
1.  Introduction
The Zapiola Gyre, a large anticyclone in the Argentine Basin, is associated with the Zapiola Drift, a topographic 
sedimentary rise. The gyre seems largely undiscovered prior to the late 1980s. One early description of the 
bottom currents in the Argentine Basin that inferred the presence of anticyclonic bottom flow around the Zapiola 
Drift (Flood & Shor, 1988) was constructed from analysis of mud wave structures measured with echo-sounding 
bathymetric and sub-bottom profiles as well as small scale flow features in bottom photographs. Near-bottom 
current meters moored on the southern (Whitworth et al., 1991) and northern (Weatherly, 1993) flanks of the 
drift measured ∼0.1 m s −1 mean flows in approximately southeastward and northwestward directions, respec-
tively. The nominally zonal World Ocean Circulation Experiment (WOCE) Hydrographic Program Section A11 
sampled across the Zapiola Drift at 45°S in 1993 (Saunders & King, 1995). By referencing geostrophic current 
estimates from CTD instrument profiles of temperature and salinity to direct velocity measurements from ship-
board acoustic doppler current profiler (ADCP) data, these authors described a barotropic anticyclonic gyre with 
a transport of “up to 175 Sv” (1 Sv = 10 6 m 3 s −1). Their result was bolstered by an analysis of Chlorofluorocar-
bon (CFC) data taken on that cruise (Smythe-Wright & Boswell, 1998), which showed that the most recently 
ventilated Antarctic Bottom Waters on WOCE Section A11 were found on the eastern flank of the Zapiola Drift, 
arguably flowing northward in that anticyclonic gyre around the topographic rise.

Abstract  The Zapiola Gyre is a large, full-depth, bottom-intensified, anticyclonic recirculation in the 
Argentine Basin. It rotates around the Zapiola Drift, a sedimentary rise standing a few hundred meters above 
the abyssal plain, tall enough to create closed contours of planetary potential vorticity. Hence the gyre has 
been posited to be an eddy-driven free mode that is damped primarily by the bottom Ekman layer. It describes 
approximately a zonally elongated ellipse with a zonal semi-major axis of ∼440 km and a meridional 
semi-minor axis of ∼125 km. Its volume transport is estimated here at ∼110 (±25) × 10 6 m 3 s −1. It has peak 
depth-averaged meridional velocities of ∼0.06 and ∼0.08 m s −1, and peak depth-averaged zonal velocities 
of ∼0.11 and ∼0.12 m s −1. Peak surface velocities are ∼57% of peak bottom velocities, consistent with the 
dynamics of a bottom-intensified Taylor column in a stratified flow. Deep and Core Argo float trajectories 
follow the gyre, with a couple of Core Argo floats with 1000-dbar parking depths executing more than three 
anticyclonic rotations around it, and Core Argo floats that approach within ∼75 km of the gyre center executing 
on average ∼1.7 circumnavigations. Deep Argo temperature-salinity profiles combined with historical 
shipboard CTD profile data afford maps newly illuminating the advective swirling of water-mass signatures 
around the gyre at the density of the North Atlantic Deep Water salinity maximum. Their patterns are consistent 
with a Peclet number of ∼30 estimated here using previously published lateral eddy diffusivities in the region.

Plain Language Summary  Deep Argo floats profile from the sea surface to its floor every 10 days, 
spending most of their time parked at mid-depth, swept along by ocean currents. Eleven of these floats were 
deployed in the Argentine Basin, starting in January 2021. Some of them sampled within the Zapiola Gyre, a 
large counter-clockwise swirling ocean current with volume transport (∼110 million cubic meters per second) 
comparable to the largest ocean currents, like the Gulf Stream and Antarctic Circumpolar Current. This gyre 
is hypothesized to owe its large size to flowing freely around a large rise in the ocean seafloor, energized by 
eddies and damped only by bottom friction. Some of the floats drifted completely around the gyre over the 
span of about a year, and the full-depth temperature and salinity profiles they collected, together with historical 
profiles collected from ships, allowed construction of a map of the swirl of relatively warm salty waters from 
the north and cold fresh waters from the south around the gyre. Analyses of data from these new floats and 
other sources allow insights into structure and roles of velocity and mixing in transporting heat and salt around 
this prominent and unusual feature of the ocean circulation.

JOHNSON AND KING

© 2023 American Geophysical Union. 
All Rights Reserved. This article has 
been contributed to by U.S. Government 
employees and their work is in the public 
domain in the USA.

Zapiola Gyre, Velocities and Mixing, New Argo Insights
Gregory C. Johnson1   and Brian A. King2 

1NOAA/Pacific Marine Environmental Laboratory, Seattle, WA, USA, 2National Oceanography Centre, Southampton, UKKey Points:
•	 �The Zapiola Gyre is an anticyclonic 

recirculation around the Zapiola Drift 
in the Argentine Basin with volume 
transport ∼110 × 10 6 m 3 s −1

•	 �Zapiola Gyre velocities extend from 
sea surface to sea floor, and are 
bottom-intensified, with core surface 
values ∼57% of bottom values

•	 �Argo float trajectories and 
temperature-salinity distributions 
provide new insights into 
advective-diffusive balances in the 
Zapiola Gyre

Correspondence to:
G. C. Johnson,
gregory.c.johnson@noaa.gov

Citation:
Johnson, G. C., & King, B. A. (2023). 
Zapiola Gyre, velocities and mixing, new 
Argo insights. Journal of Geophysical 
Research: Oceans, 128, e2023JC019893. 
https://doi.org/10.1029/2023JC019893

Received 4 APR 2023
Accepted 7 JUN 2023

Author Contributions:
Conceptualization: Gregory C. Johnson
Data curation: Gregory C. Johnson
Formal analysis: Gregory C. Johnson
Funding acquisition: Gregory C. 
Johnson, Brian A. King
Investigation: Gregory C. Johnson
Methodology: Gregory C. Johnson
Project Administration: Gregory C. 
Johnson, Brian A. King
Software: Gregory C. Johnson
Validation: Gregory C. Johnson
Visualization: Gregory C. Johnson
Writing – original draft: Gregory C. 
Johnson
Writing – review & editing: Brian 
A. King

10.1029/2023JC019893
RESEARCH ARTICLE

1 of 11

https://orcid.org/0000-0002-8023-4020
https://orcid.org/0000-0003-1338-3234
https://doi.org/10.1029/2023JC019893


Journal of Geophysical Research: Oceans

JOHNSON AND KING

10.1029/2023JC019893

2 of 11

This mean anticyclonic circulation around the Zapiola Drift is clearly visible in 1000-dbar parking pressure 
displacements of profiling floats deployed during WOCE (Boebel et al., 1999) and more faintly in a map of mean 
surface velocity from surface drifter data (Laurindo et al., 2017). An analysis of the sea-surface height measured 
by satellite altimeters combined with a mean surface dynamic topography and assuming surface velocities were 
representative of the depth-averaged velocity (Saraceno et al., 2009) estimated the mean transport of the Zapiola 
Gyre at 50 Sv. Their transport estimates exhibited substantial time variability, ranging from −78 to +128 Sv, 
and were correlated with local eddy energy over western portions of the Zapiola Gyre, but not wind stress curl. 
A calculation of barotropic streamfunction using Argo parking depth displacement data and long-term mean 
temperature and salinity fields from World Ocean Atlas 2013 estimated a transport of 124 Sv around the gyre (de 
Verdiere & Ollitrault, 2016). The gyre also exhibits considerable barotropic variability on ∼monthly timescales 
(Yu et al., 2018).

The early observations of a remarkably large and persistent anticyclone in the center of a basin where conven-
tional dynamics would predict a cyclonic western-intensified subpolar gyre prompted an examination into the 
role of bathymetry on the regional dynamics (Dewar, 1998). This study found that the closed planetary potential 
vorticity contours associated with the Zapiola Rise allow an eddy-driven anticyclonic gyre of order 100 Sv to 
form, damped by a bottom Ekman layer, with the strength of the gyre determined largely by the strength of the 
bottom friction. A later numerical modeling study focused on the time variability of the gyre, and the relationship 
of its transport magnitude to eddy forcing (Bigorre & Dewar, 2009). Another recent numerical modeling study 
(Weijer et al., 2020) focused on retention of parcels (on average 451 days over 2.6 revolutions around the gyre), 
their vertical motion (on average sinking 94 m) driven by Ekman divergence at the sea floor, and water-mass 
transformation (with most parcels cooling and freshening as they sink) within the Zapiola Gyre.

Here we add to the observational description of the Zapiola Gyre. We provide new estimates of the mean absolute 
geostrophic transport of the gyre. We analyze the Argo parking depth trajectories to describe the extent of fluid 
rotation around the gyre. We show that the velocity in the gyre is substantially bottom-intensified, consistent with 
theoretical predictions. And we use new CTD profiles from Deep Argo floats together with historical shipboard 
CTD profiles to map properties within the Argentine Basin, showing the swirling patterns of both salinity and 
pressure on an isopycnal surface around the gyre, which indicate the relative importance of advection versus 
diffusion for water-property spreading there, are consistent with an estimated Peclet number of ∼30.

2.  Data and Methods
We downloaded the Deep Argo float data used here from an Argo Global Data Assembly Center (GDAC) in 
May 2023 (Argo, 2023). We used only data from Deep SOLO and Deep APEX floats (capable of profiling to 
6,000 dbar). Four floats were deployed in the basin in January 2021, another three in March 2021, two more in 
February 2022, two more in December 2022, and one entered the study region in February 2023, for a total of 12. 
In the time period analyzed, they collected 771 profiles sampling through a potential density of σ2 = 37.0 kg m −3 
referenced to 2,000 dbar and 732 profiles extending to 4,000 dbar or deeper. We downloaded shipboard CTD 
data in the Argentine Basin from the World Ocean Database 2018 (WOD 2018; Boyer, Baranova, et al., 2018) 
in January 2022. We used only data with quality control flags of “good” for this analysis, which included 1,398 
profiles that sampled through σ2 = 37.0 kg m −3 and 818 profiles that extended to at least 4,000 dbar from 1972 
to 2019. In addition, we used World Ocean Atlas 2018 (WOA 2018; Boyer, Garcia, et al., 2018) temperature and 
salinity annual climatological means for all average decades. We also analyzed updated YoMaHa ’07 (Lebedev 
et al., 2007) Core Argo float displacement data at nominal parking pressures of 1,000 dbar that we downloaded 
in July 2022 and used the ETOPO1 digital bathymetry (Amante & Eakins, 2009).

We first corrected the Deep Argo float salinity data for an incorrect characterization of the compressibility 
of the conductivity cell by the manufacturer of −9.57 × 10 −8  dbar −1, substituting a nominal corrected value 
of −12.5 × 10 −8 dbar −1 instead (Wong et al., 2022). We then calculated absolute salinity (SA) and conserva-
tive temperature (CT) using TEOS-10 (Feistel, 2012; McDougall & Barker, 2011) for the float, historical, and 
WOA 2018 data. We then linearly interpolated the float and historical data to a uniform 10-dbar pressure grid. 
We mapped the updated YoMaHa ‘07 Argo float parking depth displacement velocity data at 1,000 dbar using 
a LOESS filter (Cleveland & Devlin,  1988) with zonal and meridional distance half-power points of 1,106 
and 221 km, respectively, but adding annual and semi-annual harmonics (Ridgway et al., 2002; Zanowski & 
Johnson, 2019). We analyzed the rotation around and distance from the Zapiola Gyre, relative to its center at 
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45°S, 43°W, for Core Argo float trajectories with nominal parking pressures of 1,000 dbar. We made maps of 
water properties on an isopycnal surface within the North Atlantic Deep Water using a LOESS filter with a 
553-km half-power point using the Deep Argo and historical shipboard CTD data. We calculated meridional 
geostrophic velocities along 45.125°S and zonal geostrophic velocities along 43.375°W from the WOA 2018 
long-term mean fields, and made those velocities absolute through the application of the aforementioned mean 
float displacement velocity maps at 1,000 dbar.

3.  Results
Potential density referenced to 2,000 dbar, σ2 = 37.0 kg m −3, is located near the vertical salinity maximum of 
North Atlantic Deep Water (NADW) in the Argentine Basin (Tsuchiya et  al.,  1994). Hence absolute salinity 
on that isopycnal (Figure 1, colored contours) progresses from relatively salty (and warm) values in the north 
where the NADW influence is strongest to fresher (and colder) values in the south, where the Circumpolar Water 
(CPW) signal is stronger (Tsuchiya et al., 1994). Pressure on σ2 = 37.0 kg m −3 (Figure 2, colored contours) is also 
shallower for CPW-influenced waters, and deeper for NADW-influenced waters, ranging from shallower than 
2,000 dbar at the southern and western edges of the Argentine Basin to deeper than 2,800 dbar offshore of the 
western edge of the basin at central latitudes.

The mean mapped 1000-dbar parking pressure velocities (Figure 1, black vectors) clearly show the zonally elon-
gated and anticyclonic Zapiola Gyre centered at ∼45°S, 43°W, with peak zonal velocities of ∼0.1 m s −1, and peak 
meridional velocities about half that magnitude.

The fresh CPW signature (Figure 1, colored contours) penetrates north along the western boundary to about 
40°S where the Brazil and Malvinas/Falkland currents meet and flow offshore (Figure 1, black vectors). The 
salty (and warm) NADW properties are swept southward on the western flank of the Zapiola Gyre and then 

Figure 1.  Absolute salinity (colored contours) on σ2 = 37.0 kg m −3 mapped using historical shipboard and Deep Argo float 
CTD data (see Figure 2 for locations) overlaid with velocities at 1,000 dbar (black vectors, scale over S. America) mapped 
from Argo float parking depth trajectories (see text). Gray lines show full-resolution ETOPO1 bathymetry contoured at 
1,000 m intervals.
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eastward on the southern flank of the gyre, while the fresh (and cold) CPW properties are swept northward on 
the eastern flank and then westward on the northern flank of the gyre, creating a swirling pattern around the gyre 
consonant with its anticyclonic circulation and the location of the sources of the contrasting water masses. The 
deeper NADW-associated pressures (Figure 2, colored contours) on this isopycnal are swept around the western 
and southern quadrants of the Zapiola Gyre, and the shallower CPW associated pressures are swept around the 
eastern and northern quadrants of the gyre, again creating a swirling pattern around the gyre consonant with its 
anticyclonic circulation. As will be shown below, the gyre circulation, while bottom-intensified, extends over the 
full depth of the ocean. Hence, even though pressure on an isopycnal is a dynamical tracer, in that its horizontal 
gradients are linked to vertical shear of horizontal geostrophic velocity, the 200–400 dbar variations of isopycnal 
depths within the largely barotropic Zapiola Gyre do not dominate the velocity structure.

At least four of the Deep Argo floats (Figure 3; green, dark blue, purple, and yellow line segments) followed 
anticyclonic trajectories around the Zapiola Gyre, making roughly 1.7, 1.5, 0.9, and 0.7 revolutions around the 
center of the closed planetary potential vorticity contours (Figure 3, shaded contours) that encircle the gyre. 
Another two (Figure 3, red and western yellow line segments) moved in directions consistent with the gyre flow 
when they approached it briefly. The remaining six floats (Figure 3, short light blue, northern dark blue, north-
ern purple, green, and both orange line segments) were further from and had not yet interacted with the Zapiola 
Gyre as of May 2023. The Deep Argo floats in the Argentine Basin analyzed were typically parked ∼1,000 dbar 
above the sea floor, in an attempt to keep them in the basin and preserve the compact regional array. (When Deep 
Argo float distribution is closer to global, parking them at the nominal Argo target of 1,000 dbar pressure will 
make more sense.) Deep Argo floats typically spent about 9 days of their 10-day cycles at park pressure, with 
descents and ascents taking ∼12 hr each. Despite their relatively deep parking depth, the floats moved vigorously 
(Figure 3), with the mean (and standard deviation) of the nominally 10-day displacement velocities being 0.09 
(±0.06) m s −1.

As of July 2022, there were 183 core Argo floats nominally parked at 1,000 dbar in the YoMaHa 07 database 
with record lengths of at least one year duration and trajectories that approach within ±2.2° latitude and ±6.0° 

Figure 2.  Pressure (colored contours) on σ2 = 37.0 kg m −3 mapped using historical shipboard CTD data (white +’s) and 
Deep Argo CTD data (white ×’s). Gray lines show full-resolution ETOPO1 bathymetry contoured at 1,000 m intervals.
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longitude of the Zapiola Gyre center at 45°S, 43°W. These floats have an average record length of 3.0 years. 
Examining the number of rotations around the gyre center versus the closest distance from the gyre center for 
those floats (Figure 4) reveals that floats that approach within 75 km of the gyre center execute 1.6–1.7 anticy-
clonic circuits around the gyre on average with a couple of floats exceeding 3 circuits. Those that approach within 
50–125 km of the gyre center complete about 1.5 circuits on average with a few exceeding 2.5 circuits. Those that 
approach within 100–200 km of the gyre center complete from 1.3 to 1.1 circuits on average, with a few exceed-
ing two circuits. Those that approach within 175–400 km of the gyre center complete 0.8–0.6 circuits on average, 
with some exceeding one circuit. Those that never approach within 375 km of the gyre center complete ∼0.5 
circuits on average, which is about what a float that moves purely zonally (or meridionally) would be expected 
to complete. None of the floats that stay at least 300 km from the gyre center actually achieve a single circuit.

Absolute zonal velocity along 43.375°W (Figure  5a) reveals bottom-intensified eastward flow evident at the 
southern flank of the Zapiola Drift, with values of about 0.08 m s −1 near the surface increasing with depth to 
over 0.14 m s −1 at the bottom. The velocity abruptly changes sign at the top of the drift, near 45°S. On the north-
ern flank of the drift, westward flow is over 0.10 m s −1 at the surface and reaches 0.14 m s −1 near the bottom. 
At the southern end of the section, a surface-intensified front of the Antarctic Circumpolar Current centered at 
48.5°S is apparent, with mean values exceeding 0.18 m s −1 at its core. Deeper down at the southern end of the 
section the westward flow of cold, fresh, dense bottom waters into the Argentine Basin along the northern flank 
of the Maurice Ewing Bank (which is just south of the region contoured in Figure 5a and the region mapped in 
Figures 1–3) is visible. Further to the north, the surface-intensified eastward flow of the confluence of the Brazil 
and Malvinas/Falkland currents peaks near 0.10 m s −1. The transition from the relative abundance of Core Argo 
data to the much scarcer historical data deeper down can be seen as artifacts in the geostrophic velocity near 
2,000 dbar.

Figure 3.  Planetary geostrophic vorticity (shaded contours), f/H, where f is the Coriolis parameter and H, the water depth, 
is from the ETOPO1 bathymetry map (Amante & Eakins, 2009) that has been low-passed filtered with a 30’ latitude × 30’ 
longitude Hanning filter. Deep Argo float nominally 10-day parking depth (nominally ∼1,000 dbar above the sea floor) 
trajectories (colored line segments, note that some colors are used for two floats) have the start (open circle) and end 
(asterisk) marked. Solid black lines show the positions of absolute geostrophic velocity sections depicted and analyzed in 
Figures 5 and 6.
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Absolute meridional velocities along 45.125°S (Figure  5b) also show the Zapiola Gyre centered at about 
43.375°W, where the velocity changes sign at the crest of the Zapiola Drift. On the western flank of the gyre, 
southward velocities near the surface are about 0.05 m s −1, and increase with increasing depth to about 0.12 m s −1 
at the sea floor. On the eastern flank of the gyre, bottom-intensification is not as prominent, with surface veloc-
ities of order 0.05 m s −1 and bottom velocities both increasing to about 0.07 m s −1 near the maximum in gyre 
transport per unit width, but also decreasing toward the bottom closer to the gyre center.

Profiles of geostrophic velocity at the transport per unit width maxima of the gyre on the northern, southern, east-
ern, and western flanks of the ridge (Figure 6a, solid lines) reinforce the fact that the zonal flows on the narrower 
southern and northern flanks of the gyre are generally stronger (with depth averages of +0.12 and −0.11 m s −1, 
respectively) than meridional flows on the wider western and eastern flanks (with depth averages of −0.08 and 
+0.06 m s −1, respectively). Furthermore, these profiles allow quantification of the bottom-intensification of the 
gyre. Linear fits of these velocity profiles (Figure 6a, dotted lines), made to mitigate the noise likely generated 
by reductions in data density with increasing pressure, have values at the surface that are 72%, 55%, 34%, and 
69% of the values for the fits at the bottom on the northern, southern, western, and eastern flanks of the gyre, 
respectively. Thus, surface geostrophic velocity values are a mean (and standard deviation) of 57 (±17) % of the 
bottom values at the core of the gyre. The locations of transport maxima on all four flanks of the gyre are used to 
define the core gyre radii in terms of a zonally elongated ellipse, with a zonal semi-major axis of ∼440 km and a 
meridional semi-minor axis of ∼125 km.

Cumulatively horizontally integrating the depth-integrated velocities along these two sections (Figure 6b) gives 
a sense of the size of the Zapiola Gyre volume transport. The zonally accumulated meridional volume trans-
port through 45.125°S (Figure  6b, orange line) peaks at 134  Sv near 53°W, reaches a minimum of −73  Sv 
near 43.375°W at the center of the gyre, then increases to 114 Sv by 30°W. These values yield maximum gyre 
transports as large as 207 and 187 Sv. The meridionally integrated zonal volume transport through 43.375°W 
(Figure 6b, blue line) may be more difficult to separate from adjacent currents, but reaches a maximum of 177 Sv 

Figure 4.  Maximum number of anticyclonic rotations around the center of the Zapiola Gyre (+'s) versus minimum radial 
distance from the gyre center for the 183 Core Argo floats with nominal parking pressures of 1,000 dbar and record lengths 
of at least 1 year that pass within ±6° longitude and ±2.2° latitude of the gyre center. Mean values with 5%–95% confidence 
limits based on velocities and rotations for overlapping 50-km wide bins centered every 25 km from the gyre center (bold o's 
with error bars).
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Figure 5.  Absolute geostrophic velocities (colored contours) both (a) Zonal through 43.375°W and (b) Meridional through 45.125°S estimated from World Ocean 
Atlas 2018 long-term mean temperature and salinity maps referenced to mapped Argo float parking displacement velocities at 1,000 dbar (Figure 1, black arrows). 
Bathymetry (gray shading) is from the smoothed ETOPO1 map used in Figure 3, which also shows section locations. Vertical dot-dashed lines mark the locations of 
maximum gyre transport, and the velocity profiles shown in Figure 6a.
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Figure 6.  (a) Absolute geostrophic velocities (solid lines) located at the maxima of volume transport per unit width (vertical dot-dashed lines in Figure 5) on the north, 
south, west, and east flanks of the Zapiola Gyre (see legend) with linear fits (dotted lines) also shown. (b) Laterally accumulated transports from the zonal velocity 
section through 43.375°W in Figure 5a (blue line, left and bottom axes) and the meridional velocity section through 45.125°S in Figure 5b (orange line, top and right 
axes), starting from zero at the southern and western boundaries of the sections, respectively.
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between the southern boundary of the basin and 45°S, then falls to −49 Sv at 39.375°S. These values yield maxi-
mum gyre transports of 177 and 226 Sv. These four estimates, one on each of the four flanks of the gyre, yield 
a mean (and standard deviation) of 199 (±22) Sv. However, any or all of these estimates might or do include 
portions of other currents; hence they should be regarded as likely upper bounds on Zapiola Gyre transports. 
Using the largest closed f/H contour that encircles the gyre (specifically −19.25 × 10 −9 m −1 s −1) as a guide for 
gyre boundaries (different from, and larger than the radii from the center to the gyre core) suggests a zonally elon-
gated ellipse with a semi-major axis of length 6.0° longitude and a semi-minor axis of length 2.2° latitude. These 
boundaries yield transport estimates for the four flanks of the gyre of 110, 80, 108, and 141 Sv, counterclockwise 
starting with the northern flank, hence a mean (and standard deviation) of 110 (±25) Sv.

4.  Discussion
The observational analyses presented here afford increases in our understanding of the Zapiola Gyre, an anticy-
clone with remarkably large volume transport found in the middle of the Argentine Basin, centered over the topo-
graphic rise of the Zapiola Drift. First, we present new upper bounds for the volume transport around the gyre, 
based on maps and climatologies using more data than previous estimates, with a mean (and standard deviation) 
of 199 (±22) Sv (Figure 6b). The mean (and standard deviation) of transports within the region of closed f/H 
contours, 110 (±25) Sv, are smaller and arguably more representative of the Gyre transport. Other observational 
estimates range from 50 Sv (Saraceno et al., 2009) to an upper bound of 175 Sv (Saunders & King, 1995) based 
on data from a single oceanographic section, and 124 Sv for closed contours around the gyre from a map of 
estimated barotropic streamfunction (de Verdiere & Ollitrault, 2016) using maps based on sparser data than our 
estimate. Our estimates presented here agree with the latter two within our uncertainties, but not the first. The 
geographical limits used by Saraceno et al. (2009) are tighter than ours. They also use surface velocity estimates, 
and assume completely barotropic flow, while the actual gyre is bottom-intensified. Together these two factors 
likely explain much of the difference between their estimate and ours. Our transport estimate uncertainties are 
also increased by the sparse amount of data below the 2000-dbar sampling limit of Core Argo.

Our second finding is that the Zapiola Gyre is bottom-intensified, with core surface velocities a mean (and standard 
deviation) of ∼57 (±17) % of core bottom velocities (Figure 6a). The bottom-intensification that we find here is 
expected from the dynamics of a Taylor column in a stratified, rotating fluid (e.g., Hogg, 1973). Here the Burger 
number, |NH/fL| ∼ 0.37, where N = 1.81 × 10 −3 s −1, is the depth-averaged buoyancy frequency at the gyre center from 
the WOA18 long-term mean property profiles, f = −1.03 × 10 −4 s −1 is the Coriolis parameter at 45°S, H = 5.5 km 
(the ocean depth), L = 283 km (the average of the semi-major and semi-minor axes estimate from the locations of 
maximum gyre transport per unit width) is the horizontal length scale, and H is the scale height for the Gyre. This 
dimensionless number is a measure of the relative importance of stratification to rotation. Given its intermediate 
value, a small Rossby number U/fL ∼ 0.003, where U ∼ 0.1 m s −1, and a small aspect ratio H/L ∼ 0.02, the 200+ m 
rise of the Zapiola Drift over the surrounding sea floor is more than sufficient to allow the Taylor column expression to 
reach the surface (Hogg, 1973, p. 534), as observed. However, from this theory, the signal is expected to be attenuated 
toward the surface, also as observed. We are unaware of prior observational estimates of this bottom-intensification.

Our third finding is that water properties, including salinity (hence temperature) on an isopycnal surface (Figure 1, 
colored contours), and even the pressure (Figure 2, colored contours) of that isopycnal surface, are advected around 
the Zapiola Gyre, creating a swirling pattern in these water properties. These maps made at the NADW salinity 
maximum, below the profiling depth of Core Argo, are made possible by the large augmentation of Deep Argo 
profile data (Figure 2, white +’s) to historical shipboard CTD profile data (Figure 2, white ×’s). Maps on a lighter 
isopycnal surface that allows inclusion of core Argo data yield similar results (Brand et al., 2023). We can estimate 
a gauge of the relative importance of advection to diffusion, a Peclet number, UL/κ ∼ 30, where U ∼ 0.1 m s −1 is a 
typical horizontal velocity for the region, L ∼ 283 km is a horizontal length scale of the Gyre, and κ ∼ 1,000 m 2 s −1 
is a lateral eddy diffusivity in the region estimated from 1000-dbar parking pressure trajectories from Core Argo 
floats (Roach et al., 2018). This number suggests, as do the observed tracer patterns, that advection is fairly impor-
tant relative to lateral eddy diffusivity in the region. This conclusion is supported by the similarity of observed 
tracer patterns (e.g., Figures 1 and 2) to that for a Peclet number of 100 (vs. those for 10 and 1,000) in a numerical 
modeling study of the effect of advection and diffusion on tracer distributions in simple gyres with contrasting 
sources at the northern and southern boundaries of the model domain (Musgrave, 1985, their Figure 2).

Our fourth finding is that both Deep Argo float trajectories (with parking depths ∼1,000 dbar above the sea 
floor, Figure 3, colored line segments) and Core Argo float trajectories (for those floats with nominal parking 
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pressures of ∼1,000 dbar, Figures 1 and 4) both describe anticyclonic motions around the gyre. These findings 
are consistent with, but more extensive and quantitative than earlier analyses of trajectories of floats parked at 
1,000 dbar (Boebel et al., 1999) and 1,500 m (Saraceno et al., 2009). We find that the closer the floats approach to 
the gyre center, the more circuits they are likely to execute (Figure 4), with a couple of Core Argo floats parking 
at 1,000 dbar making more than three anticyclonic rotations around the gyre. On average Core Argo floats that 
approach closer than 225 km of the gyre center execute more than one rotation, with those passing within 75 km 
of the gyre center executing ∼1.7 cycles on average. That number is very similar to the 1.85 cycles for water 
parcels at 1,000–2,000 m within the gyre from a study of numerical model output (Weijer et al., 2020), suggesting 
that water parcel exchange rates between the real-world gyre and its surroundings may be similar to those in the 
numerical model. The fact that the Core Argo floats spend about 1/20th of their mission profiling between the 
surface and 2,000 dbar, and not parked at 1,000 dbar, along with the average 3-year record length of the float 
trajectories analyzed here, may bias the real-world results. Near-surface water parcels are more likely to leave or 
enter the gyre and deeper water parcels are more likely to remain within the gyre.

Herein we have shown that even using less than 2 years of data from a very modest deployment of 11 Deep Argo 
floats in the Argentine Basin combined with historical shipboard CTD and Core Argo float data has afforded new 
insights into the Zapiola Gyre, a relatively well-explored full-depth feature of the general circulation. These find-
ings augment the greatly increased certainty of warming trends and inferred changes in deep circulation already 
quantified for the Argentine Basin in a previous analysis of Deep Argo and historical shipboard CTD data there 
(Johnson, 2022). That study resolved spatial variation in deep warming trends within the basin. With data from 
the longer Deep Argo pilot arrays, it is also possible to quantify regional deep warming trends using those data 
alone (Johnson et al., 2019). The results presented here, those in the studies above, and in other analyses using 
Deep Argo data, demonstrate just some of the value of the fledgling Deep Argo Regional Pilot Arrays. However, 
quantifying the global contribution of deep ocean warming to Earth's energy imbalance with more certainty and 
in near real-time, monitoring and assessing changes in the deep ocean circulation worldwide, and initializing 
and verifying the fidelity of the deep ocean state in coupled-climate and ocean-only models will require data 
worldwide. It is past time to take the Deep Argo array global, and begin to monitor the entirety of changing deep 
ocean (Heuze et al., 2022).

Data Availability Statement
This study used WOD 2018 data (Boyer, Baranova, et al., 2018), WOA 2018 long-term mean temperature and 
salinity maps (Boyer, Garcia, et al., 2018), and ETOPO1 Bathymetry (Amante & Eakins, 2009). The Deep Argo 
data used in this study were download from an Argo Global Data Assembly Center in May 2023 (Argo, 2023). 
YoMaHa ’07 Argo float displacement data (Lebedev et al., 2007) used in this study were downloaded in July 
2022. The Gibbs-Seawater Oceanographic Toolbox (McDougall & Barker, 2011) software was also used.
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