
1. Introduction
The global oceans have absorbed about 93% of the excess energy in the earth system due to human activities 
(Intergovernmental Panel on Climate Change, 2014). Recent studies using the Argo array of autonomous 
profiling floats (Argo, 2000) estimate that as much as 99% of the global ocean heat gain in the 21st century 
has occurred in the southern hemisphere, primarily in the 30−50°S band of the Southern Ocean (Llovel & 
Terray, 2016; Roemmich et al., 2015; Wijffels et al., 2016). The Southern Ocean is also an important region 
for large exchanges of CO2 between atmosphere and ocean. Strong anthropogenic CO2 uptake dominates 
substantial natural CO2 outgassing from the upwelling of carbon-rich ancient waters (Gruber et al., 2009), 
and these observed features are supported by ocean and climate models. Frölicher et  al.  (2015) use an 
ensemble of 19 models from the fifth phase of Coupled Model Intercomparison Project (CMIP5) to show 
that the oceanic heat uptake south of 30°S accounted for 75 ± 22% of global oceanic heat uptake and the 
anthropogenic CO2 uptake in the same region accounted for 43 ± 3% of the total ocean uptake. The recent 
deployment of profiling floats with biogeochemical sensors demonstrates that our models and prior ship-
based observations have been seasonally biased and incomplete (Gray et al., 2018). In addition, the South-
ern Ocean is highly heterogeneous and there are subregions of interest that often have large uncertainties 
surrounding estimates of the physical and biogeochemical states.

Abstract Simulations of the Argentine Basin have large uncertainties associated with quantities 
such as air-sea exchanges of heat and carbon in current generation climate models and ocean reanalysis 
products. This is due to the complex topography, profound undersampling until recent years, and strong 
currents and mixing of subpolar and subtropical water masses in the basin. Because mixing of water 
masses is important here, model resolution is hypothesized to play an important role in estimating 
ocean quantities and determining overall budgets. We construct three regional ocean models with 
biogeochemistry at 1/3°, 1/6°, and 1/12° resolutions for the year 2017 to investigate heat and carbon 
dynamics in the region and determine the effect of model resolution on these dynamics. Initial conditions 
and boundary forcing from BSOSE (the Biogeochemical Southern Ocean State Estimate (Verdy & 
Mazloff, 2017), https://doi.org/10.1002/2016JC012650) and atmospheric forcing from ERA5 are used. 
The models are evaluated for accuracy by comparing output to Argo and BGC-Argo float profiles, BSOSE, 
and other reanalyses and mapped products. We then quantify the effect of resolution on model upper 
ocean heat and carbon transport and the associated air-sea exchanges. We determine that increasing the 
resolution from 1/3° to 1/12° enhances the upward vertical transport and surface exchanges of heat but 
causes no significant effect on surface carbon fluxes despite enhancing downward transport of anomalous 
DIC.

Plain Language Summary The Argentine Basin is a part of the Atlantic sector of the 
Southern Ocean that is poorly observed and poorly represented in models. Current climate models 
have a wide range of estimates for the fluxes of heat and carbon between the atmosphere and ocean in 
this region. We construct three models of the Argentine Basin that differ only in resolution to see the 
effect this has on the air-sea exchanges of these quantities. We compare our results with other models 
and observations and determine that increasing the resolution has an enhancing effect on the vertical 
movement and surface exchanges of heat but has no significant effects on carbon fluxes.
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The Argentine Basin is a topographical feature in the Atlantic sector of the Southern Ocean centered around 
45°W, 42°S. Figure 1a shows the bathymetry of the region with some notable features labeled. The Pata-
gonia Shelf lies off the eastern coast of Argentina and transitions sharply to a deep basin, reaching depths 
up to 6,000 m in the Argentine Abyssal Plain, in the southern and western extents of the basin. The center 
of the basin features the Zapiola Rise, a seamount 1,500 m above the Abyssal Plain. Figure 1b is a cartoon 
of the major surface currents in the region drawn over the 1/12° bathymetry. The Antarctic Circumpolar 
Current (ACC) flows through the Drake Passage and encounters the Scotia Arc. Part of the ACC breaks off 
as the Malvinas Current and crosses over the North Scotia Ridge (Artana et al., 2016). The Malvinas flows 
along the edge of the Patagonia Shelf and encounters the southward-flowing subtropical Brazil Current. 
The confluence of these two powerful currents is a turbulent mixing region with exchanges of mass, heat, 
and salt between the ACC and the subtropical gyre (Jullion et al., 2010), and together with the topography 
drives the Zapiola Anticyclone, a strong stationary barotropic vortex (Weijer et al., 2020) directly over the 
Zapiola Rise in the center of the Argentine Basin. The Malvinas Current is turned southward and returns to 
the ACC poleward of the Zapiola Anticyclone, while the Brazil Current stays equatorward and merges with 
the South Atlantic Current (Talley et al., 2011). Movie S1 (supporting information) shows the AVISO-de-
rived surface current speeds during 2017, where all of these features (the ACC, the Malvinas Current, the 
Brazil Current, and Zapiola Anticyclone) can be seen. This region is historically under-observed and poorly 
represented in models. Carton et al. (2019) show spatial plots of mean misfit and standard deviation be-
tween temperature and salinity observations and four global reanalysis products over 23 years. The largest 
misfits occur over the Argentine Basin for each (see Figures 3 and 4).

Chen et al. (2019) demonstrate with an eddy-resolving climate model that excess heat and carbon storage 
in the Southern Ocean arise via different physical mechanisms. Redistributive transport is an important 
component in the storage of excess heat, while passive transport of surface uptake is the main driver of 
excess carbon storage. There are also several studies on the effect of resolution on various physical ocean 
quantities. Griffies et al. (2015) and Kirtman et al. (2012) demonstrate that an eddy-resolving 1/10° climate 
model shows enhanced vertical heat transport, surface warming, and higher sea surface temperature var-
iability compared to coarser ∼1° models over decadal time scales. Other studies document the impact of 
resolution on sea surface height and current transports (Jungclaus et al., 2013; Ringler et al., 2013). The 
effects of model resolution on carbon fluxes and vertical carbon transports, however, have not been studied.

The focus of this paper is twofold. We wish to (1) investigate the vertical transports and surface fluxes of 
heat and carbon in the Argentine Basin and (2) determine the effect of model resolution on these transports 
and fluxes. To these ends, we construct three regional ocean general circulation models with biogeochemis-
try at eddy-permitting horizontal resolutions of 1/3° and 1/6°, and at an eddy-resolving resolution of 1/12°, 
all for the single year 2017. Our choice to use a single year will set this study apart from longer ocean climate 
simulation studies seeking to find the impact on the baseline climate. In contrast this work quantifies the 
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Figure 1. (a) Bathymetry of Argentine Basin and surrounding area with model domain (white line) and budget box 
(black line) with important features labeled. The budget box covers the basin but excludes the Patagonia Shelf and 
areas shallower than 2,000 m. The location of the basin between the subtropical and subpolar fronts and proximity to 
the Drake Passage and Scotia Arc give rise to dynamic currents and strong mixing. (b) Major currents in the Basin. The 
Malvinas Current branches off from the ACC, travels north along the Patagonia Shelf, and meets the Brazil Current. 
The Zapiola Anticyclone is driven by the confluence.
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response of including mesoscale dynamics given equal baselines. 2017 is chosen because of the relative 
wealth of biogeochemical float profiles compared to previous years which can be used in validating the 
model. In this study, we confirm previous results for heat but on shorter time scales, and reveal the effects 
of resolution on ocean carbon. This work informs the impact of mesoscale eddies on vertical transport and 
surface fluxes of heat and carbon in the Argentine Basin.

2. Methods
We construct a regional configuration of the MIT general circulation model (MITgcm; evolved from Mar-
shall et al., 1997 and Adcroft et al., 2011) with the Nitrogen version of the Biogeochemistry with Light, 
Iron, Nutrients, and Gases model (N-BLING; evolved from Galbraith et al., 2010) at three resolutions. We 
describe the physical setup in Section 2.1, the biogeochemical model description in Section 2.2, and the 
observational data sets and reanalysis products used for model validation in Section 2.3.

2.1. Physical Model Configuration

Our model suite consists of three zonal resolutions, 1/3°, 1/6°, and 1/12°. The meridional spacing varies 
with latitude such that Δx = Δy. The 1/3° and 1/6° models have 52 vertical thickness-varying levels with 
33 levels in the upper 750 m, and the 1/12° has 104 levels with 66 levels in the upper 750 m. Bathymetry is 
derived from ETOPO1 (Amante & Eakins, 2009; NOAA National Geophysical Data Center, 2009). The do-
main extends from 70°W to 8°W and from 60°S to 30°S and includes an approximately one degree restoring 
layer along each lateral boundary. Within this model domain, we select an analysis subregion that we term 
our budget box. The budget box spans 60°W to 15°W and from 55°S to 34°S, with all areas shallower than 
2,000 m removed (Figure 1a). This eliminates effects from the Patagonia Shelf on our vertical profiles. The 
models use a third order direct space and time advection scheme with implicit vertical diffusion and viscos-
ity, a nonlinear free surface, exact volume conservation, and z* time-varying vertical coordinates of Adcroft 
and Campin (2004). Also in use are a modified Leith viscosity parameterization and the GGL90 mixed layer 
parameterization of Gaspar et al. (1990). No mesoscale eddy parameterization was implemented. Physical 
ocean model parameters are given in Table 1. The models run from December 01, 2016 to December 31, 
2017, with the first month used as spin-up and all analysis performed on the 2017 output.

The river runoff forcing was obtained from the Coordinated Ocean-Ice Reference Experiments (CORE) 
Corrected Normal Year Forcing Version 2.0 data sets (available at https://data1.gfdl.noaa.gov/nomads/
forms/core/COREv2/CNYF_v2.html) (Large & Yeager, 2009). No sea ice or tidal forcing was incorporated. 
Hourly atmospheric forcing is given by ERA5 (Copernicus Climate Change Service (C3S), 2017; Hersbach 
et al., 2020) through a boundary layer scheme with heat, freshwater, and momentum fluxes determined by 
bulk formulae (Large & Yeager, 2009). The models are initialized and laterally forced by iteration 122 of 
the Biogeochemical Southern Ocean State Estimate (BSOSE; Verdy & Mazloff, 2017). BSOSE is an adjoint 
method-based assimilation product that uses Argo floats, satellite altimetry, satellite SST, and ship transect 
data to produce a consistent 1/6° solution for the Southern Ocean (south of 30°S) for the period 2013–2018. 
See Wunsch and Heimbach (2007) for description of this implementation of the adjoint method. Crucially, 
although BSOSE uses ERA5 for its baseline atmospheric forcing, the variational assimilation process is al-
lowed to modify this atmospheric forcing, including wind stress, to reduce model-observation misfit. Thus, 
our models are initialized and laterally forced by BSOSE and inherit many of BSOSE's features, yet they 
have slightly different atmospheric forcings. Figures S1 and S2 (supporting information) compare the wind 
stress fields of ERA5 and BSOSE (S1) and also plot the mean differences and the standard deviations of the 
differences (S2). The westerlies constitute the major winds in this region, but BSOSE has slightly weaker 
zonal wind stress in the subtropics and slightly stronger wind stress below the Polar Front in the southeast 
of the region as seen in Figures S1a and S1b. Figures S1c and S1d shows that the largest meridional wind 
stress correction is a strengthened southward wind over the Malvinas Current.

2.2. Biogeochemical Model Configuration

N-BLING (Galbraith et al., 2010) is an ocean biogeochemistry model of intermediate complexity designed 
to be embedded in a general circulation model. The current version has nine prognostic tracers: dissolved 
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inorganic carbon (DIC), alkalinity, dissolved oxygen, nitrate, phosphate, dissolved inorganic iron, dissolved 
organic nitrogen, dissolved organic phosphorus, and phytoplankton biomass. All of these quantities are ini-
tialized and laterally forced with BSOSE output. Section 2.2 of Verdy and Mazloff (2017) contains a thorough 
description of the previous version of N-BLING. The major subsequent update to BLING is the addition of 
phytoplankton biomass as a prognostic tracer instead of a diagnostic tracer. Our primary biogeochemical 
variable of interest for this study is DIC. Biogeochemical ocean model parameters are given in Table 1. We 
use atmospheric pCO2 estimates from the Cape Grim station (http://www.csiro.au/greenhouse-gases).

2.3. Observations & Reanalysis Products

We validate our model output against several observational and observation-derived products, cited in Ta-
ble 2 and briefly described here. The Argo and BGC-Argo floats (Argo, 2000), Multi-Scale Ultra High Res-
olution Sea Surface Temperature (MUR; JPL MUR MEaSUREs Project, 2015), and AVISO satellite-derived 
sea surface height constitute the primary observations for comparison. MITgcm has a package that interpo-
lates a model solution in space and time to the float profiles and computes model equivalent profiles that 
can be differenced from the float data. MUR and AVISO are gridded, and for model comparison, we inter-
polate onto whichever grid is the finest between the 1/12° model and the data product. This interpolation is 
also how the differences from reanalysis and climatological products are computed.

The reanalyses and climatologies used for validation have temperature fields and surface heat flux esti-
mates that can be appropriately differenced from our model solution for comparison. The ECCO Consor-
tium (Heimbach & Wunsch,  2007), which developed the adjoint method software used in BSOSE, pro-
duces a global ocean physical state estimate from 1992 to present. The latest version (ECCO Consortium 
et al., 2020b) is described in Forget et al. (2015) and ECCO Consortium et al. (2020a). The GFDL-produced 
ECDAv3.1 (available at https://www.gfdl.noaa.gov/ocean-data-assimilation-model-output/) and SODA3 
(Carton et al., 2018) are physical ocean reanalysis products. Reanalysis products differ from ocean state esti-
mates in the way the observations are assimilated. Ocean state estimates (ECCO and BSOSE) minimize mis-
fit with observations in a way that is consistent with model physics and produce a model trajectory such that 
budgets are preserved (Wunsch & Heimbach, 2007). Reanalyses break their trajectories at each assimilation 
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Ocean model parameters 1/3° 1/6° 1/12°

Δx Horizontal resolution 19–32 km 9–16 km 5–8 km

Δz Vertical resolution (at rest) 4.2–400 m 4.2–400 m 2.1–200 m

Δt Time step 30 min 20 min 4 min

Ocean lateral open boundary forcing period 1 month

Atmospheric boundary forcing period 1 h

Vertical diffusivity 1 × 10−5 m2/s

Lateral biharmonic diffusivity 1 × 10−8 m4/s

Vertical viscosity 1 × 10−5 m2/s

Lateral biharmonic viscosity 1 × 10−8 m4/s

Implicit vertical diffusivity for convection 10 m2/s

Quadratic bottom drag coefficient 0.002

Biogeochemical model parameters

μ0 Maximum phytoplankton photosynthesis rate at 0° 1.3 days−1

μ0d Maximum diazotroph photosynthesis rate at 0° 0.008 days−1

kFe Iron half-saturation coefficient 8.196 × 10−7 mol Fe/m3

kFed Iron half-saturation coefficient for diazotrophs 7.168 × 10−7 mol Fe/m3

Note. Other biogeochemical parameters same as Table 1 of Verdy and Mazloff (2017)

Table 1 
Ocean and Biogeochemical Model Parameters

http://www.csiro.au/greenhouse-gases
https://www.gfdl.noaa.gov/ocean-data-assimilation-model-output/
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update step. We additionally use the Roemmich and Gilson Climatology (Roemmich & Gilson, 2009) and 
World Ocean Atlas 18 (Locarnini et al., 2019) Climatology, both mapped observational products, for tem-
perature comparisons.

For estimates of CO2 flux, we compare to BSOSE and estimates from Landschützer et al. (2019), Rödenbeck 
et al. (2013), the MULTIOBS_GLO_BIO_CARBON_SURFACE_REP_015_008 data set from the Copernicus 
Marine Service (CMEMS), and the Ocean CO2 map from the Japanese Meteorological Agency (JMA). These 
estimates are calculated using observational data sets of surface ocean pCO2 from the Surface Ocean CO2 
Atlas (SOCAT, Bakker et  al.,  2014), atmospheric pCO2, satellite sea surface temperature, available 10-m 
wind speeds, and other quantities. For interior ocean DIC, the only available mapped product is Global 
Ocean Data Analysis Project Version 2 (GLODAPv2) which provides a climatology based on ship-based 
measurements from 1972 to 2013.

3. Results of Model Runs at Three Resolutions
In Section 3.1, our model output is validated against the observational data sets and reanalysis products de-
scribed in Section 2.3. Section 3.2 details the differences in surface fluxes of heat and carbon both between 
resolutions and also against available reanalysis products. Section 3.3 contains an analysis of the vertical 
transports of heat and carbon between the three resolutions.

3.1. Comparison With Observations and Reanalysis

3.1.1. Sea Surface Temperature, Surface DIC, and Front Locations

Figure 2 shows a plot of the sea surface temperature from MUR compared with the top cell temperatures 
from our three models on June 22, 2017. Climatological front locations from Orsi et al. (1995) are shown 
over the MUR product and the calculated front locations are plotted over each model. We generate each of 
these front locations using a single contour over a mask field. For the Subantarctic Front (SAF), the contour 
separates cells in the mask by 400 m temperature that are greater than 4°C from those less than 4°C. For 
the Polar Front (PF), the contour separates cells in the mask by minimum temperature in the upper 200 m 
that are greater than 2°C from those less than 2°C. The Subtropical Front (STF) location is defined by the 
transition of 100 m temperature from 10°C to 12°C and 100 m salinity from 34.6 to 35 psu. The mask for the 
STF is generated in the following way: any cell that satisfies either (1) T > 12°C, (2) S > 35 psu, (3) T > 11°C 
and S > 34.6 psu, or (4) T > 10°C and S > 34.8 psu, is considered subtropical. The Orsi fronts are based on 
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Name Type Citation/URL

Argo and BGC-Argo Observations Argo (2000)

MUR SST Observations JPL MUR MEaSUREs Project (2015)

AVISO Observations https://www.aviso.altimetry.fr/

WOA18 (temperature) Climatology Locarnini et al. (2019)

GLODAPv2 (DIC) Climatology Lauvset et al. (2016) and Key et al. (2015)

BSOSE State estimate Verdy and Mazloff (2017)

ECCOv4r4 State estimate ECCO Consortium et al. (2020a, 2020b)

Roemmich and Gilson Mapped observations Roemmich and Gilson (2009)

ECDAv3.1 Reanalysis Zhang et al. (2007) and Chang et al. (2013)

SODA3.4.2 Reanalysis Carton et al. (2018)

JMA CO2 Mapped estimate Iida et al. (2015) and Takatani et al. (2014)

Landschützer Mapped estimate Landschützer et al. (2019)

Rödenbeck Mapped estimate Rödenbeck et al. (2013)

CMEMS Mapped estimate https://resources.marine.copernicus.eu

Table 2 
Products for Comparison and Validation of the Regional Models
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climatological values while our models only have one year for averaging, so we expect the model fronts to 
not be as smooth. The most notable differences are that the SAF of Orsi encompasses the entire Malvinas 
Current, while the calculated SAF for our 1/6° and 1/12° capture only a sliver of it, detached from the rest of 
the front, and our 1/3° does not include the Malvinas at all. The surface layer temperatures from our models 
show a predictable increase in fine scale structure as resolution is increased. The 1/12° model shows mesos-
cale eddy activity along the STF and around the Zapiola Anticyclone to a similar extent as the MUR product.

We similarly plot the mean surface DIC in Figure S3 (supporting information) to compare the models' sur-
face carbon gradients to the climatological values of GLODAPv2. The patterns match in a broad sense but 
the models have slightly higher surface carbon in the subtropics. GLODAPv2 has much less carbon over the 
Patagonia Shelf but this is likely unimportant as our budget box excludes the shelf.

3.1.2. Misfit to Float and Satellite Observations

We compute misfits of temperature, DIC, and SSH between our output and the float and satellite measure-
ments to validate our regional models. The MITgcm samples the model solution at the time and locations of 
the profiles and generates misfits at specific depth levels. The convention for misfits is model minus obser-
vations, e.g., a positive value for temperature misfit means that the model is warmer than the observations. 
We calculate misfit to Argo for temperature and misfit to BGC-Argo for DIC. There were 2,876 Argo profiles 
and 303 BGC-Argo profiles in our model domain in 2017. For satellite observations, daily averaged AVISO 
dynamic topography is subtracted from our daily sea surface height fields, and daily averaged SST from 
MUR is subtracted from our daily top cell temperature. Table S1 (supporting information) lists the mean 
and standard deviations of these misfits. The misfits for the satellite observations are averaged in time, then 
spatially averaged to yield a single mean misfit value given in the table. The standard deviation value in the 
table is calculated by spatially averaging the temporal standard deviation values at each grid point. For Argo 
and BGC-Argo, we separate the misfits into depth bins of various sizes and collect all the profiles during 
2017. We then take the mean and standard deviation of these values without performing any weighting and 
report the values in the table.

Both the near-surface (7–20 m) mean temperature misfits from Argo and MUR SST show our three regional 
models are several tenths of a degree too cool with standard deviation just under 2°. From 100 to 200 m, the 
temperature misfit is smaller than 0.1°C, but this increases back to ∼0.3°C for the 1,000–2,000 m layer. The 
standard deviations for temperature misfit do not vary by resolution. The DIC observations show our waters 
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Figure 2. (a) Multi-Scale Ultra High Resolution (MUR) satellite-derived sea surface temperature (SST) on June 22, 
2017 with climatological Subtropical, Subantarctic, and Polar Fronts from Orsi et al. (1995) shown from north to 
south drawn in white. The 2017 (full year) front locations for our models are calculated using criteria from Russell 
et al. (2018) for Polar and Subantarctic and Orsi et al. (1995) for Subtropical for the (b) 1/3°, (c) 1/6°, and (d) 1/12°, 
drawn over the June 22, 2017 mean top cell temperature.
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are too carbon-rich in the upper ocean, with misfits in the range of 7–10 μmol/kg, but are carbon deficient 
at depths of 1,000–2,000 m, with misfits around −12 μmol/kg. Because our model does not assimilate these 
observations, these misfits are most likely a reflection of biases in forcing products and model errors.

The mean misfits for sea surface height have magnitudes of 0.02–0.05 m with standard deviations of 0.4 m 
for the 1/3° and 1/6° and 1 m for the 1/12° model, compared to a background standard deviation of 0.1 m 
of AVISO. Figure S4 (supporting information) shows the temporal standard deviations of the difference 
between AVISO SSH and the three models. The 1/12° comes the closest to matching AVISO for the location 
and magnitude of the highest variability, nearly reaching all the way around the Zapiola Anticyclone.

Figure 3 is a top-down scatter plot of all 2017 Argo temperature misfits and BGC-Argo DIC misfits (model−
observation) at 100 m. At all three resolutions the near-surface subtropical waters and the ACC are too cool 
by as much as 2°C and this is fairly persistent in the slower moving waters except in the eastern edge of the 
domain. The largest temperature misfits are in the periphery of the Zapiola Anticyclone. This makes sense 
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Figure 3. Scatter plot of all 2017 Argo 100 m misfits to temperature for the (a) 1/3°, (b) 1/6°, and (c) 1/12° models, and 
BGC-Argo 100 m misfits to dissolved inorganic carbon (DIC) for the (d) 1/3°, (e) 1/6°, and (f) 1/12° models.

Figure 4. Scatter plot of all 2017 Argo 800 m misfits to temperature for the (a) 1/3°, (b) 1/6°, and (c) 1/12° models, and 
BGC-Argo 800 m misfits to dissolved inorganic carbon (DIC) for the (d) 1/3°, (e) 1/6°, and (f) 1/12° models.
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because the most intense eddy activity occurs there and as we are not assimilating the float data, we have no 
hope of matching the variability. For DIC, our near-surface waters are too carbon-rich. The ability to observe 
subsurface biogeochemistry is an exciting prospect but we see in panels d–f how the spatial coverage is still 
very restricted. Only the southern half of our domain has BGC-Argo profiles during 2017 and even in that 
portion the profiles are clustered in certain areas. The largest DIC misfits are in the center of the Zapiola 
Anticyclone and were produced by a single float trapped in the vortex.

Figure 4 is a scatterplot of the Argo and BGC-Argo misfits at 800 m depth. The three models are too warm 
and have too little carbon below the mixed layer. The warm bias is strong in the subtropics but model-float 
agreement improves toward the southern half of the domain. The largest warm bias is in the northeast of 
the domain, in the South Atlantic Gyre. The large misfits surrounding the Zapiola Anticyclone are mostly 
absent, indicating 800 m is deeper than most of the eddy activity. At 800 m, the DIC misfit is smallest in the 
Zapiola Anticyclone (in contrast with the largest DIC misfit at 100 m) and along the southern boundary of 
the domain. The floats that follow the Malvinas Current show that our models have too little DIC at this 
depth.

We bin all of the Argo and BGC-Argo misfits in 2017 by latitude and depth to create Figure 5. We again 
observe that the waters from the surface down to 200 m are too cold and too carbon-rich for all three reso-
lutions, and below that to about 1,500 m the waters are too warm and too carbon deficient. The strongest 
biases are in the subtropical zone from 500 to 1,000 m, where the temperatures are over 2°C warmer in the 
models than in the observations. South of the STF, the model agreement with floats improves for tempera-
ture as witnessed in Figures 4a–4c. The zonal biases for DIC are more persistent through the southern half 
of the model domain where we have profiles.

To investigate seasonality of biases, Figures S5 and S6 (supporting information) show plots of root mean 
square magnitude of temperature (S5) and DIC (S6) misfits versus time. The model-float misfits were placed 
in 5 days bins separated into 0–1,000 m (panel a for each plot) and 1,000–2,000 m depths (panel b). There 
does not appear to be any obvious seasonal difference in the average magnitude of the misfits for either 
quantity.

3.1.3. Vertical Profiles of Temperature and DIC

In Figure 6, we calculate the vertical profiles of potential temperature and DIC horizontally averaged over 
the budget box for our three models together with available observationally based reanalysis and inter-
polated products and plot the anomalous profiles relative to Roemmich & Gilson Argo temperature and 
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Figure 5. Zonal plots of 2017 Argo and BGC-Argo misfits binned by latitude. Temperature misfits are shown for the (a) 
1/3°, (b) 1/6°, and (c) 1/12° models, and dissolved inorganic carbon (DIC) misfits are shown for the (d) 1/3°, (e) 1/6°, 
and (f) 1/12° models.
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GLODAPv2, respectively. Thus, a model being positive at a particular depth means it is warmer than Roem-
mich & Gilson or has more carbon than GLODAPv2. We observe that our models and BSOSE are warmer 
than the other products, specifically from 200 to 1,500 m (1,000–1,500 m not shown). Because our models 
are initialized and forced by BSOSE, this bias is likely inherited from it. For subsurface ocean carbon, the 
only available product for comparison and validation is the GLODAPv2 climatology. GLODAPv2 shows less 
carbon in the top 60 m and more carbon below 200 m, but as GLODAP is ship-based, it is seasonally and 
spatially biased (Key et al., 2004). We also average all available BGC-Argo DIC profiles in the budget box 
together for comparison. Because BGC-Argo does not have full spatio-temporal coverage of the Basin dur-
ing 2017, this should be regarded as a biased estimate. Figure 6b shows that our models and BSOSE match 
this estimate in the upper 100 m, but we already saw in Figures 5d, 5e, and 5f that our models have too 
much carbon in the upper 100 m when compared against the floats. The lower two panels of Figure 6 show 
differences between the models. Most notably, the 1/12° model is warmer than the 1/3° and 1/6° models in 
the upper 1,000 m, and up to 0.25°C warmer than the 1/3° model in the upper 60 m.

3.1.4. Summary of Validation

We can conclude from the comparisons with floats, satellite measurements, and reanalysis products that 
our models have certain biases relative to observations. Key among these is (1) our subtropical waters are 
too warm in the 500–1,000-m layer and (2) our vertical DIC gradient is too weak in the southern half of the 
domain where we have BGC-Argo measurements. The warm bias should not discourage us from contin-
uing, as the largest misfits are in the northeast portion of our domain away from the strongest fluxes and 
partially outside our budget box. The DIC bias is more serious and so we proceed with caution and our anal-
ysis comes with some caveats which we address at the end of Section 3.3. Despite the different resolutions 
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Figure 6. (a) 2017 mean anomalous potential temperature profile relative to the Roemmich and Gilson Argo product 
and (b) anomalous dissolved inorganic carbon (DIC) profile relative to GLODAPv2 averaged over budget box. The 
temperature profiles for our three regional models are within the spread of comparable products in the upper 100 m but 
inherit a warm bias from BSOSE from 300 to 1,500 m. The DIC matches the mean BGC-Argo profiles for 2017 in the 
upper 100 m but appear to have too little carbon below this. Bottom panels show the differences between the 1/12° and 
coarser resolutions for (c) temperature and (d) DIC. The 1/12° is warmer and has slightly less carbon than the 1/3° and 
1/6°. DIC, dissolved inorganic carbon.
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and corresponding levels of variability, our models do not perform significantly different from each other in 
terms of misfit to observations or divergence from reanalysis solutions. This implies that flux and transport 
differences in the runs come primarily from the resolution of dynamical processes rather than differences 
in the baseline state.

3.2. Surface Fluxes

The annual mean downward surface heat and carbon fluxes are compared with other reanalysis products. 
The heat fluxes here and throughout the paper refer to total downward heat fluxes, i.e., the sum of turbu-
lent and radiative terms. Figure 7 shows the 2017 surface heat fluxes of ERA5, ECCO4v4, and SODA3.4.2 
along with the three regional models. Positive/red means oceanic heat uptake. All the panels show a similar 
broad pattern: (1) net heat uptake below the SAF, (2) net heat uptake in the center and eastern extent of the 
Zapiola Anticyclone, (3) net heat flux into the atmosphere for much of the area above the STF, (4) strong 
heat uptake over the Malvinas Current, and (5) net heat loss over the Brazil Current. ERA5 (panel a) and our 
three models (panels d, e, and f) appear to show cold ACC waters drawn into the southeastern edge of the 
Zapiola Anticyclone, which travel counterclockwise while taking up heat, while the warm Brazil Current 
waters are drawn into the Anticyclone at the western extent and lose heat to the atmosphere as they travel 
around. Within our regional models, we observe that as resolution increases from 1/3° to 1/12° in panels 
d–f, the spatial pattern of heat loss over the Brazil Current changes and increases in size. For the 1/12° mod-
el, the average heat flux over the Brazil-Malvinas Confluence features three circular blips that appear to be 
associated with stationary eddies. Movie S2 in Supporting Information plays the daily downward surface 
fluxes of heat and carbon for all three resolutions, and from this we can see that in the 1/12° model, the 
eddies in this area are not stationary. Instead, new ones are continuously generated in this pattern.

Figure 8 shows the mean 2017 downward surface carbon fluxes of Landschützer, JMA, and CMEMS along 
with the three regional models. Positive/red means oceanic carbon uptake. Again, the general spatial pat-
terns are alike: there is weak mean carbon uptake below the SAF and at the northern boundary, and strong 
mean uptake from the Zapiola Anticyclone to across the STF and extending east. The main difference is the 
three reanalysis products feature a blob of stronger uptake above the island of South Georgia in the bottom 
center of the domain, and our models do not have this feature. As shown in Figure S3 (supporting informa-
tion), the surface waters below the PF are rich in carbon and are more resistant to uptake of atmospheric 
carbon, and we see that the Malvinas Current which is bringing these waters north also shows weak oceanic 
carbon uptake. Notably, the area of increased eddy activity at the Brazil-Malvinas Confluence and over the 
Argentine Abyssal Plain in the 1/12° model do not result in significant differences in fluxes when averaged 
over the year compared with the 1/3° and 1/6° models. The largest magnitude of ocean carbon uptake is 
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Figure 7. Mean 2017 downward heat flux for (a) ERA5, (b) ECCO4v4, (c) SODA3.4.2, (d) 1/3° model, (e) 1/6° model, 
and (f) 1/12° model. Positive means oceanic heat uptake.
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to the northeast of the Zapiola Anticyclone. Panel f of Movie S1 (supporting information) shows the daily 
downward carbon flux of the eddying 1/12° model. Eddy effects are visible in the movie, but this region cen-
tered at 30°W, 42°W with the strongest mean carbon uptake (the darkest red area in Figures 8d, 8e, and 8f) 
does not feature many eddies.

We next compare downward air-sea fluxes averaged over the budget box by month from our models and 
available products. The budget box region extends from 34°S to 55°S and 70°W to 15°W, with all areas shal-
lower than 2,000 m removed to eliminate effects from shelf areas. For products on different grids, we linearly 
interpolate their solution fields laterally at each native depth layer onto our 1/12° grid to integrate over the 
same volumes. These averages are weighted according to the varying cell areas. The upper panel of Figure 9 
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Figure 8. Mean 2017 downward carbon flux for (a) Landschützer, (b) Japanese Meteorological Agency (JMA), (c) 
Copernicus Marine Service (CMEMS), (d) 1/3° model, (e) 1/6° model, and (f) 1/12° model. Positive means oceanic 
carbon uptake.

Figure 9. Mean monthly downward surface fluxes of (a) heat and (b) carbon compared to available products. The heat 
fluxes all share the same phase but small persistent differences lead to a wide range of annual mean values. The model 
carbon fluxes appear to start close to BSOSE and transition toward the other estimates by midyear. Positive means 
oceanic uptake.



Journal of Geophysical Research: Oceans

shows downward surface heat flux estimates for 2017 averaged over the box. The three regional models 
share the same phase with the compared products, although persistent biases create a large spread of mean 
values. The estimates range from BSOSE, which has a very strong mean uptake of heat with 30.65 W/m2, to 
the 1/12° model, with −1.30 W/m2. ERA5 and SODA3 both show strong uptake, although less than BSOSE. 
The mean heat flux from ECCO4 is close to the 1/3° and 1/6° models. To give an idea of the magnitude of 
this range of values, we perform a rough calculation of the global effect on changing the heat flux of this one 
region in a full earth system model. The 1/3° model mean downward heat flux value of 3.95 W/m2, the 1/6° 
model mean downward heat flux value of 3.41 W/m2, and the 1/12° model mean upward heat flux value of 
1.30 W/m2 yield total heat transports of 0.029 PW, 0.025 PW, and −0.010 PW, respectively, when averaged 
over the 7.4 million km2 budget box. The difference between the 1/3° and 1/12° model is then 0.039 PW. 
Trenberth and Smith (2005) estimates the mass of the atmosphere to be 5.15 × 1018 kg. Given a value of 
1,158 J/kg°C for the specific heat of air, a change in resolution from 1/3° to 1/12° translates to a difference 
in the global atmospheric temperature of 0.2°C over the course of a single year. This calculation indicates 
that model resolution plays an important role when making predictions of global temperature changes.

The lower panel of Figure 9 shows downward carbon flux over the budget box. The mean 2017 values of 
the three regional models are approximately all around 26 g/m2/yr and agree within 2%. The cumulative 
rate of uptake in the budget box for each model is 0.189 Pg C/yr for the 1/3°, 0.188 for the 1/6°, and 0.191 
for the 1/12°. This represents approximately 7.5% of the 2.5 Pg C/yr global oceanic carbon uptake estimat-
ed for each of the years 2009–2018 (Hauck et al., 2020a). All three models and compared products show 
mean oceanic uptake of carbon for each month of 2017 except BSOSE. The Landschützer estimate shows 
a different seasonal cycle in the region but has a mean that is within 6% of our regional models. The JMA, 
CMEMS, and Rödenbeck estimates all have a mean annual uptake that is as much as 35% higher than the 
regional models. For both heat and carbon fluxes, BSOSE significantly differs from our solutions despite 
our regional models being nested inside of it. This is because the adjoint method used to reduce model-ob-
servation misfit in BSOSE is allowed to make corrections to the atmospheric wind forcing, as discussed in 
Section 2.1 and shown in supporting information Figures S1 and S2. Additionally, it appears that our mod-
els have mean CO2 fluxes near the BSOSE values for a few months but transition by May toward the spread 
of the independent estimates. Panels (d–f) of Movie S2 show daily downward carbon fluxes of our three 
models. For January and part of February, there is carbon outgassing below the SAF, but at the end of the 
year this pattern does not return and carbon uptake dominates most of the domain for the last two months 
of 2017. A movie of BSOSE's carbon fluxes shows that this outgassing persists through April and returns in 
December (not shown).

3.3. Vertical Transports

We analyze the vertical velocity (w), potential temperature (T), and dissolved inorganic carbon (DIC). Us-
ing similar methods to those described in Appendix B of Griffies et al. (2015), we decompose the vertical 
transport of potential temperature wT into the time-mean wT  and transient eddy w′T′ terms and equiva-
lently for DIC. We remove the background time and space mean of the upper 1,000-m temperature and 
DIC (6.37°C and 2,150 μmol/kg, respectively) of our budget box region to isolate the vertical transports of 
anomalous temperature and DIC relative to this box mean. We subtract this reference value because there 
are net volume transports that dominate the temperature and DIC budgets, and we wish to minimize this 
effect to determine the relative importance of transient eddies versus mean transport. A low-pass filter is 
constructed by calculating a running 90-days mean of our time series, and this time-mean is subtracted to 
obtain a detrended high-frequency time series. We multiply the high-frequency time series of vertical veloc-
ity and temperature and average to get the transient eddy contribution. The seasonal trend low-frequency 
time series are similarly multiplied together and time-averaged to yield a mean contribution to the vertical 
transport.

First, we perform horizontal weighted averages of these quantities at each depth level and plot the vertical 
profile of anomalous mean heat and carbon transports, shown in Figure 10. In the 100–200 m layer, the 
total heat transport is upwards in the 1/12° model but downwards in the 1/3° and 1/6° models. In the up-
per 1,000 m, the eddy heat transport contribution is positive for each model and becomes stronger as the 
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resolution becomes finer. Figure 10b also shows that mean contributions to vertical transport of anomalous 
DIC are similar across the three resolutions, but the difference in eddy contributions affects the total vertical 
transports. The eddies resolved in the 1/12° model enhance downward transport of anomalous DIC below 
150 m and weaken the upward transport from the surface to 150 m. The 1/6° model also shows enhanced 
downward transport of anomalous carbon due to the eddy contribution but not as much as in the 1/12° 
model. Although this demonstrates the effects of resolving eddies on carbon transport in the water column, 
we have already seen that this does not lead to a significant effect on surface carbon fluxes. This is likely due 
to the very large baseline DIC concentration in the entire ocean as compared to the size of the anomalous 
transports.

To further investigate eddy influences, we consider the simplified parameterization relation 〈w′θ′〉 = κ dθ/
dz (Osborn & Cox, 1972). Here, the vertical transient eddy transport of potential temperature is related to 
the vertical gradient via an eddy diffusivity parameter κ. While a large distribution is found for κ values, we 
find that each of the three models has, on average, positive values for κ for both temperature and carbon 
integrated vertical transports (not shown). This implies that the vertical heat and carbon transport due 
to eddies is, on average, upgradient (i.e., anomalous heat is fluxed upwards and anomalous DIC is fluxed 
downwards). While unexpected, this can also be seen in Figure 10, which also shows that the mean trans-
port is downgradient. Thus while the mean and eddy roles are reversed from what one may expect (Gent 
et al., 1995), the eddies are still acting to oppose the mean transport.

Because the peak effects of transient eddy-induced vertical heat transport occur around 200 m, we extract 
spatial plots of the time-averaged vertical heat transport though the 190-m layer. Figure 11 shows these 
plots, with the first row representing total vertical heat transport, the second row showing transport due to 
mean flow, and the third row showing transport due to the transient eddy contribution. The columns rep-
resent the resolution, 1/3°, 1/6°, and 1/12° from left to right, respectively. We see that the spatial patterns in 
the total vertical heat transport (the top row) are largely forced by mean vertical transport (the middle row). 
There are some areas with mean upward movement and others with mean downward movement. The tran-
sient eddy-induced vertical heat transport (the bottom row) is where we see the clearest effects of increasing 
model resolution. As resolution increases across panels g, h, and i, we observe a corresponding stronger 
upward heat transport mainly in the Brazil-Malvinas Confluence region just off the Patagonia Shelf.

Figure 12 shows the same plot for anomalous upward DIC transport at the 190 m layer. We again observe the 
total and mean upward transports in the first and second rows look similar and have a balance of regions 
with upward and downward transports. What is different from the picture for heat is in the eddy transport 
along the bottom row. As resolution increases from 1/3° to 1/12° in panels g, h, and i, the eddy contribution 
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Figure 10. Vertical profiles of upward anomalous (a) heat and (b) carbon transports in 2017. We see the eddy 
contribution (dotted lines) enhances upward heat transport as resolution increases, but the increase of resolution 
enhances downward transport of anomalous carbon.
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goes from negligible to notable, almost entirely downward, and concentrated mostly at the Brazil-Malvinas 
Confluence and along the Argentine Abyssal Plain. Thus, the increased eddy activity in our 1/12° model 
causes anomalous DIC to move down the water column. However, our flux calculations in Section 3.2 show 
that this has a negligible effect on surface CO2 flux.

Given the model biases detailed in Section 3.1, we conduct a simple calculation to evaluate what our results 
might show with more realistic gradients of temperature and DIC. We compute the model eddy diffusivity 
parameter κ for each of our resolutions using the model gradients of temperature and DIC and the calcu-
lated w′T′ and w′DIC′ transient eddy terms by solving 〈w′T′〉 = κT dT/dz and 〈w′DIC′〉 = κDIC dDIC/dz for 
each resolution. The resulting κ’s are full 3D fields. We collect the float profiles for temperature and DIC and 
our model equivalent profiles in the budget box and use these to estimate w′T′ and w′DIC′ for the floats. 
We take the mean and median of the 197 DIC profile-calculated and 2,338 temperature profile-calculated 
transient eddy flux estimates and plot them in Figures S7 and S8 (supporting information), respectively. 
We use both mean and median because calculating κ can be noisy for small gradients and produces a result 
with large outliers. Both mean and median upward heat transport match well between our models and the 
float-derived estimates in the upper 100 m. From 100 to 400 m, the mean float-derived transports are strong-
er, which may explain why our models have too little heat above this layer (see Figure 6a). The real ocean 
having more heat in the surface layer of the budget box may mean we are overestimating oceanic heat up-
take, and the region may well be a net emitter of heat. Our model downward eddy transports of DIC match 
well with the BGC-Argo float-derived eddy transports from 100 to 300 m, but are weaker elsewhere. Again, 
this aligns with our models having too much carbon in the surface compared to the floats and may indicate 
that the Argentine Basin is taking up more carbon than our models. This point is in line with estimates of 
Landschützer, JMA, and CMEMS CO2 estimates for 2010–2014 and 2017, which all show stronger carbon 
uptake in the region than our models and any of the CMIP6 models as we detail in Section 4.
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Figure 11. Upward transport of anomalous heat [°C m/day] at 190 m depth in 2017. Columns represent resolution, 
1/3°, 1/6°, and 1/12° from left to right. Rows represent total, mean, and eddy transport from top to bottom. The mean 
contribution for each resolution (middle row) has regions with both upward and downward transports of heat, but the 
eddy terms (bottom row) contribute only upward transport to a small extent in (h) the 1/6° model and to a larger extent 
in (i) the 1/12°, concentrated in the confluence of the Brazil and Malvinas Currents and along the steep topography at 
the southern boundary of the Argentine Basin. This eddy contribution in the 1/12° model heats the upper ocean layer 
enough to make the region a net emitter of heat compared to the coarser resolutions (see Figure 9a).
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4. Comparison With CMIP6 Historical Runs
Where do our three regional models perform compared to current generation climate models? The sixth 
phase of the Coupled Model Intercomparison Project (CMIP6) contains 22 models that report surface car-
bon fluxes for their historical runs and 35 that report surface heat fluxes. We take the first ensemble member 
“r1i1p1f1,” or an appropriate ensemble member when r1i1p1f1 was not available, and perform analysis on 
the 2010–2014 averages over the budget box in our model domain (outlined in black in panel (a) of Fig-
ure 1). The CMIP6 solution fields are interpolated onto our finest model grid and we calculate mean annual 
downward surface fluxes of the CMIP6 models and compare them to 2013–2014, 2013–2018, and 2017 mean 
fluxes from BSOSE and output from our regional models. Figure 13 shows the results of these calculations 
of annual downward fluxes of (a) heat and (b) carbon (positive values indicate oceanic uptake) with gray 
bands added to show estimates from reanalysis products for the period 2010–2014. The heat flux band is the 
mean ERA5 downward surface heat flux plus and minus one standard deviation of the monthly flux esti-
mates. The carbon flux band is given by the ensemble mean of Landschützer, JMA, and CMEMS plus and 
minus the largest standard deviation of the three products' monthly fluxes. The mean values of downward 
surface heat flux ranged from −18.9 to 23.1 W/m2 (Figure 13a). Using the same calculation from Section 3.2, 
this range of CMIP6 model heat fluxes over the budget box region constitutes a difference of 0.30 PW, and 
this would lead to difference in global atmospheric temperature of 1.6°C in the course of a single year. This 
indicates the level of uncertainty regarding heat flux over the Argentine Basin and the importance of the 
region in the global climate.

Eight of the 35 CMIP6 models have the region as net emitter of heat, the rest as a net heat sink. Our 1/3°, 
1/6°, and 1/12° models are shown in orange and, respectively, have fluxes of 4.0, 3.4, and −1.3 W/m2 which 
places them in the middle of this range. For downward surface carbon flux, 21 of 22 CMIP6 models show 
the region as a carbon sink. Our 1/3°, 1/6°, and 1/12° models have downward carbon fluxes of 26, 25, and 
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Figure 12. Upward transport of anomalous dissolved inorganic carbon (DIC) [μmol/kg m/day] at 190 m depth in 2017. 
Columns represent resolution, 1/3°, 1/6°, and 1/12° from left to right. Rows represent total, mean, and eddy transport 
from top to bottom. The mean contribution for each resolution (middle row) has regions with both upward and 
downward transports of carbon, but the eddy terms (bottom row) contribute only downward transport to a small extent 
in (h) the 1/6° model and to a larger extent in (i) the 1/12°, concentrated in the confluence of the Brazil and Malvinas 
Currents and along the steep topography at the southern boundary of the Argentine Basin. This enhanced downward 
transport of anomalous carbon is not significant enough compared to high baseline DIC concentration to change 
surface uptake of carbon.
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26 g/m2/yr. These estimates show more uptake than any of the CMIP6 models, which range from −7 to 25 g/
m2/yr. However, the data-driven estimates of CMEMS, JMA, Landschützer, and Rödenbeck all show strong-
er uptake than both the CMIP6 models and our regional models (27–34 g/m2/yr). Thus for both heat and 
carbon, our surface flux estimates lie within the range of independent model and observational estimates.

There are three pairs of featured CMIP6 models that differ only in resolution: MPI-ESM1-2-LR/MPI–ESM1-
2-HR, HadGEM3-GC31-LL/HadGEM3-GC31-MM, and NorESM2-LM/NorESM2-MM. (The NorESM2 
models differ only in atmospheric resolution.) In Figure 13, we color the text labels for these three pairs 
so they are easy to find. In all three cases, the higher resolution models feature less heat uptake than their 
lower resolution counterparts. For carbon, there is no obvious relationship with resolution. The HadG-
EM3-GC31 models do not report carbon flux. The higher resolution NorESM2 model featured slightly less 
carbon uptake in the Argentine Basin than its low-resolution counterpart, while the higher resolution MPI-
ESM1-2 model produced significantly more carbon uptake than its low-resolution counterpart.

5. Conclusion
We constructed regional general circulation models with biogeochemistry in the Argentine Basin at three 
zonal resolutions, 1/3°, 1/6°, and 1/12°. Model outputs were validated against float and satellite obser-
vations, and compared to reanalysis products. The models show biases when compared with Argo and 
BGC-Argo floats, but these biases do not differ significantly by resolution. The major biases are subsurface 
temperature in the subtropics that are too warm and vertical carbon gradients that are too weak. Mean sur-
face fluxes broadly match patterns in available data products.
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Figure 13. Mean annual downward surface (a) heat fluxes and (b) carbon fluxes over the Argentine Basin budget box. 
Positive flux means oceanic uptake. The CMIP6 models that report carbon flux for 2010–2014 is shown in green, BSOSE 
averaged over various time periods are shown in blue, and the three Argentine Basin (AB) models from this study 
are shown in orange. The shaded bands denote mean fluxes from reanalysis products plus and minus one standard 
deviation of monthly integrated values. BSOSE shows the most oceanic heat uptake in the region over all periods, while 
the AB models show the most carbon uptake. The 1/12° AB model shows the region as a net emitter of heat in 2017. 
Missing bars indicate the flux was not reported.



Journal of Geophysical Research: Oceans

The highest resolution model, the 1/12°, shows enhanced upward heat transport in the upper ocean due to 
transient eddies in the Brazil-Malvinas Confluence region (see Figure 11) and over the Argentine Abyssal 
Plain. This positive contribution to vertical heat transport causes a sufficient additional accumulation of 
heat in the surface layer to change the budget box region from a net heat sink to a net heat source (see Fig-
ure 9a). These enhanced upward heat fluxes due to mesoscale eddies are discussed in Griffies et al. (2015) 
and Morrison et al. (2013) on temporal and spatial climate scales and we see similar effects here in a region-
al model during a single year at a specific hotspot (i.e., the Brazil-Malvinas Confluence). The three CMIP6 
available model pairs that differ only in resolution repeat our result of increased resolution corresponding 
to less heat uptake.

For carbon, the effect of increasing resolution is different. The resolution does affect the mean vertical and 
lateral transports, but the contribution from eddies is relatively small compared to the high background con-
centrations of DIC and overall the effect on carbon fluxes at the surface is negligible (Figures 9b and 10b). 
Unlike heat, strong surface carbon fluxes are not collocated with regions of eddy activity (Figures 8 and 12). 
The vertical profiles of horizontally averaged DIC are also similar as seen in Figure 6b.

Model biases urge us to be cautious about our results that eddies increase upward ocean heat transport 
and increase downward carbon transport. Nevertheless, comparison to the float-derived property gradients 
implies that our vertical eddy transports may be an underestimate of the eddy impacts and that our oceanic 
heat uptake may still be too strong and our carbon uptake may still be too weak. Four different carbon flux 
products (CMEMS, JMA, Landschützer, and Rödenbeck) suggest CMIP6 models may be underestimating 
ocean carbon uptake in the Argentine Basin. We find eddies act to transport carbon upgradient into the 
ocean, and an inability of CMIP6 models to account for this dynamic may contribute to this bias. Similarly, 
only a few of the CMIP6 models estimate this region as a heat emitter during the historical period. The avail-
able reanalysis products have much stronger heat uptake than our models, so the picture for surface heat 
fluxes is less clear. Again, it is possible that the process of upgradient heat transport found in our models not 
being captured in CMIP6 and reanalysis products may lead to discrepancies in estimates of surface heat up-
take. This extraordinary region is the site of turbulent dynamics and the mixing of subtropical and subpolar 
waters, and we are left with more questions about the Argentine Basin's role in the global oceans regarding 
uptake of heat and carbon and how these quantities will change in the future. Further investigation will be 
necessary to reduce our uncertainties.

Data Availability Statement
The codes to run this regional model and perform the analysis in the paper are publicly available in the 
following repository: https://doi.org/10.5281/zenodo.4488699. The MITgcm is available at https://github.
com/MITgcm/MITgcm.
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