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 A B S T R A C T

We present an updated assessment of abyssal temperature trends in the Argentine Basin using expanded 
hydrographic and moored observations from the SAMBA-West line. The study addresses two main questions: (1) 
What is the spatial distribution of the abyssal warming along the SAMBA-West line? (2) What mechanisms drive 
the observed changes? Using output from a high-resolution numerical simulation, we first characterize how 
the abyssal flow near 34.5◦S relates to the broader basin-scale circulation, providing context for interpreting 
the observations. Within this framework, we find that SAMBA-West is situated within a dynamically complex 
junction of deep boundary currents and recirculation pathways in the northwestern portion of the Argentine 
Basin. A coherent, statistically significant warming trend is found across most of the array and vertically 
throughout the AABW layer, primarily due to its vertical contraction, likely reflecting reduced formation or 
export of the AABW.
1. Introduction

Occupying up to 40% of the ocean volume below 4000 m (Johnson, 
2008), the Antarctic Bottom Water (AABW) is the deepest, densest, and 
coldest water mass in the global ocean. This water mass is formed at 
four main sites around Antarctica: the Ross Sea, Weddell Sea, Prydz 
Bay, and Adelie Land Purkey et al. (2018). Its physical properties and 
formation rates result from the winter atmospheric forcing and mixing 
of colder and denser Antarctic Shelf Water with lighter and warmer 
Circumpolar Deep Water over the Antarctic slope (Orsi et al., 1999). 
Among the formation regions, the Weddell Sea is the primary source of 
the AABW that ventilates the Atlantic Ocean.
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Approximately 90% of the AABW formed in the Weddell Sea enters 
the Atlantic Ocean (Solodoch et al., 2022), where it feeds the abyssal 
limb of the Atlantic Meridional Overturning Circulation (AMOC). In the 
Argentine Basin, AABW flows through the Malvinas Channels from the 
Georgia Basin (Georgi, 1981), circulates anticyclonically around the 
Zapiola Ridge, and exits mainly through deep channels located at its 
northern limit (Fig.  1; Smythe-Wright and Boswell, 1998; McDonagh 
et al., 2002). While its general pathways have been described (e.g., 
Coles et al., 1996), the AABW circulation within the basin remains 
mostly unknown.

In the Argentine Basin, the AABW is clearly distinguished from the 
overlying deep waters. The AABW core has a potential temperature of 
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data mining, AI training, and similar technologies. 
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Fig. 1. (a): Schematic of the main pathways of the AABW (black arrows). Colored diamonds mark Site BB (green), Site C (blue), Site CC (orange), and Site D 
(red) of the SAMBA-West line. Background represents the bottom topography (m) from General Bathymetric Chart of the Oceans (GEBCO). (b): Zoom-in of the 
region outlined by the black box in panel (a).
about –0.10 ◦C and a salinity of about 34.67 (Valla et al., 2018). Its 
upper boundary, defined by 𝛾 = 28.27 kg m−3 (equivalently the 𝜃 =
0.0 ◦C isotherm), marks the interface with the Lower Circumpolar Deep 
Water (LCDW), whose core properties are 𝜃 = 0.72 ◦C and 𝑆 = 34.72. 
The LCDW occupies the layer between AABW and the North Atlantic 
Deep Water (NADW), and its upper boundary (𝛾 = 28.10 kg m−3) closely 
follows the 2.0 ◦C isotherm.

The export of AABW from the Argentine Basin occurs mainly 
through the Vema Channel. This narrow passage is the principal con-
duit for AABW leaving the Argentine Basin and entering the Brazil 
Basin, making it a key chokepoint for abyssal volume transport (Hogg 
and Zenk, 1997; Hogg et al., 1982; Hogg and Owens, 1999; Zenk and 
Hogg, 1996; Morozov et al., 2018). Transport estimates range from 4.15 
± 1.27 Sv (Hogg et al., 1982) to 1.7 ± 1.1 Sv when accounting for 
compensating southward flow (McDonagh et al., 2002). This makes the 
Vema Channel not only a critical pathway for abyssal circulation but 
also a natural site for detecting long-term changes in AABW properties.

Indeed, evidence of such changes have accumulated over the past 
decades. Historical Conductivity–Temperature–Depth (CTD)
profiles from 1972 to 2006 revealed a consistent warming of waters 
with potential temperature 𝜃 ≤ 0.2 ◦C (Zenk and Morozov, 2007). 
That warming persisted throughout 2010 (Zenk and Visbeck, 2013), 
reaching approximately 2.6 m◦C yr−1 (m = 10−3) by 2020 (Campos 
et al., 2021). Beyond the channel, the abyssal western South and 
tropical Atlantic have shown a basin-scale warming trend that varies 
meridionally (Johnson and Purkey, 2024), which appears to be linked 
to a long-term reduction in AABW volume (Purkey and Johnson, 2012; 
Zhou et al., 2023; Biló et al., 2024). The Argentine Basin reflects this 
broader pattern. Coles et al. (1996) reported a pronounced reduction 
in the densest AABW between 1980 and 1987, followed by an abyssal 
warming in 1989. Subsequent studies documented a general warming 
of waters deeper than 2000 m between 1989 and 2014 (Johnson et al., 
2014), as well as a mean warming rate of about 2.1 m◦C yr−1 for waters 
between 4500 and 6000 dbar (Johnson, 2022).

Despite a substantial body of work documenting abyssal warming 
trends across the Atlantic Ocean, direct estimates of the AABW trans-
formation along its primary pathways remain limited. The western 
2 
component of the South Atlantic MOC Basin-wide Array, hereafter 
SAMBA-West line, located in the northwestern Argentine Basin along 
34.5◦S (Fig.  2a), is strategically positioned to address this gap. Situated 
between the Brazil–Malvinas Confluence to the south and the Vema 
Channel to the north (Fig.  1), the array was designed to capture the 
full extent of the southward-flowing DWBC while also monitoring the 
spread of the AABW.

Monitoring deep and abyssal water-mass properties with sufficient 
accuracy to detect long-term changes is challenging, due to the small 
magnitude of temperature and salinity fluctuations at depth (e.g., Biló 
et al., 2024; Johnson and Purkey, 2024; Zhou et al., 2023). Moorings 
provide high temporal resolution but typically rely on single near-
bottom instruments (e.g., Meinen et al., 2020; Campos et al., 2021), 
which can be strongly influenced by local processes. Hydrographic 
sections, in contrast, capture the full vertical structure and large-scale 
perspective of the water column but lack high-frequency temporal cov-
erage. These complementary strengths and limitations underscore the 
value of integrated observing systems such as the SAMBA-West array, 
which combines high-frequency moored measurements with full-depth 
repeated hydrography.

Along the SAMBA-West line, Meinen et al. (2020) analyzed ocean-
bottom temperature variability using temperature sensors integrated to 
pressure-equipped inverted echo sounders (PIES) together with a subset 
of CTD casts. With these two datasets, the authors reported mutually 
consistent indications of AABW warming from 2009 to 2019, with rates 
comparable to those reported for the Vema Channel and the broader 
Argentine Basin.

Building on these considerations and on the foundation established 
by Meinen et al. (2020), we integrate mooring and hydrographic ob-
servations to explore abyssal variability along the SAMBA-West line in 
greater detail. While the earlier study used only near-bottom points 
from the CTD casts, here we examine the full vertical extent of the 
profiles. We also extend the CTD time series from 2019 to 2022 and 
incorporate two new locations and one additional mooring site. Before 
assessing long-term temperature changes, we first characterize how the 
SAMBA-West line is embedded within the broader abyssal circulation 
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Fig. 2. Panel (a): Location of the moored instruments and hydrographic stations maintained at the SAMBA-West array. The colored shading represents the 
bathymetry of the study region from GEBCO. Diamonds mark CTD-PIES locations. Colored diamonds mark the PIES/CPIES locations: Site AA (white), Site BB 
(green), Site C (blue), Site CC (orange), and Site D (red). Circles mark CTD-only stations. Panel (b): Number of profiles that successfully captured AABW at Site 
BB (green), Site C (blue), Site CC (orange), Site D (red), and at other stations (white). Inverted triangles mark the cruises in which LADCP data were present, stars 
mark the MSM60, SAMBA19, and SAMBA20 cruises. Panel (c): Colored lines represent the time series of available PIES/CPIES data. Panel (d): Vertical section 
of time-averaged CTD 𝜃. White line represents the upper limit of AABW (𝜃 = 0.0 ◦C). Green, blue, and red diamonds mark sites BB, C, CC, and D locations, 
respectively. Panel (e): Same as (d), but for the GIGATL6 numerical simulation output.
using a high-resolution regional numerical simulation; this provides 
essential spatial context for interpreting the observations. We then ad-
dress two scientific questions: (1) What is the spatial distribution of the 
abyssal warming along the SAMBA-West line? (2) What mechanisms 
drive the observed changes?

2. Data

2.1. Observations

Our analysis is focused on temperature and velocity observations 
along the SAMBA-West line (Fig.  2a). Temperature data were collected 
from temperature sensors housed inside PIES and PIES equipped with 
single-point acoustic current meters (CPIES) as well as from CTD pro-
files. Velocity measurements were obtained from Lowered Acoustic 
Doppler Current Profiler (LADCP), attached to the CTD frame as well as 
from the CPIES. In addition, salinity profiles obtained from CTD casts 
were used as a supporting variable to help decompose the observed 
temperature trends into heave and spiciness components.

The CTD data come from a series of repeated hydrographic cruises 
conducted along the SAMBA-West line near 34.5◦S supporting long-
term monitoring efforts in the region. Those surveys have been con-
ducted with quasi-annual frequency, totaling 15 cruises since 2009 (Fig. 
2b). In addition to the repeated section, we also analyzed data from a 
trans-basin cruise conducted aboard the R/V Maria S. Merian in January 
2017 (MSM60; Karstensen et al., 2019) that followed the same latitude 
as the SAMBA-West line, for a total of 16 cruises.

The number of CTD casts sampling down to the AABW varied among 
cruises, ranging from 1 to 11 stations per cruise (Fig.  2b). For this 
study, we selected the four locations with the largest number of casts: 
48.5◦W (14 profiles), 47.5◦W (14 profiles), 46◦W (7 profiles), and 
44.5◦W (15 profiles). These stations correspond to Sites BB, C, CC, and 
D, respectively, as commonly referenced in the literature and shown in 
Fig.  2 (Chidichimo et al., 2021, 2023; Valla et al., 2018, 2019; Meinen 
et al., 2017, 2020). All four locations lie within the deep or abyssal 
3 
portion of the basin, with depths of 4165 m (Site BB), 4565 m (Site 
C), 4750 m (Site CC), and 4780 m (Site D). LADCP velocity data are 
available from six cruises, with the corresponding years indicated in 
Fig.  2b. Both CTD and LADCP casts typically extend from the surface 
to within approximately 10–20 m of the seafloor, and the maximum 
sampled pressure for each cast is provided in Supplementary Figure S1.

The historical SAMBA dataset spans August 2009 to July 2019 and 
includes CTD measurements at Sites C and D used in Meinen et al. 
(2020). To extend this record, we incorporate CTD data from the 
MSM60 trans-basin cruise in January 2017 (Karstensen et al., 2019) 
and from two recent SAMBA-West cruises conducted in August and 
December 2022 (SAMBA19 and SAMBA20), which update the CTD 
time series at Sites C and D to 2022. We also expand the analysis to 
two additional CTD sites, BB and CC, and extend the LADCP analysis 
of Valla et al. (2019) through 2022. Details of the CTD and LADCP 
instrumentation and processing are provided in the Supplementary 
Information.

The PIES and CPIES instruments used in this study were deployed 
in five locations along the SAMBA-West line: PIES at Sites C and D, and 
CPIES at Sites AA (–50.5◦W), BB, and CC. All instruments were moored 
about 1 m above the seafloor and collected data during different 
portions of the 2009–2019 period (Fig.  2c). Although Site CC was 
equipped with a CPIES, its temperature record could not be calibrated 
due to the lack of CTD casts at this location, and its velocity record 
was unusable due to an instrument malfunction; therefore, Site CC was 
excluded from the analysis. Site AA is too shallow to monitor AABW, 
but velocity measurements at this site are used for model-validation 
purposes. Sites C and D were already included in the analysis of Meinen 
et al. (2020), while Site BB is analyzed here for the first time. All 
instruments recorded hourly data.

2.2. Numerical model

Complementary to the in situ observations, we incorporate output 
from a high-resolution ocean general circulation model (GIGATL6; cf. 
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Table 1
Comparison of velocity statistics between CPIES and GIGATL6 (1-hour average)
 Variable Dataset Statistic AA BB C CC D  
 u [m s−1] CPIES Mean 0.015 0.055  
 Std 0.064 0.150  
 GIGATL6 Mean 0.020 0.036 0.008 −0.007 −0.013 
 Std 0.062 0.137 0.111 0.064 0.061  
 v [m s−1] CPIES Mean 0.010 0.005  
 Std 0.054 0.047  
 GIGATL6 Mean 0.013 0.014 0.023 0.012 0.003  
 Std 0.046 0.043 0.052 0.048 0.041  
 Angle [◦] CPIES Mean 31.89 5.07  
 GIGATL6 Mean 33.10 20.53 69.80 119.80 166.29 

Gula et al., 2021) to gain insight into the regional mean flow and fill the 
spatial gaps between observation sites. We examined 5-day averages 
of model velocity and 𝜃 from March 2005 to January 2012 (e.g., Qu 
et al., 2021; Ruan et al., 2021; Tagliabue et al., 2022; Vic et al., 2022; 
Schubert et al., 2025). The horizontal velocity outputs were further 
used to compute stream function (𝜓) fields following the methodology 
of  Li et al. (2006), providing a comprehensive picture of the horizontal 
circulation patterns at a specific depth.

GIGATL6 is based on the Coastal and Regional Ocean COmmu-
nity model (CROCO; Auclair et al., 2025) developed upon the Re-
gional Oceanic Modeling System (ROMS; Shchepetkin and McWilliams, 
2005). GIGATL6 spans the Atlantic Ocean at a nominal horizontal 
resolution of 6 km with 50 vertical levels that follow the seafloor 
topography, sourced from the Global Bathymetry and Elevation Data 
at 30 Arc Seconds Resolution (Becker et al., 2009). The model con-
figuration includes initial and boundary conditions from the Simple 
Ocean Data Assimilation (SODA) project version 2.2.4 (Carton and 
Giese, 2008), atmospheric forcing from the hourly Climate Forecast 
System Reanalysis (Saha et al., 2010), a k-𝜖 turbulence closure scheme 
for vertical mixing parameterization (Umlauf and Burchard, 2003), and 
tidal forcing derived from TPXO7.2 and GOT99.2b (Ray, 1999).

To assess the model’s reliability, we compared the mean and stan-
dard deviation of the GIGATL6 velocities with CPIES measurements 
from 2012 to 2016 at sites AA and BB. CPIES instruments provide 
hourly velocity records, allowing a robust comparison. Site BB is the 
primary focus, while Site AA serves as an additional validation point. 
Hourly GIGATL6 velocities were used for consistency, and statistics 
were computed over 2008–2011 at the deepest model level.

Table  1 summarizes the key statistics of the horizontal velocity 
components. The comparison shows that GIGATL6 captures the main 
flow features at both validation sites, reproducing the overall magni-
tude, direction, and variability of the observed currents. The difference 
in the mean flow direction at Site BB is likely related to bathymetry 
effects in the model, where the isobaths have a local disagreement in 
their positions compared to the observations (Supplementary Figure 
S2). Despite this difference, the general agreement provides confidence 
that GIGATL6 can be used to complement the in situ observations, filling 
spatial gaps and enabling a more complete analysis of the near-bottom 
circulation patterns. Detailed interpretation and discussion of the ve-
locities from GIGATL6 and LADCP measurements collected during the 
repeated ship transects are presented in Section 3.

Although the simulation dynamics are consistent with available 
observations, it is important to note that GIGATL6 was not configured 
specifically for comparison with SAMBA-West measurements. Conse-
quently, while the model reproduces the large-scale flow patterns, 
it systematically overestimates abyssal temperatures relative to the 
observed profiles, a well-known limitation of state-of-the-art Ocean 
General Circulation Models (Heuzé, 2020). This warm bias is reflected 
in the isotherm defining the upper limit of the AABW, which lies 
approximately 350 m deeper in the model than in the observations 
(Fig.  2d, e). As a result, Site BB lies within the AABW layer in the 
4 
observations but above it in the model. To account for this discrepancy, 
we subtracted the time-mean GIGATL6 𝜃 field from the time-mean in 
situ field and removed this offset from the model temperatures (see 
Supplementary Information).

As part of ongoing efforts to improve the representation of abyssal 
waters in Ocean General Circulation Models, we analyzed several ocean 
climatology and reanalysis products and found similarly large tem-
perature biases in the abyss, with deviations of up to about 0.4 ◦C. 
This suggests that the warm biases in GIGATL6 likely originate from 
biases already present in the SODA initial and boundary conditions (not 
shown).

3. SAMBA-West connectivity

In the Argentine Basin, Coles et al. (1996) proposed several cir-
culation pathways for AABW using a thermal wind proxy, providing 
a schematic circulation in which the AABW enters the basin through 
the Malvinas Channels. From there, part of the flow follows isobaths 
westward, while another portion flows directly northward to form 
an anticyclonic flow around the Zapiola Ridge. The westward branch 
subsequently turns northward, where it splits: one segment continues 
to flow northeastwards, ultimately contributing to northward AABW 
export through Vema Channel, while the other recirculates cyclonically 
to the south, reaching the Zapiola gyre (see Figure 3 of Coles et al., 
1996).

Overall, the schematic circulation proposed by Coles et al. (1996) 
closely aligns with the mean abyssal flow pattern reproduced by GI-
GATL6 (Fig.  3a). The model captures key features, including the anti-
cyclonic flow around the Zapiola Ridge, the northward flow along the 
western portion of the basin and the cyclonic recirculation to the south. 
In addition to this, another interesting feature is well reproduced by the 
model: the southward, anticyclonic, flow centered at 47–46◦W along 
the SAMBA-West line (Valla et al., 2019). This feature lies between 
Sites C and CC (Fig.  3b), is likely steered by local topography, and may 
explain the observed southward flow of AABW at this location.

The model also agrees with previous analysis of the SAMBA-West 
velocity structure. Valla et al. (2019) found that west of ∼48 ◦W, the 
abyssal flow is largely influenced by the southward-flowing DWBC. 
East of this longitude, the flow becomes more complex, with the 
presence of alternating northward and southward jets (see Figure 1 of 
Valla et al., 2019), which is well reproduced by the model, with both 
observations and model capturing the zonal and meridional velocity 
inversions along the array. The barotropic nature of the flow is also 
realistically represented. Key features such as the Deep Western Bound-
ary Current (DWBC) are clearly resolved, underscoring the model’s 
ability to capture the main abyssal circulation patterns (see Fig.  3c-
f). Nevertheless, some discrepancies between GIGATL6 output and 
CPIES/LADCP measurements are expected, given the limited temporal 
and spatial coverage of the observations compared with the model’s 
continuous output.

Some unique features are also reproduced by the model. The most 
notable being the closed circulation in the northwestern portion of 
the Argentine Basin, where the 𝜓 field is mainly positive (Fig.  3a). 
In this region, waters reaching Site D originate mainly from the basin 
interior. After crossing this site, they turn toward Site CC (Fig.  3b) and 
subsequently feed the southward flow described by  Valla et al. (2019). 
Site C appears to be located at the confluence of waters arriving from 
the west and from the north, associated with the large anticyclonic 
circulation north of the SAMBA-West line, before turning southward. 
The model also shows that most of the waters that cross the Vema 
Channel come from the interior of the basin, from a main branch 
that also feeds the western portion of the SAMBA-West line. It has a 
smaller contribution from an east flowing branch, which is part of the 
recirculation cell that interacts with the stations of the SAMBA-West 
array from the north (Fig.  3b).
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Fig. 3. Panel (a): Time-averaged horizontal velocity vectors (black arrows) and streamfunction field (contours and colored shading) from the deepest layer of the 
GIGATL6 simulation, masked at 3800 dbar. Panel (b): Zoom-in of the region outlined by the black box in panel (a). Panel (c): Time-averaged zonal velocity from
in situ observations along 34.5◦S. Panel (d): Time-averaged zonal velocity from the GIGATL6 simulation along 34.5◦S (red shading indicates eastward velocity, 
and blue indicates westward velocity). Panel (e): Time-averaged meridional velocity from in situ observations along 34.5◦S. Panel (f): Time-averaged meridional 
velocity from the GIGATL6 simulation along 34.5◦S (red indicates northward velocity and blue indicates southward velocity). Diamonds indicate PIES deployment 
sites: green for Site BB, blue for Site C, orange for Site CC, and red for Site D. Magenta thick line represents the upper limit of AABW (𝜃 = 0.0 ◦C).
Site BB, however, lies at the edge of this closed recirculation, a 
unique location near the limit of the AABW, where the 0 ◦C isotherm 
intersects the bathymetry (Fig.  2d), and waters appear to come from 
the southwestern portion of the basin. Dynamically it shows extreme 
variability: the standard deviation of the model velocity components is 
several times larger than their means, with ratios of 3.8 (u) and 3.0 
(v). Site C shows a similar pattern, with ratios of 13.0 (u) and 2.2 (v). 
The velocities components at BB are also highly anisotropic between 
each other: the mean of u is 2.5 times larger than the mean of v, 
while the standard deviation of u is 3.1 times larger than that of v. 
In contrast, at Site C the mean of u is 2.8 times smaller than the mean 
of v, but its standard deviation is 2.1 times larger. Such variability at 
BB has been attributed to the passage of westward-propagating eddies 
consistent with Rossby wave–like features (Meinen et al., 2017), while 
the variability at Site C may be related to the anticyclonic cell placed 
north of it.

The GIGATL6 simulation, together with in situ measurements
(Fig.  3c–f), clarifies the integration between the SAMBA-West transect 
and the broader flow pattern in the Argentine Basin, including its 
connection to the Vema Channel. The model supports earlier find-
ings (McDonagh et al., 2002; Coles et al., 1996), while also brings new 
interpretations of the main pathways of the AABW. The highly intricate 
bathymetry of the region (Fig.  1b) appears to play a central role in 
shaping abyssal circulation. Dynamically, sites BB and C are unique 
spots characterized by a velocity variability that far exceeds the mean 
flow, probably linked to the DWBC (Site BB) and to the anticyclonic 
circulation north of it (Site C). However, sites C and D seem to be 
more related to each other and to the interior circulation of the basin. 
Although these advances refine the description of the mean abyssal 
circulation, a dedicated study is still required to fully understand the 
dynamics of the deep and abyssal circulation along the SAMBA-West 
line.

4. Abyssal warming

The following revisits and expands (Meinen et al., 2020) by ex-
tending the CTD record to 2022 and increasing the spatial coverage 
5 
of CTD/PIES sites along the SAMBA-West line, enabling a more de-
tailed assessment of abyssal temperature trends. Here we use in situ
temperature from the PIES instruments, since salinity measurements 
are not available to compute potential temperature. For consistency, 
we therefore compare these with the equivalent in situ temperatures 
from the CTD casts.

Although the PIES temperature records are calibrated using concur-
rent near-bottom CTD measurements and thus are not fully independent 
(see Supplementary Information), the comparison between the two 
datasets still supports the reliability of the CTD-derived trends (Table 
2). The PIES data, due to their high temporal resolution, provide time 
series with greater degrees of freedom, resulting in a more statistically 
robust 95% Confidence Interval (CI). This reinforces the validity of 
the CTD-derived trends, despite their lower temporal resolution and 
relatively smaller number of data-points.

Hence, one important caveat is that CTD-based trend analysis is 
limited by relatively sparse temporal sampling. According to Meinen 
et al. (2012), achieving a temperature trend accuracy of 0.01 ◦C 
per decade (therefore approximately 0.001 ◦C per year) at the 95% 
confidence level requires sampling approximately once per year or 
more frequently. The hydrographic cruises used in this study satisfy 
this requirement, but our sampling frequency is at the threshold of this 
criterion. As such, uncertainties of this magnitude are expected and 
should be taken into account when interpreting the results, particularly 
at Site BB.

Before presenting the CTD-derived trends, the dataset was subjected 
to additional quality control (see Supplementary Information). Outliers 
were removed using a threshold of 1.5 times the interquartile range 
(IQR), which led to the exclusion of Site BB data from the October 2017 
cruise (SAMBA14). At this location, the CPIES record has a major gap 
between 2017 and 2018 (Fig.  2c). Hence, to estimate its temperature 
trend, we calculated the difference between the mean values of the 
two uninterrupted segments of the time series, considering only periods 
with active instrument records.

The inclusion of the 2022 cruises confirms that the warming trend of 
about 0.002 ◦C per year previously identified at sites C and D (Meinen 



D.M.C. Santos et al. Deep-Sea Research Part I 227 (2026) 104627 
Table 2
Locations of the PIES Moorings and CTD Casts, along with basic statistics of the in situ temperatures from 2009 to 2019.
 Equipment Latitude (◦S) Longitude (◦W) Mean (◦C) Standard deviation (◦C) Trend (◦C per year) CI 95% (◦C per year) 
 Site BB PIES 34.5 48.5 0.1939 0.0193 0.0048a 0.0063  
 CTD 34.5 48.5 0.2023 0.0181 −0.0008 0.0027  
 Site C PIES 34.5 47.5 0.2229 0.0078 0.0022 0.0015  
 CTD 34.5 47.5 0.2234 0.0089 0.0021 0.0012  
 Site CC PIES – – – – – –  
 CTD 34.5 46.0 0.2469 0.0065 0.0022 0.0018  
 Site D PIES 34.5 44.5 0.2398 0.0063 0.0019 0.0014  
 CTD 34.5 44.5 0.2472 0.0082 0.0019 0.0011  
a Defined using the difference of the mean temperature from two deployment periods.
Fig. 4.  In situ temperature records from PIES (red lines) alongside temperatures from the deepest bin of each CTD cast (gray circles) at Site BB (panel a), Site C 
(panel b), Site CC (panel c), and Site D (panel d). Gray lines indicate the linear regression of the CTD data, with shaded areas representing the 95% confidence 
intervals. The teal line in panel (a) represents the linear regression of the CTD data beginning at 2013, with the shaded area representing the 95% confidence 
interval.
et al., 2020) persists beyond 2019 (Fig.  4 and Table  2) and remains 
significantly different from zero with 95% confidence. A similar posi-
tive and significant trend of 0.0022 ◦C per year is now evident at Site 
CC, spanning the period from 2013 to 2022. In contrast, based on CTD 
measurements collected from 2009–2022, Site BB shows a slight overall 
cooling that is not significantly different from zero. However, if the 
analysis is restricted to the CTD record beginning in 2013, it indicates 
a significant warming trend of 0.0033 ◦C per year, consistent with the 
PIES trend during this time period.

Regardless of this agreement, the PIES temperature trend at Site BB 
is not significantly different from zero (Table  2). This likely arises be-
cause Site BB lies on the edge of the AABW domain, where interactions 
with adjacent water masses introduces variability. At this location, the 
standard deviation of the CTD temperature record is roughly 20 times 
larger than the magnitude of its trend, and for the PIES record, the 
standard deviation is approximately 4 times larger than the magnitude 
of its trend, which helps explain the lack of statistical significance. 
In contrast, the other sites, which are more centrally located within 
the AABW layer experience lower background variability and exhibit 
robust and statistically significant warming trends (Table  2).
6 
Overall, the warming trend along the SAMBA-West line is robust 
and consistent at all sites except BB. This is particularly noteworthy at 
Site CC, which, despite having roughly half as many CTD data points as 
the other sites, still shows a comparable warming signal, despite having 
fewer degrees of freedom. These trends are consistent with those ob-
served in other regions of the Argentine Basin such as in the southeast 
portion of the Argentine Basin with rates of 2–4 m◦C yr−1 (John-
son et al., 2014) and within the Vema Channel with rates of about 
2.6 m◦C yr−1 (Campos et al., 2021), further reinforcing the connec-
tion between the western portion of the SAMBA-West line, the Vema 
Channel and the rest regions of the Argentine Basin.

To explore the vertical structure of these changes, we next analyze 
potential temperature (𝜃) derived from the CTD profiles. The 𝜃 trends 
along pressure levels are not statistically significant within the LCDW, 
that is, above the dashed lines in Fig.  5a, c, e, g. Below this layer, 
however, the AABW exhibits a general warming (Fig.  5b, d, f, h), with 
trends significantly different from zero at the deepest portion of the 
profiles at sites C and D. At Site CC, the deepest portion of the profile 
also shows significant warming, but the confidence intervals at this 
location are wider than at other sites with the boundaries of the gray 
shaded region nearly overlapping with the 0.0 m◦C yr−1 line, likely due 
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Fig. 5. Potential temperature (𝜃) trends as a function of pressure (𝑝) at Site BB (panel a), Site C (panel c), Site CC (panel e), and Site D (panel g). The dashed 
line indicates the mean pressure interface between the LCDW and the AABW, with its values annotated below it. Gray shading indicates the 95% confidence 
intervals. Blue boxes highlight the zoomed-in regions shown in panels (b), (d), (f), and (h), corresponding to panels (a), (c), (e), and (g), respectively.
to fewer degrees of freedom. Interestingly, Site BB shows a reversal of 
the trend in the deepest part of the AABW. Despite having a comparable 
number of data points to sites C and D, the CTD trends at Site BB are 
not statistically significant at any depth in the LCDW and AABW layer, 
which limits our ability to draw firm conclusions about the temperature 
changes at that location.

In summary, the 𝜃 profiles at sites C, CC, and D consistently show 
significant warming in the bottommost AABW layers, reinforcing the 
view of a basin-scale warming signal that extends across the Argentine 
and Brazil basins (Campos et al., 2021; Meinen et al., 2020; Johnson 
and Purkey, 2024). This spatial coherence strengthens confidence that 
the observed changes reflect large-scale processes rather than local 
variability. In contrast, Site BB emerges as an exception: despite com-
parable sampling size, its record lacks statistically significant trends 
and even suggests localized cooling in the deepest layer from 2009 to 
2022 (Fig.  5b). This probably reflects its boundary position between 
distinct water masses, where the high variability obscures long-term 
signals. Together, these results highlight a robust warming of the AABW 
in the northwestern Argentine Basin and the importance of observing 
and characterizing site-specific variability when interpreting regional 
abyssal trends.

5. Warming drivers

We decompose the 𝜃 trends along pressure levels into spiciness and 
heave components (Bindoff and Mcdougall, 1994): 
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where |𝑝 denotes changes along isobaric levels and |𝛾 denotes changes 
along isopycnal levels. While spiciness [first term in the RHS of (1)] 
represents a change in 𝜃 and 𝑆 upon a fixed isopycnal surface, heave 
[second term in the RHS of (1)] represents vertical migration of isopyc-
nals (Häkkinen et al., 2016), where the term 

(

𝜕𝜃
𝜕𝑝

)

 is the time averaged 
background thermal gradient. To define the 𝛾 levels, we create an 
evenly spaced vertical grid of 𝛾 for each location with resolution of 
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0.0005 kg m−3. Then, we linearly interpolated 𝑝 and 𝜃 profiles onto 
the 𝛾 grid. Finally, we quantified its trends as the slope of a linear 
least-square fit.

A key limitation of (1) is its dependency on salinity changes, which 
are not statistically significant at the 95% confidence level given the 
small sample size and measurement uncertainty (Supplementary Figure 
S4). Nevertheless, the sum of the heave and spiciness components 
closely reproduces the observed 𝜃 trends (Fig.  6, yellow and gray lines), 
lending confidence to the decomposition of the temperature signal into 
heave and spiciness contributions.

Also, the accuracy of this approximation is strongly dependent on 
the number of available data points. At all sites, data loss due to vertical 
interpolation affects the reconstruction of the 𝜃 trend, particularly in 
the deepest portions of the profiles, where downward motions of near 
bottom isopycnals force them out of the observed region at certain 
times (see dotted lines in Fig.  6). Compared with the other sites, Site 
BB shows the weakest correspondence, likely due to both significant 
data loss and elevated temperature variability, which can affect the 
background thermal gradient 

(

𝜕𝜃
𝜕𝑝

)

 and reduce the accuracy of the 
decomposition.

Heave is the primary driver of positive AABW temperature changes 
along the SAMBA-West line. At most locations, downward displacement 
of isopycnals (i.e., positive heave) appears to overcome the freshening 
effect (i.e., negative spiciness) in setting the observed warming trends 
within the AABW. Although the overall pattern is clear, the relative 
contributions of spiciness and heave vary between different water 
masses and sites.

At Site BB (Fig.  6a), the 𝜃 trend is negative throughout most of 
the LCDW layer, where heave oscillates between small negative and 
positive values and spiciness exhibits larger magnitudes. This results 
in a predominantly negative trend extending from above 3750 dbar 
to approximately 3900 dbar. Below this pressure level and as the 
magnitude of heave increases with depth, the 𝜃 trends begin to show 
positive values as well. Specifically, the upper portion of the AABW 
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Fig. 6. Panel (a): Potential temperature (𝜃) trend (gray line) and its approximation (yellow line), decomposed into heave (red) and spiciness (blue) components 
at Site BB. The dashed line indicates the mean pressure interface between the LCDW and the AABW, with its values annotated below it. The dotted line shows 
the number of data points used in the calculation. Panel (c): Same as (a), but for Site C. Panel (e): Same as (a), but for Site CC. Panel (g): Same as (a), but for 
Site D. Panels (b), (d), (f), and (h) show zoomed-in views of the blue-boxed regions from panels (a), (c), (e), and (g), respectively. Trends calculated with less 
than four sample points are masked.
(Fig.  6b) shows a warming trend, while the deeper layers exhibit cool-
ing, driven by the decrease in the magnitude of the heave component 
below 4050 dbar.

At Site C (Fig.  6c), within the portion of the profile typically 
associated with the LCDW, both the spiciness and heave components 
contribute to a cooling trend, acting in the same direction. This cooling 
is primarily driven by the heave component, which dominates the 
𝜃 trend. Below these depths (at approximately 4100 dbar), heave 
becomes increasingly positive and in consequence the trends shift to 
positive, leading to a warming signal in the depths occupied by the 
AABW (Fig.  6d).

At Site CC (Fig.  6e), the overall pattern within the LCDW layer 
shows 𝜃 trends predominantly negative. Similar to Site BB, this negative 
trend is driven by both spiciness and heave components, with heave 
fluctuating between small negative and positive values and spiciness 
dominating the cooling trend. As heave increases in magnitude with 
depth, the 𝜃 trend shifts to positive values near 4150 dbar reaching a 
peak near 4600 dbar with heave emerging as the dominant contributor 
to the observed 𝜃 changes in the AABW layer (Fig.  6f).

At Site D (Fig.  6g), the trend components exhibit a distinct relation 
compared to those at sites BB, C, and CC above 4150 dbar, within the 
LCDW layer. Heave and spiciness components act in opposite direc-
tions: heave contributes to warming, while spiciness induces cooling. 
In contrast, 𝜃 trends in the AABW layer (Fig.  6h) follow the pattern 
observed at the other sites, with heave largely driving the warming 
trend.

6. AABW contraction

To better visualize the vertical displacement of isotherms, we an-
alyzed trends in isotherm depth above the bottom (ℎ) as a function 
of 𝜃. Before calculating these trends, we generated an evenly spaced 
8 
vertical 𝜃 grid for each site, considering the maximum and minimum 𝜃
values of each time series, with a resolution of 0.01 ◦C. We then linearly 
interpolated the corresponding ℎ profiles onto these 𝜃 grids. Finally, the 
ℎ trend at each 𝜃 level (Fig.  7 a, b, c, and d) was estimated by computing 
the slope via linear least-squares fit.

The analysis of the ℎ trends provides insight not only into temporal 
changes at specific 𝜃 levels but also into the shifts among waters from 
one 𝜃 class to another. As outlined by Johnson et al. (2014), layer 
thickness changes can be inferred from how ℎ trends vary with 𝜃. If 
the trends tend toward negative values of 𝛥ℎ𝛥𝑡  as 𝜃 increases, the layer 
is thinning. If the trends tend toward positive values of 𝛥ℎ𝛥𝑡  as 𝜃 increases 
, the layer is thickening. When isotherm depth remains constant with 
respect to temperature, the layer thickness is unchanged.

At Site BB (Fig.  7a), the profile shows no significant observed trends 
throughout most of the water column, with fluctuations that on average 
produce a near-zero mean trend. At sites C and CC (Fig.  7b and c), 
waters within approximately 0.0 ◦C and 1.0 ◦C, and 0.1 ◦C and 1.0 ◦C, 
respectively, show positive ℎ trends, although these are not significant 
at the 95% confidence level. At Site C, this upward movement is 
relatively uniform across the 𝜃 classes, whereas Site CC exhibits greater 
variability. Below 0.0 ◦C, both sites display negative trends: waters 
between roughly −0.15◦C and 0.0 ◦C are generally descending at a 
decreasing rate as 𝜃 increases. The maximum rate of descent occurs 
at −0.15 ◦C with values of about −10 m yr−1 at Site C and −15 m yr−1
at Site CC. For waters colder than −0.15◦C, the pattern reverses, with 
waters generally descending at an increasing rate as 𝜃 increases.

At Site D (Fig.  7d), negative ℎ trends are observed throughout the 
entire profile, but they are only significant with 95% confidence in 
the AABW layer. This pattern contrasts with sites C and CC within 
the temperature range between approximately 0.0 ◦C and 1.0 ◦C, 
where those sites exhibited positive trends. However, as temperature 
decreases, the patterns at Site D start to resemble those observed at 
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Fig. 7. Trends in isotherm depth above the bottom (ℎ) as a function of potential temperature (𝜃) at Site BB (panel a), Site C (panel b), Site CC (panel c), and Site 
D (panel d), from in situ data. Shaded areas indicate the 68% and 95% confidence intervals. Colored circles mark the trend of the −0.05 ◦C isotherm. Horizontal 
dashed line marks the boundary between the AABW and LCDW layers (𝜃 = 0.0 ◦C). Panel (e): shows the trend of the −0.05 ◦C isotherm along 34.5◦S. Colored 
circles represent in situ data, the bold black line shows the trend from the GIGATL6 simulation output, the shaded area between gray lines indicates the 95% 
confidence interval.
sites C and CC. Below 0.0 ◦C, waters between roughly −0.15 ◦C and 
0.0 ◦C are generally descending at a decreasing rate as 𝜃 increases. It 
has a maximum rate of descent of about −12 m yr−1 at −0.15 ◦C. For 
waters colder than approximately −0.15 ◦C, waters generally descend 
at an increasing rate as 𝜃 increases.

We selected the isotherm of −0.05 ◦C as a case study and compared 
the ℎ trends from in situ observations and model simulations (Fig.  7e). 
The model results corroborate the in situ data, showing two distinct 
regions along the SAMBA-West line: (1) the western portion with near-
zero ℎ trends, reaching slightly positive values around 48◦W and (2) the 
eastern portion with mainly negative trends. Importantly, we highlight 
that the utilized simulation covers a relatively short time period, which 
limits the robustness of comparisons with the observations.

Thus, the AABW layer (𝜃 < 0.0 ◦C) in the sites C, CC, and D appear 
to be interconnected, exhibiting similar trends along the line. These 
sites also have a similar pattern of ℎ trends across different temperature 
classes, which is characterized by a ‘‘V-shape’’ in the profiles (Fig.  7b, 
c, and d). These changes suggest a thinning of the cold AABW layers, 
which is partially offset by a thickening of its warm layers, although 
the layer as a whole contracts. Only Site D has significant trends with 
95%, however we note that the ‘‘V-shape’’ pattern present in these 
sites closely resembles those reported by Johnson et al. (2014) in the 
southern Argentine Basin. This similarity supports the robustness of the 
observed results and indicates potential regional connectivity among 
these sites and the rest of the basin.

The trends within the assessed portion of the LCDW layer (0.0 ◦C <
𝜃 < 1.0 ◦C) are different from the AABW layer. They show little 
to no sign reversal with depth at all sites. This consonance suggests 
that changes in layer thickness within this part of the LCDW are not 
balanced across different temperature ranges, with the entire assessed 
portion tending to lose or gain thickness uniformly.

Hence, AABW expands uniquely at Site BB but contracts at Sites 
C, CC, and D. The expansion at Site BB is linked to heave: the 𝜃 trend 
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there (Fig.  6a) reverses from warming to cooling near the bottom while 
spiciness remains negative, indicating cooling driven by heave and a 
local thickening of AABW. At Site D, in contrast, ℎ remains negative 
throughout the profile because the heave contribution is consistently 
positive, sustaining contraction of the AABW layer. At Sites C and CC, 
the heave term changes sign with depth, which drives a transition in 
ℎ trends from positive values in the upper portion to negative values 
deeper down. Together, these cases highlight the distinct ways in which 
heave controls AABW variability across the section.

The overall dominant signal across the SAMBA-West line is one 
of contraction (negative ℎ trend). This contraction is consistent with 
the broader hypothesis that weakened production of dense waters in 
the Weddell Sea has slowed the abyssal cell of the AMOC. Abraham-
sen et al. (2019) showed that reductions in the northward export of 
Weddell Sea Deep Water (WSDW) to the Scotia Sea are closely linked 
to a reduction in the underlying Weddell Sea Bottom Water (WSBW). 
Zhou et al. (2023) documented a long-term decline in WSBW volume 
driven by reduced sea-ice formation in the southern Weddell Sea, partly 
associated with interdecadal wind variability linked to the Interdecadal 
Pacific Oscillation. This combination of reduced WSBW formation and 
diminished export of WSDW provides a plausible mechanism for the 
contraction observed along the SAMBA-West line. Consistent with this 
interpretation, Biló et al. (2024) reported a (12 ± 5)% weakening in 
northward AABW transport at 16◦N between 2000 and 2020, sug-
gesting that the contraction signal propagates well beyond the South 
Atlantic to the tropical North. Together, these studies provide multi-
ple, independent lines of evidence linking the contraction observed at 
SAMBA-West to processes in the Weddell Sea, even though the precise 
mechanisms and advection pathways remain to be fully understood.

7. Summary and conclusions

In this study, we combined hydrographic and moored observa-
tions with a high-resolution numerical simulation to investigate abyssal 
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variability along the SAMBA-West line. We analyzed the modeled cir-
culation to better characterize how the SAMBA-West line is embedded 
within the broader abyssal flow of the Argentine Basin, providing 
essential spatial context for interpreting the observations. Within this 
framework, and building on the initial assessment of abyssal temper-
ature changes reported by Meinen et al. (2020), we addressed two 
scientific questions: (1) What is the spatial distribution of the abyssal 
warming along the SAMBA-West line? (2) What mechanisms drive the 
observed changes?

The simulation shows that the SAMBA-West array is located in a 
closed circulation region in the northwestern portion of the Argentine 
Basin, marked by positive 𝜓 values, where the abyssal circulation over 
the transect appears strongly influenced by bathymetry. Site BB, in 
particular, lies at the edge of this large closed circulation region and, 
in terms of dynamics, seems more closely related to Site C, since both 
locations are characterized by velocity variability that far exceeds the 
mean flow, while Sites CC and D exhibit more constant flow charac-
teristics. Water crossing Sites CC, C, and D primarily come from the 
central part of the basin, whereas at Site BB it appears to come from 
the southwestern portion of the basin.

Our analysis of the temperature records confirms that the AABW 
layer continued to warm beyond 2019 and through 2022 at Sites C 
and D. Despite having fewer CTD profiles, Site CC exhibits a verti-
cal warming structure similar to those sites, reinforcing the spatial 
coherence of the abyssal warming signal across the eastern portion 
of the SAMBA-West line. In contrast, Site BB, located at the edge of 
both the AABW domain and the region of positive 𝜓 , shows elevated 
temperature variability and no statistically significant long-term trend, 
likely reflecting its unique position among the assessed sites. These 
results point to a consistent abyssal warming signal across the eastern 
portion of the SAMBA-West line.

The heave–spiciness decomposition indicates that heave, rather 
than spiciness, is the dominant contributor to the abyssal temperature 
trends along the SAMBA-West line. This implies that vertical displace-
ments of isopycnals are the primary driver of the observed warming. 
At Sites C, CC, and D, this contraction is expressed as a thinning of the 
coldest, densest AABW layers, partially compensated by a thickening 
of the warmer layers above. These changes are consistent with reduced 
formation or export of AABW to the region.

Although a dedicated study is still required to directly connect the 
contraction signal of the AABW at the SAMBA-West line to its Weddell 
Sea source and to fully understand the drivers of this connection, 
including potential propagation mechanisms such as internal waves 
(Masuda et al., 2010), several independent lines of evidence support 
this link. This contraction is consistent with the broader hypothesis that 
weakened production of dense waters in the Weddell Sea has slowed 
the abyssal cell of the Atlantic meridional overturning circulation (Zhou 
et al., 2023; Meredith et al., 2014; Abrahamsen et al., 2019). However, 
attribution of its drivers remains challenging: data are sparse both at 
the AABW formation sites and along the pathways that connect them to 
the SAMBA-West line, leaving interpretations at the level of conjecture, 
despite the growing evidence for a basin-wide contraction signal.

Taken together, these results provide robust evidence of an on-
going abyssal warming in the Argentine Basin, driven primarily by 
the contraction of abyssal waters. In this context, the SAMBA-West 
array emerges as a crucial observational location for tracking these 
changes, especially given its position at one of the main AABW path-
ways. Continued and more frequent sampling at this location, through 
recurrent hydrographic cruises and the deployment of new abyssal 
moorings, will better capture abyssal water mass changes and deepen 
our understanding of the mechanisms driving AABW variability and 
its broader implications for the global climate system. In parallel, 
dedicated numerical simulations focused on better representing abyssal 
dynamics and trends are needed to complement the GIGATL6 results 
and to provide insight into the evolution of abyssal water masses.
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Data availability

CTD and LADCP data from the cruises SAM02 (08/2009) un-
til SAM18 (07/2019) are available at https://www.aoml.noaa.gov/
ftp/pub/phod/pub/SAM/hydrographic_data/. The LADCP data of the 
cruises SAM19 (08/2022) and SAM20 (12/2022) are available at: 
https://doi.org/10.5281/zenodo.11149277 (Santos et al., 2024c) and 
https://doi.org/10.5281/zenodo.11108848 (Santos et al., 2024d), re-
spectively. The CTD data of the cruises SAM19 and SAM20 are available 
at: https://doi.org/10.5281/zenodo.11149213 (Santos et al., 2024a) 
and https://doi.org/10.5281/zenodo.11148978 (Santos et al., 2024b), 
respectively. The CTD data of the MSM60 cruise are available at: 
https://doi.org/10.1594/PANGAEA.915898 (Karstensen, 2020b) and 
the LADCP data at: https://doi.org/10.1594/PANGAEA.915879
(Karstensen, 2020a). CPIES temperature records from Site C and D are 
available at: www.aoml.noaa.gov/phod/research/moc/samoc/sam/
(Meinen et al., 2020). CPIES records from Sites AA and BB are available 
at: https://doi.org/10.5281/zenodo.15365407 (Santos et al., 2025). 
GEBCO data are available at: https://www.gebco.net/data_and_produ
cts/gridded_bathymetry_data/. The source code of the simulation used 
in this study is available at https://doi.org/10.5281/zenodo.4948523
Gula et al. (2021).
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