exported at depth than
subducted particles.

4. Discussion
4.1. Implications and Link to In Situ Measurements
We find that the export of total organic carbon simulated in an idealized double gyre system is highly variable
at the eddy scale (that is 100 km and below). Locally, largest export fluxes are sustained by the eddy-driven
subduction pump. Simulated hot spots of export up to 1,000–6,000 mg C·m−2·day−1 are consistent with
previous observations and modeling work focusing on the export along a frontal structure during the sub-
polar North Atlantic Spring bloom (Omand et al., 2015, see their Figure S12). However, we find that these
eddy-driven hot spots contribute less than 5% to the export of organic carbon on annual and regional average.
Our model suggests that although hot spots associated with particle sinking (up to 1,000 mg C·m−2·day−1)
and vertical mixed layer (up to 1,500 mg C·m−2·day−1) are weaker than those of the eddy pump, they are
more efficient at exporting carbon.

On annual average and over the domain, the gravitational pump exports 73% and the mixed-layer pump
22% of the total organic carbon. This result appears consistent with the traditional view of the biological
pump—dominated by gravitational pump—and mixed-layer pump. A major difference, however, is that in
the traditional view, the influence of the mixed-layer pump at the global scale is attributed to the wintertime
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Figure 7. Eddy pump export (downward transport <0 or upward transport >0) along randomly picked depth profiles in
the model. Mixed-layer depth (black dots) and month of year (colors) are indicated for each profile. Profiles 1 to 5
(thick lines) show eddy pump exporting below the mixed layer.

export of DOC accumulated over the spring and summer seasons (Hansell et al., 2009; Henson et al., 2012),
while in our model the mixed-layer pump exports DOC but also large amounts of suspended POC (plankton)
at 100 m (Figure 8b and Table S1). This downward mixing of suspended POC is associated with eddy-driven
subseasonal variations in the mixed-layer depth. Short-lived restratification events (time scale of days) pro-
mote not only plankton growth (Mahadevan et al., 2011) but also the export of recently produced suspended
POC during the subsequent deepening of the mixed layer. This efficient mixing of suspended POC accounts
for half of the simulated annual subduction pump and about 10–15% of the total export at 100-m depth.
This result is supported by recent glider optical observations suggesting that high-frequency vertical mixing
of small POC could account for 5–25% of the annual export in the North Atlantic Porcupine Abyssal Plain
(49◦N to 16◦W; Bol et al., 2018). The global export of POC by restratification/destratification was estimated to
be 0.1–0.5 Pg C/year using satellite-based POC and float-based mixed-layer depths (Dall'Olmo et al., 2016).
Our modeling results suggest that heterogeneities in the mixed layer at small spatial scale play a critical role
in sustaining this export of suspended POC.

In our model, eddy pump hot spots are associated with downward eddy-driven vertical velocities larger
than 50 m/day, localized at fronts. These vigorous downward motions are short-lived and compensated by
upward velocities. This compensation between upward and downward eddy-driven transport occurs in part
at spatial scales of ∼100 km and in part at larger spatial and temporal scales. The compensation between
upward and downward transport is, however, not complete. In line with previous observations and mod-
eling studies (Llort et al., 2018; Omand et al., 2015; Stukel, Aluwihare, et al.2017; Stukel, Song, et al.2017),
we find that the downward transport of POC across the euphotic layer (8 mg C·m−2·day−1) exceeds the
upward transport of POC (7 mg C·m−2·day−1) because of the asymmetric effect of upward and downward
velocities on the vertical gradient in particles (sharp decline with depth, Figure 2). The integrated effect of
eddy-driven POC subduction is, however, small and accounts for less than 2% of the annual POC export at the
regional scale.

This contrasts with the results of a recent study that found very little compensation between upward
and downward transports because of a high correlation between high POC concentrations and downward
vertical velocities in their model (Omand et al., 2015). In our case, the correlation between high POC
values and downward velocities is weak (Pearson correlation coefficient R = −0.14 for 150-m POC con-
centrations >15 mg C/m3). A major difference is the more complex biological model used in our study,
including nutrients, DOC, phytoplankton, zooplankton, and detritus, as well as a representation of the
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Figure 8. Annual export of dissolved organic carbon (DOC) and particulate organic carbon (POC; sinking and
suspended) at 100 m averaged over the model domain and over the subpolar, jet, and subtropical regions. (a) Export
from the gravitational and subduction pumps and (b) contributions to the subduction pump from the mixed-layer,
eddy, and Ekman pumps. Export fluxes are downward (negative) except for the Ekman pump in the subpolar gyre.
Export fluxes are given in Table S1.

aggregation/fragmentation effect of turbulence and the funneling effect of eddies on detritus (Alldredge
et al., 2003; Waite et al., 2016; see details in the supporting information). The resulting nonlinearities tem-
porally decouple production, decay, and export of POC within the evolving 3-D velocity field. In nature,
biological processes are more complex than what is represented in any of the models, and whether or not
this additional complexity yields more or less coupling between downward velocities and plankton biomass
remains to be assessed. A second factor in this comparison, however, is the lower horizontal resolution of
our physical model (2 km vs. 1 km in Omand et al., 2015), which could yield weaker vertical velocities and
underestimate the asymmetry between small-scale upwelling and downwelling across frontal structures
(Gula et al., 2014; Mahadevan, 2016).

The magnitude of this compensation between eddy-driven upward and downward carbon transport is dif-
ficult to detect and quantify from in situ observations. Llort et al. (2018) developed an observation-based
method to quantify the eddy-driven subduction of POC in the Southern Ocean, using subsurface maxima in
POC detected by biogeochemical floats. By applying the same method to the POC in our model (see Text S1),
we find an annual mean POC subduction of 0.6 mg C·m−2·day−1, which represents only a small fraction
of the POC downward eddy pump (8 mg C·m−2·day−1) and about two thirds of the net POC export by the
eddy pump (i.e., the sum of downward and upward transport that equals 1 mg·C·m−2·day−1, Figure 8). The
method successfully detected the strong downward subduction events simulated in the jet and subpolar
regions, but by design it did not capture the weaker downward export events without POC subsurface signa-
tures nor the upward obduction events (Figure S7). This comparison is, however, limited by the fact that the
model vertical resolution at the subsurface (50–100 m) is lower than the float profile resolution (10–50 m),
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so the model may underestimate the magnitude of subsurface POC signatures and associated subduction
flux. In any case, we note that available observation-based methods to quantify eddy-driven subduction do
not detect POC obduction events and therefore cannot be used to address the compensation of downward
and upward POC flux events that we see in our model.

4.2. Caveats and Limitations
We acknowledge that there are some caveats in our approach, including the idealized representation of the
double gyre system and the biogeochemical and ecosystem dynamics. Observational and modeling studies
suggest that the active export of organic carbon by zooplankton vertical migration could add 30% to 50% to
the gravitational pump in the North Atlantic (Hansen & Visser, 2016; Jónasdóttir et al., 2015; Steinberg &
Landry, 2017) and likely contributes, along with the subduction pump examined here, to the spatial vari-
ability in the global biological pump. Zooplankton may also fragment part of the fast sinking large POC
into slow sinking small POC and DOC that become more available to microbial respiration (Baker et al.,
2017; Giering et al., 2014). Our model includes one class of zooplankton and some parameterization of the
fragmentation and aggregation processes of POC linked to the flow turbulence and to zooplankton grazing
(Resplandy et al., 2012) but does not represent the observed complexity in plankton/microbe dynamics.

Additional factors are the complex spectrum of lability and carbon to nitrogen (C:N) ratios observed in dis-
solved and particulate organic matter (Amon & Benner, 1994; Hansell, 2013; Hansell et al., 2015). Our model
includes a semilabile DOM pool (remineralization time scale of 5 months), which is the pool controlling
the seasonal accumulation and carbon export in the ocean (Hansell et al., 2015, Chapter 15.). However,
our model probably underestimates the size of this pool in the subtropical gyre (observed concentrations of
10 μmol C·K·g−1 [Hansell, 2013] vs. simulated concentrations<4 μmol C·K·g−1). The model does not include
refractory and semirefractory pools of DOM. Given the temporal and spatial scales considered in this study
(≤1 year, <3,000 km), refractory DOC has little influence on our results and would correspond to a constant
background value equal to deep observed DOC concentrations (40 μmol·K·g−1; Hansell et al., 2009). How-
ever, semirefractory DOC (remineralization time scale of years), which accumulates in subtropical gyres
(10 μmol·K·g−1), could enhance export in this region (Hansell, 2013). Finally, our approach ignores spa-
tiotemporal variations in DOM lability and departures in the C:N stoichiometry that could yield a C-enriched
DOM and an increased contribution of DOC to the total carbon export. For example, a C:N DOM ratio of 10
would increase the annual DOC export in the subtropical gyre by 50% and the annual carbon export in this
region by 10%. Because of the limitations (DOM concentrations, lability, and C:N ratio), the relative con-
tribution of DOM to the total export in the subtropical gyre could be larger than simulated in the model.
Similarly, our approach does not represent variations in POC lability, which could increase the concentra-
tion of small particles and modify the carbon export out of the euphotic zone (Aumont et al., 2017; Baker
et al., 2017). These biological processes are known to control the DOC and POC export fields on seasonal to
interannual time scales and on regional to basin spatial scales. Nevertheless, their influence on the export
at scales <100 km is still to be determined.

The idealized double gyre physical model used in this study resolves mesoscale eddies but does not fully
resolve submesoscale dynamics, which would require a much higher horizontal resolution (McWilliams,
2016). It is therefore likely that the model underestimates vertical velocities and asymmetries in upward
and downward transport (Gula et al., 2014; Mahadevan, 2016) and the strength of submesoscale instabilities
(Erickson & Thompson, 2018). In addition, the model does not include high-frequency winds and could
therefore underestimate the downward mixing and export of DOC and POC along frontal structures (Whitt
et al., 2017). Another related caveat is the off-line computation used in our model, which filters the impact
of internal waves. Recognizing these limitations, we expect the present study to give a lower bound of the
export patchiness that can be expected in nature. High-resolution measurements of organic matter dynamics
will be key to further constrain the impact of eddy-driven biological-physical interactions on the export flux,
test and improve their representation in global and regional models such as the one used here, and refine
estimates of the global biological carbon pump.
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