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The Zapiola Anticyclone (ZA) is a strong, /(100 Sv), barotropic vortex in the center of the Argentine Basin that is
tied to a bathymetric feature called the Zapiola Rise. It is regionally significant for two reasons: first, the strong
vortex is a dynamical barrier that inhibits the lateral exchange of water, and hence has the ability to trap water
for a long period of time. Second, its dynamics is governed by a balance between eddy-driven mass convergence
and divergent Ekman transport, which gives rise to strong downwelling and Ekman pumping into the bottom
boundary layer.

This study investigates the kinematics of the ZA by studying the fate of the water parcels that are trapped by
the ZA. We use output from a five-year simulation with an eddy-permitting ocean model, and we use a
Lagrangian approach to track water parcels originating from within the ZA. We determine basic statistics of the
parcel trajectories, including retention time, number of revolutions, vertical displacement, and temperature and
salinity changes. The picture that emerges is one of water parcels spiraling downward through the water column,
undergoing downwelling while they revolve anticyclonically around the center of the ZA. In our experiment,
water parcels spend on average 451 days within the ZA, and make 2.6 revolutions around its center, with each
revolution taking somewhere between 100 and 200 days. On average, parcels undergo a 94 m descent, 0.03 °C
cooling and 0.0042 psu freshening. But individual parcels can undergo more than 800 m of downwelling, 0.2 °C
of cooling, and + 0.02 psu of salinity change. We believe that vertical motions of this order of magnitude, and the
associated water mass transformations, are unique in the abyssal mid-latitude oceans.

1. Introduction

The Zapiola Anticyclone (ZA) is a stationary vortex located in the
Argentine Basin. It is trapped by a seamount called the Zapiola Rise,
which crests at 4700 m depth and rises 1500 m above the Argentine
Abyssal Plain (Fig. 1). The ZA is roughly 800 km wide, and is barotropic
in nature (Saunders and King, 1995a). Its mean volume transport is not
well constrained, due to the difficulty of measuring barotropic trans-
ports, and the strong variability in the region; and it seems that the only
direct observation was made by Saunders and King (1995a), who esti-
mated a strength of 100 Sv (1 Sv =1-10° m® s~!) based on Acoustic
Doppler Current Profiler (ADCP) measurements. Subsequently, Sar-
aceno et al. (2009) estimated a strength of about 50 Sv based on the
Mean Dynamic Topography (MDT) product of Rio et al. (2005) ~which
combined gravity measurements from the Gravity Recovery and Climate
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Experiment (GRACE) mission, altimetry, hydrography, and drifter data;
while Colin de Verdiere and Ollitrault (2016) estimated a strength of
124 Sv based on Argo float data. Several studies have pointed out that
the strength of the ZA is highly variable, with strong interannual vari-
ability (e.g., Fu et al., 2001; Volkov and Fu, 2008; Saraceno et al., 2009;
Yu et al., 2018; Venaille et al., 2011); an intra-seasonal mode of vari-
ability with a period of 25 days (Fu et al., 2001; Weijer et al., 2007a, b;
Hughes et al., 2007; Yu et al., 2018); and even occasional collapses
(Saraceno et al., 2009; Bigorre and Dewar, 2009).

The dynamics of the ZA was described by Dewar (1998). He explains
how a seamount in an eddy-rich region leads to downslope transport of
potential vorticity, and an associated upslope transport of mass. This
mass convergence generates a high pressure dome over the seamount,
which then forces an anticyclonic barotropic flow around it. Interest-
ingly, the only mechanism to brake this flow is bottom drag; hence, the
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mass flux convergence in the interior water column is balanced by
divergent Ekman transport in the bottom boundary layer. This picture
was confirmed in numerical models by, for instance, de Miranda et al.
(1999) and Volkov and Fu (2008). Weijer et al. (2015) recognized that
this secondary circulation necessarily leads to downwelling motion
within the vortex, and used an eddy-resolving ocean model to demon-
strate that the downwelling transport increases almost linearly with
depth. In fact, in their model, this process pumped no less than 4 Sv into
the bottom Ekman layer; a staggering number given that the major
overturning cells like the Atlantic Meridional Overturning Circulation
involve less than 20 Sv of downwelling transports (e.g., Frajka-Williams
et al., 2019).

The Argentine Basin is considered the main conduit for water mass
exchanges between the Atlantic and Southern Oceans (e.g., Jullion et al.,
2010). Given the strong vertical motions in the ZA, water masses tran-
siting through the Argentine Basin may be affected by its dynamics. Yet,
the impacts of the ZA on the large-scale ocean circulation remain largely
unknown. This study takes a first step towards understanding the im-
pacts of the ZA, by investigating its kinematics using Lagrangian parti-
cles in an eddy-permitting ocean model. Statistics on the evolution of the
particles provide insight into the role the ZA may play in regional and
large-scale circulation by supporting strong downwelling and water
mass transformation.

2. Method

To examine the kinematics of the ZA, we use a Lagrangian approach
to determine the fate of water parcels that start within the ZA. We use an
offline particle tracking method, forced by velocity fields from an eddy-
permitting ocean model. This ‘parent’ model is an ocean/sea ice stand-
alone configuration of the E3SMv0-HiLAT model (Hecht et al., 2019),
documented by Zhang et al. (2019). The model grid has a unique
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eddy-permitting resolution of 0.3°, and 100 levels in the vertical. This
allows for a vigorous eddy field that reproduces the characteristic
pattern in the Argentine Basin of high eddy kinetic energy surrounding a
quiescent ‘eye’ over the Zapiola Rise, as observed by satellite altimetry
(Zhang et al., 2019). No eddy parameterization is used, but a
flux-limited advection scheme prevents numerical instabilities. The
model was run for 186 years, forced by 3 cycles of CORE-II forcing
(representing the historical period from 1948 to 2009). Our analysis
window is a 5-year period starting from January 1 of year 98, for which
5-day averaged output was saved (temperature, salinity, and the 3 ve-
locity components). The hydrographic properties over the Zapiole Rise
compare well with observations (Fig. 2).

Figs. 3 and 4 show that the ZA is well represented in this model. Its
mean strength of 112 Sv is close to the observational estimates of
Saunders and King (1995a) and Colin de Verdiere and Ollitrault (2016);
also the variability is significant, with 5-daily values ranging between 50
and 246 Sv, consistent with observational estimates (e.g., Saraceno
et al., 2009). The spectrum of the time series (Fig. 4b) is predominantly
‘red’ (Venaille et al., 2011), with significantly enhanced spectral energy
at 25 days (Fu et al., 2001; Weijer et al., 2007a). This variability is also
illustrated in Fig. 5, which shows snapshots of the barotropic stream
function, in the context of its climatological mean. Fig. 2a clearly shows
the strong downwelling within the ZA, which increases with depth; at
5100 m depth, it reaches 2 Sv, associated with an average downward
velocity of about 8-10~° m/s. Below this depth, average vertical veloc-
ities increase even further, and reach values up to 26-10~® m/s when the
water barrels down the flanks of the Zapiola Rise.

To track the fate of water parcels that start within the ZA, we use the
Connectivity Modeling System (CMS; Paris et al., 2013). CMS calculates
particle trajectories using velocity fields from a parent model. Here we
use 5-day averaged velocity fields from E3SMvO-HiLAT. To determine
our release locations, we first defined the ZA as the area enclosed by the
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Fig. 1. Bathymetry of the Argentine Basin. Contour interval is 500 m, with the 5000 m isobath indicated in bold. Figure made with GeoMapApp (www.geomapapp.

org; Ryan et al., 2009).


http://www.geomapapp.org
http://www.geomapapp.org

W. Weijer et al.

Vertical velocity (10 m/s)

Deep-Sea Research Part I 164 (2020) 103308

-30 20 -10 0
O — — 0 0
-1000 4 -1000 4 -1000 |-
-2000 - 4 -2000 <4 -2000 [
£
 -3000 [ 4 -3000 <4 -3000 [
a)
-4000 - 4 -4000 <4 -4000 |-
-5000 4 -5000 4 -5000 [
Model
= =WOCE A11
-6000 L : L -6000 ‘ -6000 . ‘ ‘ ‘
2 -1.5 -1 0.5 0 0 10 34 342 344 346 348

Vertical transport (Sv)

Temperature (°C)

Salinity (psu)

Fig. 2. a) Profile of net vertical transport (black) within the ZA; and profiles of a) vertical velocity (gray), b) potential temperature, and c) salinity, averaged over the
ZA region. For reference, panels b) and c) show temperature and salinity profiles from station 12269 of the 1993 WOCE A11 cruise (44.7°W, 45.0°S; Saunders and

King, 1995b).
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Fig. 3. a) Mean barotropic stream function (in Sv) for the Argentine Basin. White contour denotes the 5 Sv isoline that is used here to define the outline of the ZA.
Black circle indicates the location of the maximum mean barotropic stream function (112 Sv) at 44.3°W, 45.2°S. The red symbols indicate the location of parcel
releases. Contours of f/H (black) are shown for bathymetric reference only. b) Same as a), but now showing the locations of the parcels at the end of the 5 year
analysis period. Note that a subset of particles end up at the boundary of the analysis domain. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

5 Sv contour of the mean barotropic stream function (white contour in
Fig. 3a); and we designated the location of maximum mean barotropic
stream function as the center of the ZA (black circle). We defined zonal
and meridional release sections that intersect at the center of the ZA, and
we released a particle for every 0.1° on the zonal and meridional release
sections (red symbols), and at every 50 m depth between the surface and
6000 m depth. At t = 0, we released a total of 21,840 virtual particles.
These particles were subjected to the integration algorithm in CMS, and
a new location was determined every hour. The location of each particle

was recorded every 5 days, and temperature and salinity were sampled
at these locations and times. We followed the particles for 5 years, and
the location of water parcels at the end of the 5-year analysis period is
shown in Fig. 3b.

We found that of the 21,840 particles released, 2400 particles started
outside the ZA (as we allowed the ‘arms’ of the release sections to extend
slightly beyond the boundaries of the climatological ZA), while 1973
particles started out stuck on bathymetry, and were considered lost. So
for our analysis we use the remaining 17,467 particles. We only consider
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Fig. 4. a) Strength of the ZA for the 5 year analysis period. Black line is the ZA time series, defined as the maximum value of barotropic stream function within the ZA
mask. Gray line is the stream function value at its climatological center (44.3°W, 45.2°S). b) Spectrum of the ZA time series. Light gray line is 90th percentile of 1000

synthetic time series with the same AR-1 characteristics as the ZA time series.
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Fig. 5. A selection of 9 snapshots of 5-day averaged barotropic stream function. White line and plus-symbol indicates climatological position of the 5 Sv isoline that
defines the ZA, and its center; while the red contour shows the instantaneous 5 Sv contour. Arrows indicate velocity vectors at 2000 m. (For interpretation of the

references to color in this figure legend, the reader is referred to the Web version of this article.)
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the particles trajectories until they leave the ZA for the first time. Also,
we treat particles that get stuck on bathymetry during the simulation as
if they have left the ZA. We deem a particle to be ‘stuck’ when it ceases to
move horizontally. To calculate the number of revolutions of a parcel
around the center of the ZA, we express its relative location with respect
to the center of the ZA in polar coordinates r(t),¢(t). Each time ¢(t)— ¢,
crosses a multiple of 360°, the parcel is deemed to have completed
another revolution.

In the next section we will explore several aspects of the water parcel
trajectories from the moment of release at t = 0 until the moment of exit
at t = T, (where T, is the retention time). Table 1 summarizes the sta-
tistics of several key metrics.

3. Results
3.1. Particle retention

First we explore the retention of the water parcels that started within
the ZA. On average, parcels stay within the ZA for 451 days (Table 1).
However, this average retention time increases from 115 days in the
upper 1000 m to almost 2 years between 2000 and 3000 m. The
retention curve (Fig. 6) shows that about 37% of the parcels is retained
for at least a year, while 5% is still within the ZA at the end of the 5 year
analysis period. The curve appears to display two time scales of decay,
and can be accurately modeled by the sum of two exponential functions,
with decay time scales of 180 (fast) and 800 (slow) days. Each decay
mode contains roughly half of the particles.

Analysis of the retention time as function of release location (Fig. 7)
suggests that the parcels with the shortest retention time are located in
the upper 1000 m, and on the edges of the ZA. The fast mode therefore
mostly consists of parcels that are released in the upper 1000 m, and are
subjected to surface-intensified baroclinic circulation; and those on the
edge of the ZA, which are most susceptible to eddies and meanders of the
ZA (see Fig. 5). The slow mode consists of parcels that reside in the
interior of the ZA and are isolated from surface currents or meanders of
the ZA. However, this is not the complete story, as even closer to the
center, and below 1000 m, there are clear regions where parcels are

Table 1

Key particle statistics, listed per depth range. Metrics are retention time T,
(days), number of revolutions (#), time per revolution T; (days), vertical
displacement Ad (m), temperature change AT (°C), and salinity change AS (10~3
psu). Shown are mean and standard error of the mean, with minimum and
maximum values in brackets.

Depth range T, # T; Ad AT AS
0-1000 m 115 + 0.69 + 121 + —22.2 0.08 + 18.1 +
2 0.01 2 + 0.5 0.01 1.1
[o, [-0.08, [25, [-178, [-2.91, [-140.3,
1370] 7.48] 385] 102] 4.72] 677.6]
1000-2000 316 + 1.85 + 151 + —46 + -0.04+ 8.6+0.2
m 6 0.03 1 1 0.00
[o, [0.00, [15, [-287, [-0.78, [-36.6,
1830] 14.59] 545] 236] 0.58] 60.71
2000-3000 502 + 2.96 + 154 + -85 + -0.04+ 43+0.2
m 9 0.05 1 2 0.00
[o, [0.00, [15, [-578, [-0.51, [-30.7,
1830] 14.74] 480] 212] 0.30] 39.3]
3000-4000 699 + 4.19 + 156 + —-131 + —-0.12 £ -7.1+
m 11 0.07 1 3 0.00 0.1
[o, [0.00, [15, [-695, [-0.58, [-37.6,
1830] 17.72] 550] 235] 0.20] 20.1]
4000-6000 574 + 3.10 £ 153 £ —-161 + —0.05 £ -3.3+
8 0.06 1 3 0.00 0.1
[o, [-0.98, [15, [-898, [-0.26, [-18.2,
1830] 17.28] 1590] 344] 0.09] 6.4]
0-6000 451 + 2.60 + 153 £ —94 + —0.03 £ 4.2+ 0.2
4 0.02 0 1 0.00
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Fig. 6. Fraction of water parcels retained within the ZA as function of time.
Parcel retention is modeled as a sum of two exponentials, with fast (180 days)
and slow (800 day) decay time scales.

ejected quickly. These intricate patterns suggest that the processes that
expel the parcels from the ZA may involve smaller scale exchanges be-
tween the ZA and its surroundings (as visible, for instance, in the
instantaneous snapshots of barotropic stream function, Fig. 5).

3.2. Loop statistics

While the parcels are being trapped by the ZA, they loop around its
center on average 2.6 times (Table 1). Although more than 50% of the
parcels are being ejected before completing 1.5 revolutions, 20% com-
pletes 3.5 revolutions or more, roughly 10% completes more than 7.5
revolutions, and some undergo as many as 18 revolutions. The ability to
hang around longer increases with depth, as shown by Fig. 8a. For the
top layer, less than 1% of the parcels hang around long enough to
complete 3.5 revolutions or more, while this is 42% for the 3000-4000
m depth range. The deepest bin (> 4000 m) is atypical: it has a long tail
like the other deep bins, but a high peak at zero revolutions. This likely
reflects the lower retention time of deep parcels (Fig. 7), due to the
strong divergent circulation in the bottom boundary layer.

The time it takes for parcels to complete a revolution (T;) is shown in
Fig. 8b. Average revolution time is 153 days (Table 1), but times of 200
days or longer are not uncommon. For depths below 2000 m, the dis-
tributions have a bimodal character, with preferred modes of 100 and
175 days. The reason for this bimodality is the fact that the ZA is
strongest over the western part of the Zapiola Rise, while weaker cir-
culation extends over the eastern part (Figs. 3 and 5). One might argue
that this western intensification represents a stronger sub-cell within the
ZA proper. The parcels that go around the entire ZA experience revo-
lution times that are significantly longer than parcels that circulate
within the western cell only. Note that this bimodality is not seen for
parcels released above 2000 m depth, possibly due to the stronger in-
fluence of the baroclinic circulation not associated with the ZA. Note
that, although the fraction of parcels that start in each of the 5 depth bins
is approximately the same (20%), the parcels that are released in the
deeper bins make more revolutions (see Fig. 8, left panel), giving us
larger sample sizes for the deeper bins.

3.3. Ejection direction
While the ZA can retain parcels for several years (Section 3.1), the

fate of water exiting the ZA determines its influence on the surrounding
region. Thus, it is important to determine what the preferential exit
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Fig. 7. Retention time (days) as function of release location on the a) zonal and b) meridional release section, and c) as function of depth of release. Red dots indicate
parcels that have not left the ZA at the end of the analysis period. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)
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Fig. 8. Probability Density Functions (PDFs) of a) the number of revolutions before the parcels are ejected from the ZA, and b) the time per revolution. In each case,

the parcels are binned by depth of release, as indicated in the legend.

locations (in both depth and direction) are around the perimeter of the
ZA. Fig. 9 show that parcels preferably exit the ZA to the east and
southeast (35%), while the lowest fraction of parcels exit to the north or
northwest (16%). The directional preference changes somewhat with
depth, as the east-southeastward dominance is particularly strong for
parcels that exit the ZA in the deepest bin (deeper than 4000 m); while
above 2000 m, the preferred exit direction is south-southeastward.
The directional preference is quite consistent with the results from
Saraceno and Provost (2012). They analyze pathways of eddies in the
Argentine Basin, and find that eddies that enter the ZA do so mainly on
the eastern side. They argue that the gradient of barotropic potential
vorticity f/H is weakest on the eastern side of the Zapiola Rise, giving
the ZA more opportunity to meander there than on the sides where the
gradient is stronger. Saraceno and Provost (2012) suggest that meanders
of the ZA can turn into cyclonic eddies inside the ZA, and anticyclonic
eddies outside, especially during periods of low ZA strength. So this
provides a mechanism for enhanced exchanges between the ZA and its
surroundings. The tendency for exit directions to turn more southward
at shallower levels may reflect the increasing influence of the baroclinic
circulation not related to the ZA: the potential vorticity barrier is
probably strongest on the north side of the Zapiola Rise, where a strong
gradient exists between the eastward flowing South Atlantic Current and

the westward flow at the northern rim of the ZA; on the south the
eastward circulation along the subpolar front is in the same direction as
the southern limb of the ZA, making it easier for parcels to escape.

3.4. Vertical displacement, property changes

The previous sections show that the ZA has the ability to retain water
parcels for many years. But while being trapped, the parcels also un-
dergo a mostly downward displacement (Ad), and associated changes in
temperature (AT) and salinity (AS; Fig. 10; Table 1). For all depth bins,
the Probability Density Functions (PDFs) show a peak at zero vertical
displacement (except for 1000-2000 m bin, which peaks at —50 m). But
the distributions are clearly skewed towards negative displacements,
with the tails of the distributions becoming longer for the deeper bins. In
fact, average vertical displacement exceeds —100 m below 3000 m, but
downward displacements can be as much as 800 m. On average the
parcels undergo a cooling of 0.03 °C (0.06 °C below 1000 m) as they
move through the background stratification (Fig. 2). The salinity
changes are more complex, as water parcels originating in the relatively
fresh upper layer become saltier as they enter the high-salinity North
Atlantic Deep Water (NADW); while parcels starting within the NADW
layer become fresher as they mix into the Antarctic Bottom Water
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(AABW). contributions to the potential density changes (o2, defined with respect
To explore the diapycnal and isopycnal transformations of the water to 2000 dbar), where o and f are thermal and haline coefficients of
parcels, we calculate the thermal (67 = — aAT) and haline (65 = pAS) expansion. In particular, we separate or into a component that is
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compensated by salinity changes (6r¢ = — o0s), and a remainder that is
uncompensated (o1 y = o). Fig. 11 shows that the parcels undergo both
diapycnal and isopycnal transformations. The density changes are
clearly skewed positive, consistent with cooling of descending particles
(Fig. 2a and b). The density-compensated changes are generally smaller,
consistent with the thermal dominance of the stratification. The density-
compensated changes are consistent with the salinity profile shown in
Fig. 2c, which shows a maximum at 2500 m depth. The changes are
skewed negative above 2500 m, where downwelling motion is associ-
ated with salinification (Fig. 2c); while below 2500 m downwelling is
associated with freshening.

Both the isopycnal and diapycnal transformations of the water par-
cels during their (mostly) downward motion reflect the action of mixing
processes, but it is not clear how this relates to the overall buoyancy
budget of the ZA. Here we attempt to reconcile our Lagrangian
perspective with a Eulerian view, realizing that our experimental set-up
-a single release of parcels starting within the ZA- is not well-suited for
quantifying exchange processes between the ZA and its surroundings.
First, Fig. 12 shows that the time-mean horizontal velocity field above
5000 m is convergent (Fig. 12a), is balanced by the divergence of ver-
tical transport, and compensated by net divergence in the bottom
boundary layer below 5000 m. This is consistent with Fig. 2a and our
theoretical understanding of the dynamics of the ZA (Dewar, 1998).
Fig. 12 b-d show that this mean circulation leads to a divergent density
flux (black dashed), as buoyant (warmer and generally fresher) water is
pumped into the ZA, transported downward, and exported at denser
(colder and saltier) levels. This process is largely counterbalanced by
convergent horizontal eddy fluxes of density (dotted blue). Vertical eddy
transport is negligibly small (dotted red). The residual (solid black) is
small but slightly positive, indicating that the explicitly resolved pro-
cesses tend to converge buoyancy (dominated by heat). Unresolved
processes like vertical mixing, and implicit diffusion associated with the
flux-limited advection scheme, must hence provide a sink of buoyancy to
close the budget. So we speculate that the diapycnal processes respon-
sible for the density changes of the descending water parcels inside the
ZA are a result of diffusive lateral exchanges with the surrounding wa-
ters, and only represent a small component of the overall buoyancy
budget of the ZA, which is dominated by a balance between horizontal
eddy fluxes and the mean flow.

4. Discussion and conclusion
In this paper we analyze the fate of water within the ZA, by modeling
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water parcels as Lagrangian particles and tracking their fate as they are
being advected by the variable circulation of the ZA. The picture that
emerges is of water parcels spiraling downward within the ZA, under-
going significant downwelling while making several revolutions around
the center of the ZA. This is illustrated by Fig. 13, which shows the
trajectory of one individual water parcel. This parcel starts at a depth of
4700 m and exits the ZA 840 m deeper, at 5540 m. It spends 3 years and
7 months within the ZA, and undergoes 6.6 revolutions. On average, in
our experiment, water parcels spend 451 days within the ZA, make 2.6
revolutions around its center, undergo a 94 m descend, and experience
0.03° cooling and 0.0042 psu freshening.

The vertical motions associated with this downwelling are of the
order of 10 — 20-10~° m/s at depths below 5000 m (Fig. 2). To put these
numbers in perspective, these velocities are larger than typical surface
Fkman pumping velocities in the mid-latitude oceans (5-107% m/s;
Risien and Chelton, 2008), and are on par with estimates of vertical
velocities in some coastal upwelling zones (e.g., Steinfeldt et al., 2015).
Other processes with large vertical displacements are the deep and
bottom water formation at high latitudes. Katsman et al. (2018) analyze
vertical velocities and transports associated with the Atlantic over-
turning circulation in the subpolar North Atlantic, using a model in two
different configurations; one of which has an 0.25° eddy-permitting
spatial resolution. They show that most of the downwelling takes
place in the western boundary current. Typical downward velocities
along the shelf are on the order of 30 m/day, or 3.5-10~* m/s; hence an
order of magnitude larger than the vertical velocities within the ZA. Still,
these processes are strongly tied to continental topography. We are not
aware of any other process that generates such strong downwelling
motions in the abyssal mid-latitude oceans.

A question raised by this analysis is the extent to which the water
mass transformations in the ZA affect the hydrography of the Argentine
Basin, and the stratification of the South Atlantic Ocean in general. This
is a difficult problem to address using the current Lagrangian approach,
and we will leave a proper quantification of its impact for further study
with more appropriate methodologies. But it is interesting to note that
parcels released within the ZA are dispersed over both the subpolar and
subtropical sectors of the southwest South Atlantic Ocean (Fig. 3b); and
given that the Argentine Basin is a cauldron where several of the ocean’s
major water masses meet (Jullion et al., 2010), further investigation of
the regional and large-scale impacts of the ZA is warranted.

The study shows that our ocean model with 0.3° spatial resolution
and 100 vertical levels ably captures the eddy-driven dynamics of the
ZA. In fact, the model appears to represent the strength of the ZA more

Fig. 11. Thermal contributions to den-
0.06 sity changes experienced by parcels in
the ZA: a) uncompensated thermal
density changes; b) thermal density
004  changes that are compensated by
salinity changes. Color coding repre-
sents temperature (AT) and salinity AS
0.02  changes, respectively. Thermal («) and
haline () expansion coefficients are
determined using the Gibbs-SeaWater
0 (GSW) Oceanographic Toolbox for
Matlab, and referenced to 2000 dbar
(McDougall and Barker, 2011). (For
interpretation of the references to color
in this figure legend, the reader is
referred to the Web version of this
article.)
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Fig. 12. Budgets of the ZA, plotted as flux di-
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Fig. 13. Trajectory of a single water parcel. A symbol is plotted every 20 days,
with marker color indicating depth; and its start and end positions are indicated
by a red circle and square, respectively. (For interpretation of the references to

color in this figure legend, the reader is referred to the Web version of
this article.)

accurately than a configuration of the same base model with eddy-
resolving (0.1°) resolution and 42 levels (Weijer et al., 2015), which
simulated a mean ZA strength of no less than 270 Sv. Indeed, Barnier
et al. (2006) shows how the representation of the ZA is very sensitive to
details of a model’s numerics, and that other factors than horizontal
resolution may be decisive in whether a model features a realistic ZA or
not. It would be illustrative to compare the particle statistics between
different models to test the robustness of the results reported here.
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