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Abstract. Antarctic Bottom Water (AABW), a key compo-
nent of the global meridional overturning circulation, forms
in key regions around the Antarctic margin. This study ap-
plies a classification combining neutral density, subtype-
specific salinity ranges, and prescribed geographical sectors
to identify Weddell-Prydz Bottom Water (WPBW), Ross
Sea Bottom Water (RSBW), and Adélie Land Bottom Wa-
ter (ALBW). Using the World Ocean Atlas 2023 (WOA23)
as an “observed” climatological reference, we evaluate to
what extent current ocean ensemble reanalysis and CMIP6
climate models can reproduce observed AABW subtype-
specific spatial distributions and thermohaline characteristics
in deep ocean layers. The ensemble reanalysis generally re-
produces spatial distributions and thermohaline properties of
the three AABW subtypes. Most CMIP6 models show poor
identification of the three subtypes, identifying only a small
portion or no subtype distributions at all. Among CMIP6
models, CESM1-CAMS5-SE-LR reasonably reproduces the
general distribution of the three subtypes. The AABW iden-
tification does not improve with increasing model horizon-
tal resolution. The poor identification can be improved to
some extent after a regional thermohaline mean-state correc-
tion is applied, suggesting that some deficiencies might arise
from models’ systematic thermohaline offsets, whereas oth-
ers reflect models’ structural spatial biases. Our assessment
indicates that modeled regional deficiencies may be obscured
when AABW is treated as a single water mass.

1 Introduction

Antarctic Bottom Water (AABW) is the coldest and densest
water mass in the global ocean. AABW is primarily sourced
from coastal polynyas and extends across the world’s oceans,
constituting approximately 30 %—40 % of the global ocean
volume (Johnson et al., 2008). As the principal driver of the
lower limb of the global meridional overturning circulation
(Orsi et al., 1999), the formation and transport of AABW sig-
nificantly influence the vertical redistribution of heat (Purkey
and Johnson, 2010) and the ocean’s capacity for long-term
carbon sequestration (Burke and Robinson, 2012; Marinov
et al., 2006; Zhang et al., 2023). Therefore, understanding
the spatial distribution and variability of AABW is crucial
for assessing oceanic heat budgets and biogeochemical cy-
cles in the context of global warming. However, in situ ob-
servations of AABW remain limited due to the extensive sea
ice cover and extreme climatic conditions over the Antarc-
tic continental shelf and slope regions. Furthermore, because
AABW predominantly resides at depths exceeding 2000 m,
its characterization using satellites or conventional buoys re-
mains very challenging (Silvano et al., 2023).

Observational data form the foundation for AABW re-
search. Repeat hydrographic sections remain the primary
observational constraint on AABW properties (Purkey and
Johnson, 2013; Silvano et al., 2023) and provide an important
observational basis for climatological AABW (Locarnini et
al., 2024; Reagan et al., 2024). Although these sections pro-
vide high-quality full-depth measurements along key tran-
sects, their spatial coverage remains sparse and their tempo-
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ral sampling is discontinuous (Silvano et al., 2023). Building
on these observations, WOA23 integrates a broad range of
historical temperature and salinity profile observations with
rigorous quality control (Locarnini et al., 2024; Reagan et
al., 2024). Although it attenuates small-scale, regional, and
transient signals due to smoothing and averaging, WOA23
is well suited for representing the large-scale, long-term av-
eraged climatic state of AABW. Recently, understanding the
variability and trend of AABW has become increasingly im-
portant, especially in a warming climate. In this context,
ocean reanalysis products and climate models provide valu-
able datasets.

A few ocean reanalysis products have been used to study
AABW. Among them, ECCO2 can generally reproduce
the upper limit of AABW (defined by a density threshold
y" >28.27kg m~3, Azaneu et al., 2014), but the post-2004
ECCO2 exhibits unrealistic open-ocean polynyas and deep
convection in the Weddell Sea region, failing to capture the
Weddell Sea Bottom Water (Azaneu et al., 2014). The Ger-
man contribution to the Estimating the Circulation and Cli-
mate of the Ocean project (GECCO2; Kohl, 2015) shows a
substantial fresh bias throughout the water column, whereas
the Global Ocean Reanalyses and Simulations Stream 2 ver-
sion 4 (GLORYS2V4; Lellouche et al., 2013) and the Met
Office Global Seasonal forecasting system version 5 with the
Global Ocean 5.0 configuration (GloSea5-GOS5; MacLach-
lan et al., 2015; Megann et al., 2014) are generally saltier in
certain layers. Taken together, the multi-reanalysis ensem-
ble mean provides better agreement with the observations
(Uotila et al., 2019). In addition, global climate models (i.e.,
the models participating in the Coupled Model Intercom-
parison Project Phase 6, CMIP6) are increasingly used to
study AABW. However, only a few CMIP6 models can rep-
resent the shelf overflow processes, with most models relying
instead on open-ocean deep convection, particularly in the
Weddell and Ross Seas. As a result, the multi-model mean
AABW is generally warmer, fresher, and lighter than the ob-
servations (Heuzé, 2021). These issues highlight the neces-
sity of further evaluating the ability of reanalysis and climate
model datasets to represent AABW formed in different re-
gions.

The Weddell Sea, Ross Sea, Adélie Coast, and Prydz Bay
are widely recognized as the four primary source regions of
AABW (Gordon et al., 1993; Williams et al., 2008; Ohshima
et al., 2013; Silvano et al., 2023). However, significant differ-
ences exist in physical processes governing AABW forma-
tion in these regions. These include variations in the inten-
sity and direction of prevailing wind fields, sea-ice produc-
tion rates, basal ice-shelf melt rates, and oceanic dynamical
processes (e.g., overflows and mixing) (Pardo et al., 2012;
Schmidt et al., 2023; Silvano et al., 2018, 2023; Han et al.,
2024, 2025). Such differences lead to distinct regional char-
acteristics in the initial temperature and salinity signatures
of the source water, and consequently to marked differences
in AABW properties in the deep ocean layer (Orsi et al.,
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1999; Silvano et al., 2023). To date, large-scale studies con-
ventionally treat AABW as a broadly uniform water mass.
Although this provides a useful framework for circumpolar
analysis, it cannot fully capture distinct thermohaline prop-
erties that exist in AABW formed in different regions (Rin-
toul, 2018; Zhang et al., 2023). A source-region perspective
on AABW is important because abyssal warming varies spa-
tially across ocean basins (Purkey and Johnson, 2010), the
bottom-water transport and ventilation undergo substantial
regional changes (Gunn et al., 2023), and dense shelf water
export transports anthropogenic carbon from the Antarctic
shelf into the deep ocean (Zhang et al., 2023).

The present study applies a classification combining neu-
tral density, subtype-specific practical-salinity ranges, and
prescribed geographical sectors to identify Weddell-Prydz
Bottom Water (WPBW), Ross Sea Bottom Water (RSBW),
and Adélie Land Bottom Water (ALBW). Taking WOA23
as a benchmark, we examine spatial distributions and ther-
mohaline properties of the three AABW subtypes. We then
systematically evaluate whether the ensemble reanalysis and
CMIP6 climate models can reproduce these subtype-specific
thermohaline characteristics and spatial distributions. Our
evaluation is intended to provide the current status of ocean
observation, ensemble reanalysis, and CMIP6 models in de-
scribing AABW originating from different source regions,
facilitating future investigations into distinctive characteris-
tics and variability of AABW.

2 Data and Methods
2.1 Data
2.1.1 Observational data

This study utilizes full-depth ocean temperature and salinity
climatological objective analysis fields from WOA23 (Rea-
gan et al., 2024; Locarnini et al., 2024), covering the pe-
riod 1991-2020. The data are provided on a 0.25° latitude—
longitude grid with 102 vertical levels. WOA?23 is a global
ocean climatology product developed and distributed by the
National Centers for Environmental Information of the Na-
tional Oceanic and Atmospheric Administration. The dataset
integrates measurements from multiple observational plat-
forms and has undergone rigorous quality control proce-
dures. These include removal of duplicate records, range and
gradient checks, statistical significance testing based on 3—
5 standard deviation thresholds, hydrostatic stability verifi-
cation, and manual flagging of suspicious values. In addi-
tion, uncorrected real-time Argo salinity data have been ex-
cluded. To address the warm bias associated with Expendable
Bathythermograph and Mechanical Bathythermograph mea-
surements relative to bottle/CTD temperature data (Gouret-
ski and Koltermann, 2007), the bias-correction scheme de-
scribed by Levitus et al. (2009) is applied. For salinity, the
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initial quality-controlled profiles are interpolated to standard
depth levels using the Reiniger—Ross method, followed by
the objective analysis via the Barnes scheme. To mitigate
spurious vertical density instabilities arising from inconsis-
tencies between temperature and salinity profiles, often due
to the greater abundance of temperature observations, a joint
stabilization algorithm is applied (Jackett and McDougall,
1995). This procedure ensures that the final temperature and
salinity fields yield a hydrostatically stable water column.

2.1.2 Reanalysis data

This study utilizes the ensemble mean of seawater potential
temperature and salinity from 1993 to 2022, derived from
the Global Ocean Ensemble Physics Reanalysis (Product
ID: GLOBAL_MULTIYEAR_PHY_ENS_001_031; Coper-
nicus Marine Service, 2023). This dataset integrates out-
puts from three independent ocean reanalysis systems: GLO-
RYS2V4 (Mercator Ocean; Lellouche et al., 2013), ORASS
(ECMWF; Zuo et al., 2019), and C-GLORSv5 (CMCC;
Storto and Masina, 2016). It delivers monthly averaged vari-
ables, including temperature, salinity, current velocity, and
sea surface height, from 1993 onward, at a horizontal reso-
lution of 0.25° and with 75 vertical layers. The production
system is based on the Nucleus for European Modelling of
the Ocean (NEMO) model and the ORCAO025 global tripo-
lar ocean grid with a nominal horizontal resolution of 0.25°,
and is forced by ERA-Interim and ERAS atmospheric fields.
Multi-source observational data are assimilated, encompass-
ing sea level anomalies, sea surface temperature, sea ice con-
centration, and in situ temperature/salinity profiles. The en-
semble is constructed via post-processing of the three reanal-
ysis members, which differ in their model versions, surface
forcing treatments, and data assimilation schemes. This di-
versity enhances the robustness and stability of the ensemble
estimates.

2.1.3 Model outputs

This study utilizes data from 16 CMIP6 models, selected
based on the availability of either the “historical” experi-
ment or the “hist-1950” experiment and on the condition that
monthly output for seawater salinity and potential tempera-
ture was accessible as of the data retrieval cutoff date. All
selected models provide output on standard z-coordinates.
Only the AWI-CM-1-1-HR dataset has a shorter period
(1993-2010) compared to the others (1993-2014). Details of
each model are provided in Table 1.

2.2 Methods

Antarctic Bottom Water is first identified using the classi-
cal neutral-density criterion y” >28.27 kgm™> (Orsi et al.,
1999). This density-only distribution is used as a physical
reference for assessing the additional effects of the practi-
cal salinity and geographical constraints. We know that for
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the cold waters in the Antarctic, the thermal expansion co-
efficient of seawater plays a relatively minor role, making
salinity the primary factor for density. Then the salinity val-
ues of 34.650, 34.695, and 34.683 reported by Pardo et al.
(2012) are used for the Weddell Sea Bottom Water, Ross Sea
Bottom Water, and Adélie Land Bottom Water, respectively.
Note that they represent source-water endmembers derived
within an Optimum Multiparameter framework rather than
the mean properties of fully mixed AABW in the ocean inte-
rior. In this study, these values are used only as central hydro-
graphic reference values and are not used to calculate water-
mass fractions or to quantitatively attribute an individual wa-
ter mass to a unique formation source. For the classification
adopted here, AABW satisfying the adopted neutral-density
and salinity criteria within the Weddell-Prydz sector is re-
ferred to as Weddell-Prydz Bottom Water (WPBW). This
sectoral hydrographic category is used to facilitate basin-
scale comparison and does not imply an OMP-type decom-
position or a quantitative merging of distinct source-water
contributions. We perform the sensitivity analysis to deter-
mine our final classification, which can be found in Sect. 2.3.

The primary analysis is performed at the 4000 m depth
level and in the near-bottom layer. The 4000 m level is com-
monly used to quantify changes in the abyssal ocean (Purkey
and Johnson, 2010; Li et al., 2023), and all datasets are verti-
cally interpolated to this depth for comparison. For the near-
bottom analysis, the deepest valid level in each dataset is
selected, provided that the two immediately overlying lev-
els also contain valid data, thereby reducing the influence of
isolated or spurious values. Because the exact depth of the
selected near-bottom level varies among datasets, slight dif-
ferences in the sampled depths may remain. To provide ad-
ditional information on the vertical persistence of the identi-
fied AABW subtypes, practical salinity and subtype diagnos-
tics are also conducted at 3500 and 4500 m, which are pre-
sented in the Supplement. These supplementary diagnostics
are used to assess whether the identified bottom-water char-
acteristics remain spatially coherent across multiple abyssal
depth levels and to distinguish limited vertical extension
from more general biases in the simulated deep-ocean ther-
mohaline structure and regional distribution.

2.3 Sensitivity analysis

Here we evaluate the robustness of our AABW subtype
classification. We first identified the spatial footprint of
AABW using only the classical neutral-density criterion
y" >28.27kgm™3 (Table 2). Based on WOA23, waters sat-
isfying this criterion are mainly distributed from the eastern
Ross Sea to the Bellingshausen Sea, from the central Wed-
dell Sea toward the Indian Ocean sector, and along the East
Antarctic continental margin between approximately 75 and
150° E at both the 4000 m and near-bottom layers (Fig. S1 in
the Supplement).
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Table 1. Information on the 16 CMIP6 models utilized in this study, including their ocean component, nominal horizontal resolution, number

of vertical levels, experiment ID and corresponding official references.

Model name Ocean Horizontal resolution Vertical Experiment Key reference
component levels ID
ACCESS-ESM1-5 MOMS5 100 km 50 historical Ziehn et al. (2019)
AWI-CM-1-1-HR FESOM 1.4 Unstructured (Ocean: ~ 25 km) 46  hist-1950 Semmler et al. (2017)
AWI-CM-1-1-MR FESOM 1.4 25km 46  historical Semmler et al. (2018)
CanESM5 NEMO3.4.1 100 km 45  historical Swart et al. (2019)
CESM1-CAMS5-SE-HR  POP2 10 km 62 hist-1950 Hurrell et al. (2020a)
CESMI1-CAMS-SE-LR  POP2 100 km 60  hist-1950 Hurrell et al. (2020b)
CESM2 POP2 100 km 60 historical Danabasoglu (2019)
CIESM CIESM-OM  50km 46  historical Huang (2019)
CMCC-CM2-HR4 NEMO3.6 25km 50 historical Scoccimarro et al. (2020)
CMCC-CM2-SR5 NEMO3.6 100 km 50 historical Lovato and Peano (2020)
CNRM-CM6-1 NEMO3.6 100 km 75 historical Voldoire (2018)
CNRM-CM6-1-HR NEMO3.6 25km 75 Thistorical Voldoire (2019)
FGOALS-f3-H LICOM3.0 10km 55 hist-1950 Yu (2020)
FIO-ESM-2-0 POP2-W 100 km 60 historical Song et al. (2019)
ICON-ESM-LR ICON-O Triangular Grid (Ocean: ~ 50 km) 40  historical Lorenz et al. (2021)
IPSL-CM6A-LR NEMO-OPA  100km 75  historical Boucher et al. (2018)

We then assessed the sensitivity of the subtype classifica-
tion to the practical-salinity ranges applied around the cen-
tral hydrographic reference values reported by Pardo et al.
(2012). Four progressively widened ranges were tested, in-
cluding AS = +0.01, £0.02, +0.03, and £0.04. For each
test, the neutral-density threshold was retained, and the spa-
tial distributions and identified areas of WPBW, RSBW, and
ALBW were calculated at the 4000 m and near-bottom lay-
ers (Fig. 1). Under the narrowest range of AS = +0.01, the
identified subtype distributions are relatively restricted. At
4000 m, the identified areas of WPBW, RSBW, and ALBW
are 4.96, 2.53, and 2.03 x 10° km?, respectively, compared
with 8.36, 2.92, and 3.25 x 10 km? when only the neutral-
density criterion is applied (Table 3).

When the practical-salinity range is widened to AS =
40.02, the three AABW subtypes within their respective pre-
scribed longitudinal sectors exhibit spatial distributions sim-
ilar to those based on the neutral-density-only criterion at
both the 4000 m and near-bottom layers (Fig. 1). At 4000 m,
the corresponding identified areas increase to 7.56, 2.92,
and 3.10 x 10% km? for WPBW, RSBW, and ALBW, respec-
tively. Further widening to AS = 40.03 or £0.04 does not
lead to an abrupt spatial reorganization; instead, it mainly
produces a gradual expansion of the peripheral boundaries,
and the identified areas slowly converge toward those ob-
tained using the neutral-density-only criterion (Table 3).
Similar behavior is found at the near-bottom layer.

Given that a practical-salinity range wider than +0.02 may
include diluted peripheral waters and parts of the overlying
Circumpolar Deep Water, AS = £0.02 is adopted in the fi-
nal classification. This range provides a reasonable balance
between identifying the principal bottom-water bodies and
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avoiding the excessive inclusion of peripheral waters and
overlying Circumpolar Deep Water. It also allows moderate
modification of the source-water properties through mixing
and downstream spreading, rather than requiring the salin-
ity of individual grid cells to exactly match the source-water
endmember values.

Temperature is already incorporated into the calculation of
neutral density, and therefore contributes to the initial iden-
tification of AABW. To determine whether potential tem-
perature could provide an additional independent constraint
for distinguishing the three AABW subtypes, we tested pro-
gressively widened potential-temperature ranges of AT =
+0.10, £0.20, £0.30, +0.40, and 40.50 °C around the cor-
responding central values reported by Pardo et al. (2012).
The neutral-density criterion was retained in all tests and the
spatial distributions and identified areas of WPBW, RSBW,
and ALBW were calculated at the 4000 m and near-bottom
layers (Fig. S2). Under the narrowest potential-temperature
range of AT = %0.10°C, the identified subtype areas are
small and spatially fragmented. At 4000 m, no WPBW is
identified, and the identified areas of RSBW and ALBW
are only 0.15 and 0.41 x 10%km?, respectively. When the
range is widened to AT = £0.30 °C, the identified areas of
WPBW, RSBW, and ALBW increase substantially to 2.74,
1.31, and 2.03 x 10% km?, respectively. At AT = =+0.50 °C,
the corresponding areas increase further to 6.23, 2.92, and
3.11 x 109km?. A similar expansion is found at the near-
bottom layer, where the identified areas increase from 2.19,
0.63, and 2.23 x 10°km? at AT = £0.10°C to 10.47, 7.42,
and 6.35 x 10°km? at AT = £0.50 °C for WPBW, RSBW,
and ALBW, respectively (Fig. S2 and Table S1).
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Table 2. Hydrographic and geographical criteria used to identify the AABW subtypes in this study. The practical salinity endmember
values reported by Pardo et al. (2012) are used only as central hydrographic references. The identified categories represent hydrographic
AABW subtypes with properties characteristic of the respective source regions rather than unmixed endmembers or quantitative source-
water fractions.

Criterion WPBW RSBW ALBW
Neutral density, y" (kg m3) >28.27
Reference practical salinity 34.650 34.695 34.683
Adopted practical salinity range, AS ==40.02  34.630-34.670  34.675-34.715 34.663-34.703
Geographical sector 60°W-70°E 160-180°E and 180-60°W  70-160°E

(a) 4000m (b) 4000m (c) 4000m (d) 4000m

(£0.01 psu) (£0.02 psu) (+0.03 psu) (£0.04 psu)

34.720

34.704

(f) Near Bottom 34.688

(£0.02 psu)

(e) Near Bottom
(+0.01 psu)

(g) Near Bottom
(+0.03 psu)

(h) Near Bottom
(+0.04 psu)

34.672

Salinity (PSU)

34.656

34.640

B WPBW

B RSBW == ALBW

Figure 1. Spatial distributions of the identified Antarctic Bottom Water (AABW) subtypes under different practical-salinity ranges (AS).
The top row (a—d) and bottom row (e-h) represent the 4000 m depth layer and the near-bottom layer, respectively. Columns from left to right
show classifications based on applied AS values of £0.01, £0.02, £0.03, and £0.04 around the central salinity values (WPBW: 34.650;
RSBW: 34.695; ALBW: 34.683). All classifications are additionally constrained by the neutral-density threshold (y" > 28.27 kg m~3). The
respective AABW subtypes are distinguished by distinct hatching patterns, as detailed in the figure legend. Background shading represents

practical salinity.

Although the increase in the identified area is an ex-
pected consequence of widening the classification range, the
potential-temperature sensitivity analysis does not exhibit a
clear stage at which the principal spatial patterns become rel-
atively stable. By contrast, once the salinity range reaches
AS = £0.02, the principal distributions of the three AABW
subtypes remain broadly consistent, and further widening
mainly produces a gradual expansion of their boundaries. A
fixed potential-temperature range therefore provides a less
stable standalone constraint for the subtype classification
than the adopted practical-salinity criterion.

Based on the spatial distribution of regionally sourced
AABW, WPBW is confined to the sector between 60° W
and 70° E, RSBW to the sector between 160 and 180° E and
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between 180 and 60° W, and ALBW to the sector between
70 and 160° E (Table 2). Thus, the final classification com-
bines the classical neutral-density criterion, subtype-specific
practical-salinity ranges of AS = +£0.02, and the prescribed
geographical sectors (Table 2). Potential temperature is not
imposed as an additional independent classification thresh-
old but is subsequently evaluated within the identified sub-
type regions as a diagnostic property for characterizing their
thermohaline properties and assessing biases in the ensemble
reanalysis and CMIP6 models.

Ocean Sci., 22, 2691-2709, 2026
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Table 3. Calculated areas (106 km2) of the three AABW subtypes under different practical-salinity ranges (AS) at the 4000 m layer and the
near-bottom layer. These thresholds are defined around the central salinity values (WPBW: 34.650; RSBW: 34.695; ALBW: 34.683).

Layer Subtype  Neutral £0.010 +£0.020 =+0.030 =£0.040
Density
Only
WPBW 8.36 4.96 7.56 8.30 8.36
4000m RSBW 2.92 2.53 2.92 2.92 2.92
ALBW 3.25 2.03 3.10 3.25 3.25
WPBW 13.96 9.05 12.19 13.28 13.60
Near-Bottom  p spw 771 573 721 745 150
ALBW 6.88 3.50 5.59 6.62 6.70

3 Results
3.1 WOAZ23 observational data

At the 4000 m layer, the three identified AABW subtypes
exhibit distinct spatial distributions and thermohaline char-
acteristics (Fig. 2a and c). RSBW is characterized by rela-
tively high potential temperature and practical salinity, and is
predominantly distributed in the eastern Ross Sea, Amund-
sen Sea, and Bellingshausen Sea. In contrast, WPBW ex-
hibits lower potential temperature and practical salinity, and
is mainly found in the Weddell Sea. ALBW has intermedi-
ate thermohaline properties and a relatively fragmented spa-
tial distribution, primarily occurring along the East Antarc-
tic continental margin between approximately 75 and 150°E
(Fig. 2a and c).

Quantitatively, the identified areas of WPBW, RSBW, and
ALBW at 4000 m are 7.56, 2.92, and 3.10 x 10° km?, respec-
tively (Table 4). Their corresponding mean potential tem-
peratures are —0.55, 0.04, and —0.21 °C, and mean practi-
cal salinities are 34.657, 34.701, and 34.677, respectively.
These results confirm that, among the three identified sub-
types, RSBW is relatively warmer and more saline, WPBW
is colder and fresher, and ALBW exhibits intermediate ther-
mohaline properties.

At the near-bottom layer, the overall distribution of
AABW is consistent with previous studies (Orsi et al.,
1999; Purkey et al., 2018), with RSBW exhibiting rela-
tively high potential temperature and practical salinity, and
WPBW showing lower values. Compared with the 4000 m
layer, all three AABW subtypes occupy larger areas near
the seafloor (Fig. 2b and d; Table S2). The identified areas
of WPBW, RSBW, and ALBW increase to 12.19, 7.27, and
5.59 x 10% km?, respectively. Their mean potential tempera-
tures are —0.62, —0.04, and —0.26 °C, and mean practical
salinities are 34.654, 34.700, and 34.678, respectively.

The larger near-bottom extent is particularly evident for
RSBW, which extends farther northward into the Belling-
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shausen Sea and occupies a broader zonal area across the
Ross Sea than at 4000 m (Fig. 2). WPBW also expands,
including a pronounced northward extension near 30°E.
ALBW occupies a broader and more spatially continuous
area along the East Antarctic continental margin than at
4000 m. Despite these changes in spatial extent, the relative
thermohaline ordering of the three subtypes remains consis-
tent between the two depth levels.

3.2 Ensemble Reanalysis

At the 4000 m layer, the ensemble reanalysis data indicate
that, consistent with WOA23 observations, RSBW exhibits
relatively high potential temperature and practical salinity,
while WPBW exhibits a cooler and fresher signature. The
identified areas of WPBW, RSBW, and ALBW are 7.51,
2.83, and 3.25 x 10% km?, respectively, corresponding to dif-
ferences of about —0.7 %, —3.1 %, and +4.8 % relative
to WOA23 (Table 4). Their mean potential temperatures
and practical salinities are also close to the corresponding
WOAZ23 values. The spatial extent of RSBW in the reanal-
ysis data is slightly smaller than that in WOA23, primar-
ily in the western and central Amundsen Sea, while ALBW
is slightly more extensive and spatially continuous between
75 and 150°E (Fig. 3a and c). In contrast, WPBW closely
matches the spatial distribution in WOA23.

At the near-bottom layer, the reanalysis data further show
that, consistent with the observation-based AABW distribu-
tion, RSBW is also characterized by relatively elevated po-
tential temperature and practical salinity, whereas WPBW
exhibits relatively lower temperature and salinity (Fig. 3b
and d). The identified arecas of WPBW, RSBW, and ALBW
are 10.57, 6.33, and 6.01 x 10°km?, respectively (Table
S2). Compared with WOA23, the ensemble reanalysis un-
derestimates the near-bottom areas of WPBW and RSBW
but slightly overestimates that of ALBW. The spatial ex-
tent of RSBW is somewhat reduced, primarily in the Ross-
Amundsen sector. Similarly, the distribution of WPBW is

https://doi.org/10.5194/0s-22-2691-2026
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Potential Temperature

Salinity

Near Bottom

Potential Temperature (°C)

34,720

34.704

34.688

34.672

Salinity (psu)

34,656

34,640

Figure 2. Spatial distributions of Antarctic Bottom Water (AABW) subtypes in the 1991-2020 WOA23 climatology. Panels (a) and (b) show
potential temperature at the 4000 m and near-bottom layers, respectively, while panels (¢) and (d) show practical salinity at the corresponding
depth levels. The AABW subtypes are identified using the neutral-density, practical-salinity, and geographical criteria described in Sect. 2.2
and 2.3. The respective AABW subtypes are distinguished by distinct hatching patterns, as detailed in the figure legend.

more constrained relative to WOA23, particularly with re-
duced northward penetration. In contrast, ALBW covers a
slightly broader and more spatially continuous area than in
WOAZ?23 within the longitudinal band of 75-150° E (Fig. 3b
and d).

3.3 CMIP6 model simulations

As pointed out by Heuzé (2021), the performance of climate
models in simulating AABW might be improved through two
main approaches: increasing model resolution and improv-
ing parameterizations of complex physical processes. Ocean
models with resolutions finer than 25km can begin to de-
scribe the main structure of mesoscale eddies in open oceans
(Chassignet and Xu, 2021; Hewitt et al., 2020). The repre-
sentation of mesoscale eddies may influence the simulated
thermohaline properties, export pathways, and spatial distri-
bution of AABW. However, in some cases, coarser-resolution
models may better represent certain physical process param-
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eterizations, i.e., AABW formation and export are affected
by the parameterization of unresolved overflow processes.
Based on these considerations, CMIP6 models evaluated in
this study are classified by the resolution of their ocean com-
ponents into low-resolution (100 km), moderate-resolution
(25-50km), and high-resolution (10km) groups. This clas-
sification is used to compare model behavior across different
resolution ranges rather than to assume that higher-resolution
models necessarily have better skill.

The original CMIP6 simulations are evaluated using com-
plementary spatial and water-mass diagnostics. Taylor dia-
grams are first used to evaluate the large-scale spatial pat-
terns of potential temperature and practical salinity relative to
WOAZ23. The identified areas and mean thermohaline proper-
ties of WPBW, RSBW, and ALBW are then compared quan-
titatively at the 4000 m and near-bottom layers. Additional
practical-salinity diagnostics at 3500 and 4500 m are used to
examine whether the simulated bottom-water characteristics
persist vertically.

Ocean Sci., 22, 2691-2709, 2026
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Table 4. Quantitative metrics of the simulated Antarctic Bottom Water (AABW) subtypes at the 4000 m depth layer across the Southern
Ocean (south of 50°S). The table details the spatial area (106 kmz), mean potential temperature (PT, °C), and mean practical salinity (S)
for the Weddell-Prydz Bottom Water (WPBW), Ross Sea Bottom Water (RSBW), and Adélie Land Bottom Water (ALBW). Metrics are
evaluated for the WOA?23 climatological reference, the Ensemble Reanalysis, and 16 CMIP6 models. AABW subtype properties are averaged
only over grid cells in each dataset that satisfy the prescribed density and salinity thresholds. A value of 0 in the area column indicates that
no grid cells satisfy the prescribed criteria for the corresponding subtype. In such cases, the mean potential temperature and practical salinity

cannot be calculated and are therefore denoted by dashes.

Dataset WPBW WPBW WPBW RSBW RSBW RSBW ALBW ALBW ALBW
Area Mean Mean Area Mean Mean Area Mean Mean
PT S PT S PT S
Observational and Reanalysis References
WOAZ23 (Reference) 7.56 —0.55 34.657 2.92 0.04 34.701 3.10 —0.21  34.677
Ensemble Reanalysis 7.51 —0.53 34.659 2.83 0.04 34704 3.25 —0.19 34.682
Low-Resolution CMIP6 Models
ACCESS-ESM1-5 0.03 —-0.29 34.631 0 - - 0 - -
CanESM5 8.26 —0.96 34.652 3.19 —0.49 34.689 1.40 —0.72  34.664
CESM1-CAMS-SE-LR 6.39 —-0.47 34.659 2.20 0.05 34.693 2.38 —0.13  34.680
CESM2 0 - - 0 - - 0 - -
CMCC-CM2-SR5 3.16 —0.20 34.667 0 - - 0.01 0.04 34.676
CNRM-CM6-1 0 - - 0 - - 0 - -
FIO-ESM-2-0 0 - - 0 - - 0 - -
IPSL-CM6A-LR 8.30 —1.14 34.657 3.53 —0.85 34.683 342 —0.90 34.672
Moderate-Resolution CMIP6 Models
AWI-CM-1-1-HR 0 - - 2.09 —041 34.710 1.89 —0.80 34.695
AWI-CM-1-1-MR 0 - - 0 - - 0 - -
CIESM 0 - - 0 - - 0 - -
CMCC-CM2-HR4 0 - - 0 - - 0 - -
CNRM-CM6-1-HR 0 - - 0 - - 0 - -
ICON-ESM-LR 0 - - 0 - - 0 - -
High-Resolution CMIP6 Models
CESM1-CAMS5-SE-HR 8.42 —0.39 34.659 1.24 0.15 34.709 0.10 —0.19 34.667
FGOALS-f3-H 4.24 —0.92 34.641 2.59 —0.02 34.689 1.59 —0.25 34.677

Figure 4 presents Taylor diagrams evaluating the potential-
temperature and practical-salinity fields from the ensemble
reanalysis and the 16 CMIP6 models relative to the WOA23
climatology over the Southern Ocean south of 50°S. The
spatial correlation coefficient (SCC), calculated from spa-
tial anomalies relative to the domain mean, measures the
similarity between the simulated and WOAZ23 spatial pat-
terns. The normalized standard deviation (NSTD) indicates
whether the magnitude of simulated spatial variability is
weaker or stronger than that in WOA23, whereas the nor-
malized centered root-mean-square error (NCRMSE) sum-
marizes the combined differences in spatial pattern and vari-
ability after removal of the spatial mean.

Overall, the ensemble reanalysis is closest to the WOA23
reference, with high SCC values, NSTD values close to 1,
and relatively small NCRMSE values in most diagnostics.
This indicates that the reanalysis generally reproduces the
large-scale abyssal thermohaline properties of WOA23.

Ocean Sci., 22, 2691-2709, 2026

Based on these three metrics, the CMIP6 models can be
broadly divided into three categories. The first category in-
cludes models that retain recognizable regional thermoha-
line contrasts in most comparisons of potential tempera-
ture and practical salinity at 4000 m and in the near-bottom
layer, indicating that their simulations do not deviate signif-
icantly from the WOAZ23 reference. These models generally
have SCC values higher than about 0.75. Their NSTD val-
ues mostly fall within a moderate range around the WOA23
reference, about 0.7-1.4, and their NCRMSE values are gen-
erally located within the lower to intermediate error contours
in the Taylor diagrams. ACCESS-ESM1-5, CESM1-CAMS5-
SE-LR, CMCC-CM2-SR5, CMCC-CM2-HR4, and CESM1-
CAMS-SE-HR generally fall into this category. However, the
subtype areas and mean thermohaline properties listed in Ta-
bles 4 and S2 also indicate that better Taylor-diagram per-
formance does not necessarily mean that the AABW subtype
extent and water-mass properties are accurately simulated.

https://doi.org/10.5194/0s-22-2691-2026
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(GLOBAL_MULTIYEAR_PHY_ENS_001_031). Panels (a) and (b) show potential temperature at the 4000m and near-bottom lay-
ers, respectively, while panels (¢) and (d) show practical salinity at the corresponding depth levels. The respective AABW subtypes are
distinguished by distinct hatching patterns, as detailed in the figure legend.

The second category includes models that are unable to
completely reproduce the abyssal thermohaline structure and
whose performance is more sensitive to the variable, depth
level, or amplitude of spatial variability. These models have
positive SCC values for most diagnostics, but the spatial
consistency is not maintained simultaneously across all di-
agnostics. Their NSTD values also deviate noticeably from
1 for one or more variable-depth combinations, indicating
compressed or amplified spatial variability. Their NCRMSE
values further suggest that these models have larger cen-
tered spatial-pattern errors than those in the first category.
CanESM5, IPSL-CM6A-LR, AWI-CM-1-1-HR, AWI-CM-
1-1-MR, CNRM-CM6-1, FIO-ESM-2-0, and FGOALS-f3-H
can be assigned to this category.

The third category includes models that show clear struc-
tural deficiencies in at least one key diagnostic. CESM2
and CIESM are the most evident examples in the 4000 m
practical-salinity field, where their SCC values are negative
or close to zero. This indicates that their simulated salinity

https://doi.org/10.5194/0s-22-2691-2026

anomaly patterns are spatially opposite to those in WOA23,
or have little correspondence with WOA23. CNRM-CM6-1-
HR and ICON-ESM-LR can also be assigned to this cate-
gory, because their near-bottom salinity diagnostics show lit-
tle agreement with WOA23, with SCC values around 0.5 or
lower and clearly distorted spatial variability. These results
indicate that the model errors cannot be explained solely by
spatially uniform warm/cold or saline/fresh biases, but also
involve errors in the geographical placement, regional con-
trasts, or spatial gradients of the abyssal thermohaline fields.
Because AABW subtype identification partly depends on
characteristic practical-salinity signatures within prescribed
geographical sectors, such structural errors tend to limit the
ability of the models to reproduce the observed distributions
and properties of WPBW, RSBW, and ALBW.

To improve the readability of the spatial comparison,
Fig. 5 presents five representative models — CESM1-CAMS-
SE-LR, IPSL-CM6A-LR, ACCESS-ESM1-5, CMCC-CM2-
HR4, and CESM1-CAMS5-SE-HR — while the complete spa-
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Figure 4. Taylor diagrams evaluating the ability of the simulations to reproduce the spatial distributions of thermohaline properties across the
Southern Ocean south of 50° S. Panels (a) and (b) show potential temperature at 4000 m and in the near-bottom layer, respectively, whereas
panels (c) and (d) show practical salinity at the corresponding depth levels. The thermohaline spatial fields from the Ensemble Reanalysis and
16 CMIP6 models are evaluated against the WOA23 climatological reference. The gold star at SCC = 1 and NSTD = 1 represents the WOA23
reference. In each diagram, the angular coordinate represents the spatial correlation coefficient (SCC), which measures the similarity between
the simulated and reference spatial distributions, while the radial coordinate represents the normalized standard deviation (NSTD), which
indicates the amplitude of simulated spatial variability relative to WOA23. The green dashed contours represent the normalized centered
root-mean-square error (NCRMSE). The datasets are distinguished by color: the Ensemble Reanalysis is shown in green, low-resolution
CMIP6 models in blue, moderate-resolution models in orange, and high-resolution models in red. Because the diagrams display only the
non-negative-correlation quadrant, models with SCC < 0 are plotted on the zero-correlation boundary. To prevent excessive stretching of the
radial scale, data points with NSTD > 10 are not displayed.
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tial distributions for all 16 CMIP6 models are provided in
Figs. S3 and S4. These five models span the low-, moderate-
, and high-resolution groups and illustrate distinct original
simulation characteristics.

Among the three representative low-resolution models, the
CESM1-CAMS-SE-LR model provides a reasonable repre-
sentation of the general spatial patterns of the three AABW
subtypes. At 4000m, its identified WPBW, RSBW, and
ALBW areas are 6.39, 2.20, and 2.38 x 10° km?, respec-
tively, compared with 7.56, 2.92, and 3.10 x 10°km? in
WOAZ23. At the near-bottom layer, the corresponding areas
are 10.07, 7.82, and 4.81 x 10° km?, compared with 12.19,
7.27, and 5.59 x 10°km? in WOA23. The model therefore
reproduces the general geographical locations of the three
subtypes, although biases remain in their simulated spatial
extents.

The IPSL-CM6A-LR model identifies relatively exten-
sive distributions of all three AABW subtypes. At 4000 m,
the WPBW, RSBW, and ALBW areas are 8.30, 3.53, and
3.42 x 109 km?, respectively. However, their mean potential
temperatures are —1.14, —0.85, and —0.90 °C, substantially
lower than the corresponding WOAZ23 values of —0.55, 0.04,
and —0.21 °C. Similar cold biases are found at the near-
bottom layer. The relatively extensive subtype distributions
in this model therefore do not imply equally realistic ther-
mohaline properties.

ACCESS-ESM1-5 identifies only a very limited AABW
distribution in its original state. At 4000 m, it identifies only
0.03 x 10® km? of WPBW and no RSBW or ALBW. At the
near-bottom layer, the identified WPBW, RSBW, and ALBW
areas are 0.16, 0.02, and 0 x 100 km?, respectively. Thus, al-
most no grid cells in this model simultaneously satisfy the
adopted neutral-density, practical-salinity, and geographical
criteria.

Within the representative moderate-resolution models,
CMCC-CM2-HR4 identifies none of the three AABW sub-
types at 4000 m. At the near-bottom layer, it identifies only
0.07, 0.16, and 0.05 x 10°km? of WPBW, RSBW, and
ALBW, respectively. This model therefore represents the
limited subtype identification found in several moderate-
resolution simulations.

Among the representative high-resolution models, the
CESM1-CAMS-SE-HR model captures a relatively exten-
sive WPBW distribution but substantially underestimates
RSBW and ALBW. At 4000m, the identified WPBW,
RSBW, and ALBW areas are 8.42, 1.24, and 0.10 x 10%km?,
respectively. At the near-bottom layer, the corresponding ar-
eas are 11.61, 3.20, and 0.44 x 10° km?. Comparison with
CESM1-CAMS-SE-LR indicates that increasing horizontal
resolution does not systematically improve the representation
of all three AABW subtypes.

Additional practical-salinity and subtype diagnostics are
examined at 3500 and 4500 m (Figs. S5 and S6). WOA23
and the ensemble reanalysis retain spatially coherent WPBW,
RSBW, and ALBW characteristics at both depths. CESM1-
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CAMS-SE-LR and CanESMS also identify relatively exten-
sive subtype distributions at both levels, indicating a degree
of vertical continuity, although their spatial extents still dif-
fer from those in WOA23. In contrast, the subtype distri-
butions identified by CMCC-CM2-SR5 and FGOALS-f3-
H at 4500 m contract substantially or largely disappear at
3500 m, which is consistent with limited vertical extension
or a smaller simulated volume of bottom water. ACCESS-
ESM1-5, CESM2, CNRM-CM6-1, CIESM, AWI-CM-1-1-
MR, CMCC-CM2-HR4, and ICON-ESM-LR identify only
very small subtype areas, or none, at both depths. The defi-
ciencies in these models therefore cannot be explained solely
by reduced AABW thickness or formation volume and may
also involve biases in the simulated deep-ocean thermohaline
structure or regional spatial distribution.

3.4 Model bias correction

The CMIP6 models are known to have systematic biases
in simulated potential temperature and practical salinity
(Heuzé, 2021). To examine whether the aforementioned poor
identification of the AABW subtypes in many models is pri-
marily associated with systematic regional mean-state biases,
a simple bias correction is applied to each model. Note that
the correction is used only as a diagnostic method to dis-
tinguish models in which AABW spatial distributions can
be improved to some extent after removing the mean biases.
The models still perform poorly after correction, indicating
that their problems cannot be explained solely by the mean
biases.

Specifically, for each subtype region (e.g., WPBW, 60° W-
70°E), the region-mean bias is calculated as the difference
between the model-simulated regional mean and the corre-
sponding Ensemble Reanalysis mean, and this difference is
then subtracted from all grid points within that region. Be-
cause a spatially uniform correction is applied within each
region, the procedure shifts the regional mean-state toward
that of the reanalysis while retaining the spatial anomaly pat-
tern simulated by the model. The same AABW identification
criteria are subsequently applied to the corrected fields.

After applying the correction for potential temperature and
practical salinity, many models identify larger areas of one
or more AABW subtypes compared to their original sim-
ulations (Figs. 5 vs. 6), although their spatial distributions
still differ from WOA23 and the ensemble reanalysis. Ta-
bles 5 and S3 summarize the statistics after the bias correc-
tion at the 4000 m and near-bottom layers, respectively. Fig-
ure 6 presents the same five representative models discussed
in Sect. 3.3 (the complete bias-corrected results for all 16
CMIP6 models are provided in Figs. S7 and S8).

Among the three representative low-resolution models,
CESM1-CAMS-SE-LR changes little at 4000 m but shows
clearer subtype-dependent changes in the near-bottom layer.
At 4000 m, its WPBW, RSBW, and ALBW areas change
from 6.39, 2.20, and 2.38 x 10°km? to 6.54, 2.64, and
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Figure 5. Spatial distributions of the original simulated potential temperature and practical salinity for Antarctic Bottom Water (AABW)
subtypes across five representative CMIP6 models in the Southern Ocean (south of 50° S). The figure is organized into a 5 x 4 matrix. The
rows represent the five representative CMIP6 models: CESM1-CAMS-SE-LR, IPSL-CM6A-LR, ACCESS-ESM1-5, CMCC-CM2-HR4, and
CESM1-CAMS5-SE-HR. The columns display the evaluated thermohaline properties: potential temperature at 4000 m, practical salinity at
4000 m, potential temperature at the near-bottom layer, and practical salinity at the near-bottom layer. Subpanels are labeled from (a) to (t).
The respective AABW subtypes are distinguished by distinct hatching patterns, as detailed in the figure legend.
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Figure 6. The bias-corrected potential temperature and practical salinity of AABW subtypes in the same five representative CMIP6 models
shown in Fig. 5. The rows show CESM1-CAMS5-SE-LR, IPSL-CM6A-LR, ACCESS-ESM1-5, CMCC-CM2-HR4, and CESM1-CAMS5-SE-
HR. The columns show potential temperature at 4000 m, practical salinity at 4000 m, potential temperature at the near-bottom layer, and
practical salinity at the near-bottom layer. Subpanels are labeled from (a) to (t). The respective AABW subtypes are distinguished by distinct
hatching patterns, as detailed in the figure legend. Complete bias-corrected spatial distributions for all 16 CMIP6 models are provided in
Figs. S7 and S8.
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2.62 x 10%km?, respectively. This limited response is con-
sistent with its original thermohaline state already permit-
ting the identification of all three subtypes. At the near-
bottom layer, the corresponding areas change from 10.07,
7.82,and 4.81 x 10° km? to 10.58, 5.56, and 5.70 x 10° km?,
respectively. The corrected ALBW area becomes closer to
the WOA23 value, the RSBW area becomes smaller than the
reference value, and the WPBW area changes only slightly
(Figs. 5 and 6; Tables 4, 5, S2 and S3).

The IPSL-CM6A-LR model shows subtype-dependent
responses at both depth levels. At 4000m, its WPBW
and ALBW areas change only slightly, from 8.30
and 3.42 x 10°km? to 8.29 and 3.21 x 10®km?, respec-
tively, whereas the RSBW area decreases from 3.53 to
0.64 x 10°km?2. At the near-bottom layer, the WPBW,
RSBW, and ALBW areas decrease from 14.95, 8.68, and
6.51 x 109km? to 13.53, 3.43, and 5.64 x 10° km?, respec-
tively. Although the corrected ALBW area is close to
the WOAZ23 value, RSBW becomes substantially underes-
timated. These results indicate that removing the regional
mean bias does not consistently improve subtype extents and
that the regional spatial contrasts retained by the model re-
main important (Figs. 5 and 6; Tables 4, 5, S2 and S3).

ACCESS-ESM1-5 identifies a very limited AABW distri-
bution before the correction. At 4000 m, it identifies only
0.03 x 10°km? of WPBW and no RSBW or ALBW. Af-
ter the correction, the WPBW, RSBW, and ALBW ar-
eas increase to 6.20, 2.47, and 2.71 x 10° km?, respec-
tively. At the near-bottom layer, the corresponding areas in-
crease from 0.16, 0.02, and 0 x 10°km? to 9.71, 8.53, and
5.50 x 10 km?, respectively. The corrected ALBW area is
close to that in WOA23, whereas WPBW remains smaller
and RSBW becomes larger than the corresponding WOA23
values. This substantial improvement indicates that the poor
identification of AABW in ACCESS-ESM1-5 is strongly af-
fected by the regional mean temperature and salinity biases,
although the correction does not improve agreement with
WOAZ23 uniformly across the three subtypes (Figs. 5 and 6;
Tables 4, 5, S2 and S3).

For the representative moderate-resolution models,
CMCC-CM2-HR4 responds strongly to the correction at
both depth levels. At 4000 m, CMCC-CM2-HR4 identifies
none of the three AABW subtypes in its original simulation,
whereas after the correction, it identifies WPBW, RSBW, and
ALBW areas of 7.03, 1.40, and 2.72 x 10° km?, respectively.
At the near-bottom layer, the identified WPBW, RSBW, and
ALBW areas increase from 0.07, 0.16, and 0.05 x 100 km?
to 12.68, 3.20, and 5.41 x 10° km?2, respectively. After the
correction, the WPBW and ALBW extents become broadly
comparable to those in WOA23, whereas RSBW remains
substantially underestimated. This indicates that regional
mean biases strongly affect subtype identification (Figs. 5
and 6; Tables 4, 5, S2 and S3).

Among the representative high-resolution models,
CESM1-CAMS-SE-HR also exhibits subtype- and depth-
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dependent responses. At 4000 m, its WPBW, RSBW, and
ALBW areas change from 8.42, 1.24, and 0.10 x 10° km?
to 8.11, 1.80, and 3.42 x 105km?, respectively. ALBW
expands markedly, whereas RSBW remains smaller than
that in WOA23. At the near-bottom layer, the corresponding
areas change from 11.61, 3.20, and 0.44 x 106 km? to 10.01,
0.14, and 6.27 x 10°km?, respectively. ALBW again ex-
pands substantially, but RSBW becomes nearly absent. This
result indicates that a spatially uniform regional mean-state
correction cannot compensate for all deficiencies in the
simulated regional bottom-water structure (Figs. 5 and 6;
Tables 4, 5, S2 and S3).

Beyond the five representative models, CNRM-CM6-1-
HR provides a depth-dependent counterexample. At 4000 m,
it identifies none of the three subtypes before correction.
After the correction, its WPBW and ALBW areas increase
to 7.65 and 3.77 x 10° km?, respectively, whereas RSBW
remains absent. Near the bottom, however, none of the
three subtypes is identified before correction, and only
0.01 x 10°km? of ALBW is identified afterward. Its limited
near-bottom response indicates that the absence of identified
AABW at this depth cannot be explained solely by system-
atic regional mean biases (Tables 4, 5, S2 and S3).

4 Discussion and conclusions

This study treats WPBW, RSBW, and ALBW as hy-
drographic subtypes and identifies them using consistent
neutral-density, practical-salinity, and geographical criteria.
The identification results reflect whether different datasets
can reproduce the characteristic hydrographic states associ-
ated with the three AABW subtypes, rather than quantita-
tively attributing an individual water mass to a specific for-
mation region.

For WOA23, RSBW is relatively warmer and more saline,
WPBW is colder and fresher, and ALBW exhibits intermedi-
ate thermohaline properties. At the 4000 m and near-bottom
layers, the areas of WPBW, RSBW, and ALBW identified by
the ensemble reanalysis show good agreement with those of
WOAZ23, with high spatial correlation.

Although current observations are not sufficient to accu-
rately clarify the changes in the different types of AABW,
some progress has been made. In the Weddell Sea, repeat
hydrographic sections revealed pronounced decadal warm-
ing and freshening, together with reduced export of AABW
(Jullion et al., 2013; Zhou et al., 2023). In Prydz Bay, CTD
profiles collected by instrumented southern elephant seals
showed that glacial meltwater can suppress dense shelf wa-
ter formation and thereby affect local AABW production
(Williams et al., 2016). More recent observations further sug-
gest that local bathymetry and sea ice formation also influ-
ence this process (Portela et al., 2021, 2022). In the Ross
Sea, a long-term freshening tendency was followed by a re-
covery in AABW salinity, density, and thickness since the
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Table 5. Quantitative metrics of the bias-corrected Antarctic Bottom Water (AABW) subtypes at the 4000 m depth layer across the Southern
Ocean south of 50°S. The table lists the identified area (106 kmz), mean potential temperature (PT, °C), and mean practical salinity (S) of
WPBW, RSBW, and ALBW for the 16 CMIP6 models. A value of 0 indicates that no grid cells satisfy the adopted subtype criteria after the
regional mean-state correction. In such cases, the corresponding mean properties are denoted by dashes.

Dataset WPBW WPBW WPBW RSBW RSBW RSBW ALBW ALBW ALBW
Area Mean Mean Area Mean Mean Area Mean Mean
PT S PT S PT S
Low-Resolution CMIP6 Models
ACCESS-ESM1-5 6.20 —0.54 34.657 2.47 0.07 34.690 2.71 —0.20 34.680
CanESM5 8.17 —0.48 34.661 0.34 0.21  34.705 3.11 —0.18  34.685
CESM1-CAMS5-SE-LR 6.54 —0.55 34.657 2.64 0.05 34.698 2.62 —0.21  34.680
CESM2 6.40 —0.52 34.657 1.14 0.05 34.683 1.37 —0.19 34.681
CMCC-CM2-SR5 6.38 —0.55 34.657 1.24 0.12  34.702 2.58 —0.19  34.681
CNRM-CM6-1 7.63 —-0.49 34.660 2.32 0.15 34.703 3.22 —0.19 34.681
FIO-ESM-2-0 2.79 —0.61 34.646 2.15 —0.14 34.681 1.42 —0.19 34.678
IPSL-CM6A-LR 8.29 —-0.47 34.661 0.64 0.21 34714 3.21 —0.17  34.685
Moderate-Resolution CMIP6 Models
AWI-CM-1-1-HR 5.93 —0.44 34.655 0.47 0.12  34.692 2.54 —0.18  34.680
AWI-CM-1-1-MR 7.41 —0.50 34.659 0.88 0.22 34712 2.99 —0.17 34.683
CIESM 6.88 —0.53 34.659 1.37 0.12  34.699 2.74 —0.18  34.682
CMCC-CM2-HR4 7.03 —0.51 34.659 1.40 0.07 34.694 2.72 —0.17 34.684
CNRM-CM6-1-HR 7.65 —0.49 34.660 0 - - 3.77 —0.12  34.685
ICON-ESM-LR 6.44 —0.55 34.658 1.90 0 34.695 2.60 —0.18  34.682
High-Resolution CMIP6 Models
CESM1-CAMS-SE-HR 8.11 —0.51 34.659 1.80 0.08 34.703 3.42 —0.15 34.683
FGOALS-f3-H 5.89 —0.60 34.654 1.60 0 34.683 1.72 —0.18  34.680

2010s (e.g., Silvano et al., 2020). In the Australian Antarc-
tic Basin, AABW has undergone freshening and contraction,
with the largest changes occurring near its source regions
(van Wijk and Rintoul, 2014; Kobayashi, 2023). These ob-
servations demonstrate that AABW properties and their tem-
poral evolution vary markedly among different Antarctic sec-
tors. The WPBW, RSBW, and ALBW identified here should
therefore be interpreted as climatological hydrographic cate-
gories representative of regional water mass characteristics,
rather than as temporally invariant or unmixed source water
endmembers.

The CMIP6 models exhibit substantial inter-model differ-
ences in subtype extent and thermohaline structure. Most
CMIP6 models show poor identification of the three ob-
served AABW subtypes. Some models (e.g., IPSL-CM6A-
LR and CanESMY) identify extensive but biased subtype dis-
tributions, whereas others (e.g., ACCESS-ESM1-5, CESM2,
and CMCC-CM2-HR4) identify only a small portion or
no subtype distributions at all. Among the CMIP6 models,
CESM1-CAMS-SE-LR reasonably reproduces the general
distribution of the three subtypes.

The regional thermohaline mean-state bias correction im-
proves subtype identification in some CMIP6 models, but the
degree of improvement varies among models and subtypes.

https://doi.org/10.5194/0s-22-2691-2026

Such differences are not unexpected because AABW proper-
ties reflect a combination of processes associated with dense
shelf water formation, freshwater forcing, overflow, entrain-
ment, mixing, and downstream spreading, many of which re-
main challenging to represent in global climate models (Sil-
vano et al., 2018, 2023; Han et al., 2024, 2025; Heuzé, 2021).
Some improvements after the bias correction are consistent
with an important contribution from regional thermohaline
mean-state offsets, whereas limited or non-uniform improve-
ment suggests that deficiencies in the retained spatial struc-
ture may also be important. Because the correction is diag-
nostic and preserves the models’ spatial anomaly patterns,
the remaining biases cannot be attributed to specific physical
processes. Nevertheless, the contrasting correction responses
help distinguish deficiencies associated with the regional
mean state from those that persist in the simulated spatial
structure. Future work will extend this evaluation of AABW
subtypes to emerging global climate model simulations with
ocean grid spacing of approximately 5km (Rackow et al.,
2025; Kang et al., 2026). These simulations will help assess
whether improved representation of shelf and slope processes
reduces the deficiencies identified here in AABW formation,
export, and spatial structure, or whether these deficiencies
persist because of other aspects of model formulation.

Ocean Sci., 22, 2691-2709, 2026
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Beyond the climatological comparison described above,
Fig. SO reveals clear differences among the datasets in sub-
type areas and their temporal evolution. Nevertheless, near-
bottom RSBW declines overall in both the Ensemble Re-
analysis and CESM1-CAMS-SE-LR, consistent with the
slight decrease in the WOA23 period-mean estimates. For
WPBW, the Ensemble Reanalysis and CESM1-CAMS5-SE-
LR show relatively smooth interannual variations, while the
corresponding WOAZ23 period-mean estimates change only
slightly. Future work should clarify the sources of these dif-
ferences and improve cross-dataset comparability.

Code and data availability. The datasets utilized in this study are
publicly available from the sources indicated below: The World
Ocean Atlas 2023 (WOA23) climatology data were obtained
from the National Centers for Environmental Information (NCEI)
at https://doi.org/10.25921/va26-hv25 (Reagan et al., 2023). The
global ocean ensemble physical reanalysis products are available
via Copernicus Marine Service at https://doi.org/10.48670/moi-
00024 (Copernicus Marine Service, 2023). The Coupled Model
Intercomparison Project Phase 6 (CMIP6) data can be accessed
through any Earth System Grid Federation (ESGF) portal; the out-
puts used in this paper were obtained from https://aims2.1lnl.gov/
(last access: 7 May 2026). The individual CMIP6 datasets used in
this study are identified in Table 1, and their corresponding dataset
references are provided in the reference list. The code and processed
data used for the analysis and plotting in this study are available at
Zenodo via https://doi.org/10.5281/zenod0.21466692 (Chen et al.,
2026).

Supplement. The supplement related to this article is available on-
line at https://doi.org/10.5194/0s-22-2691-2026-supplement.

Author contributions. JL conceptualized the study, supervised the
research, and acquired the funding. SC performed the formal
analysis, created the visualizations, and wrote the original draft
of the manuscript. XH contributed to reviewing and editing the
manuscript. All authors discussed the results and approved the fi-
nal version.

Competing interests. The contact author has declared that none of
the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. The authors bear the ultimate responsibil-
ity for providing appropriate place names. Views expressed in the
text are those of the authors and do not necessarily reflect the views
of the publisher.

Ocean Sci., 22, 2691-2709, 2026

S. Chen et al.: Current status of ocean observation, ensemble reanalysis and CMIP6 models

Acknowledgements. We acknowledge the Working Group on Cou-
pled Modelling of the World Climate Research Programme
(WCRP) for coordinating CMIP6. We thank the climate model-
ing groups listed in Table 1 for making their model output avail-
able, the Earth System Grid Federation (ESGF) for archiving the
data. We also acknowledge the NOAA National Centers for Envi-
ronmental Information (NCEI) for providing the World Ocean At-
las 2023 (WOAZ23) dataset, and the Copernicus Marine Service for
making the global ocean ensemble physical reanalysis product pub-
licly available. We also acknowledge the high-performance com-
puting support from School of Atmospheric Science of Sun Yat-sen
University.

Financial support. This research has been supported by the Na-
tional Key Research and Development Program of China (grant no.
2024YFF0506600) and the Southern Marine Science and Engineer-
ing Guangdong Laboratory (Zhuhai) (grant no. SML2024SP023).

Review statement. This paper was edited by Mario Hoppema and
reviewed by Joshua Lanham and one anonymous referee.

References

Azaneu, M., Kerr, R., and Mata, M. M.: Assessment of the repre-
sentation of Antarctic Bottom Water properties in the ECCO2
reanalysis, Ocean Sci., 10, 923-946, https://doi.org/10.5194/0s-
10-923-2014, 2014.

Boucher, O., Denvil, S., Levavasseur, G., Cozic, A., Caubel, A.,
Foujols, M.-A., Meurdesoif, Y., Cadule, P., Devilliers, M., Ghat-
tas, J., Lebas, N., Lurton, T., Mellul, L., Musat, 1., Mignot, J.,
and Cheruy, F.: IPSL IPSL-CM6A-LR model output prepared
for CMIP6 CMIP historical, Earth System Grid Federation [data
set], https://doi.org/10.22033/ESGF/CMIP6.5195, 2018.

Burke, A. and Robinson, L. F.: The Southern Ocean’s role in carbon
exchange during the last deglaciation, Science, 335, 557-561,
https://doi.org/10.1126/science.1208163, 2012.

Chassignet, E. P. and Xu, X.: On the importance of high resolution
in large-scale ocean models, Adv. Atmos. Sci., 38, 1621-1634,
https://doi.org/10.1007/s00376-021-0385-7, 2021.

Chen, S., Liu, J., and Han, X.: Code and processed data for “Cur-
rent status of ocean observation, ensemble reanalysis and CMIP6
models in describing Antarctic Bottom Water”, Zenodo [data
set], https://doi.org/10.5281/zenodo.21466692, 2026.

Copernicus Marine Service: Global Ocean Ensemble Physics
Reanalysis, Mercator Ocean International [data set],
https://doi.org/10.48670/moi-00024, 2023.

Danabasoglu, G.: NCAR CESM2 model output prepared for
CMIP6 CMIP historical, Earth System Grid Federation [data
set], https://doi.org/10.22033/ESGF/CMIP6.7627, 2019.

Gordon, A. L., Huber, B. A., Hellmer, H. H., and Ffield, A.: Deep
and bottom water of the Weddell Sea’s western rim, Science, 262,
95-97, https://doi.org/10.1126/science.262.5130.95, 1993.

Gouretski, V. and Koltermann, K. P: How much is
the ocean really warming?, Geophys. Res. Lett, 34,
https://doi.org/10.1029/2006GL027834, 2007.

https://doi.org/10.5194/0s-22-2691-2026


https://doi.org/10.25921/va26-hv25
https://doi.org/10.48670/moi-00024
https://doi.org/10.48670/moi-00024
https://aims2.llnl.gov/
https://doi.org/10.5281/zenodo.21466692
https://doi.org/10.5194/os-22-2691-2026-supplement
https://doi.org/10.5194/os-10-923-2014
https://doi.org/10.5194/os-10-923-2014
https://doi.org/10.22033/ESGF/CMIP6.5195
https://doi.org/10.1126/science.1208163
https://doi.org/10.1007/s00376-021-0385-7
https://doi.org/10.5281/zenodo.21466692
https://doi.org/10.48670/moi-00024
https://doi.org/10.22033/ESGF/CMIP6.7627
https://doi.org/10.1126/science.262.5130.95
https://doi.org/10.1029/2006GL027834

S. Chen et al.: Current status of ocean observation, ensemble reanalysis and CMIP6 models 2707

Gunn, K. L., Rintoul, S. R., England, M. H., and Bowen, M.
M.: Recent reduced abyssal overturning and ventilation in the
Australian Antarctic Basin, Nat. Clim. Change, 13, 537-544,
https://doi.org/10.1038/s41558-023-01667-8, 2023.

Han, X., Stewart, A. L., Chen, D., Janout, M., Liu, X., Wang, Z., and
Gordon, A. L.: Circum-Antarctic bottom water formation medi-
ated by tides and topographic waves, Nat. Commun., 15, 2049,
https://doi.org/10.1038/s41467-024-46086-1, 2024.

Han, X., Stewart, A. L., Wang, Z., Yang, Q., Liu, C., and
Chen, D.: Tidal effects on Antarctic Bottom Water forma-
tion in a changing climate, J. Geophys. Res.-Oceans, 130,
https://doi.org/10.1029/2025JC022443, 2025.

Heuzé, C.: Antarctic Bottom Water and North Atlantic
Deep Water in CMIP6 models, Ocean Sci.,, 17, 59-90,
https://doi.org/10.5194/0s-17-59-2021, 2021.

Hewitt, H. T., Roberts, M., Mathiot, P., Biastoch, A., Blockley,
E., Chassignet, E. P., Fox-Kemper, B., Hyder, P., Marshall, D.
P, Popova, E., Tréguier, A.-M., Zanna, L., Yool, A., Yu, Y.,
Beadling, R., Bell, M., Kuhlbrodt, T., Arsouze, T., Bellucci, A.,
Castruccio, F.,, Gan, B., Putrasahan, D., Roberts, C. D., Van
Roekel, L., and Zhang, Q.: Resolving and parameterising the
ocean mesoscale in Earth system models, Curr. Clim. Change
Rep., 6, 137-152, https://doi.org/10.1007/s40641-020-00164-w,
2020.

Huang, W.: THU CIESM model output prepared for CMIP6
CMIP historical, Earth System Grid Federation [data set],
https://doi.org/10.22033/ESGF/CMIP6.8843, 2019.

Hurrell, J. W, Holland, M. M., Gent, P. R., Ghan, S., Kay, J. E.,
Kushner, P. J., Lamarque, J.-F.,, Large, W. G., Lawrence, D. M.,
Lindsay, K., Lipscomb, W. H., Long, M. C., Mahowald, N. M.,
Marsh, D. R., Neale, R. B., Rasch, P. J., Vavrus, S. J., Verten-
stein, M., Bader, D. C., Collins, W. D., Hack, J. J., Kiehl, J., and
Marshall, S.: NCAR CESM1-CAMS-SE-HR model output pre-
pared for CMIP6 HighResMIP, Earth System Grid Federation
[data set], https://doi.org/10.22033/ESGF/CMIP6.14220, 2020a.

Hurrell, J. W., Holland, M. M., Gent, P. R., Ghan, S., Kay, J. E.,
Kushner, P. J., Lamarque, J.-F., Large, W. G., Lawrence, D. M.,
Lindsay, K., Lipscomb, W. H., Long, M. C., Mahowald, N. M.,
Marsh, D. R., Neale, R. B., Rasch, P. J., Vavrus, S. J., Vertenstein,
M., Bader, D. C., Collins, W. D., Hack, J. J., Kiehl, J., and Mar-
shall, S.: NCAR CESM1-CAMS5-SE-LR model output prepared
for CMIP6 HighResMIP hist-1950, Earth System Grid Feder-
ation [data set], https://doi.org/10.22033/ESGF/CMIP6.14295,
2020b.

Jackett, D. R. and McDougall, T. J.: Minimal adjustment
of hydrographic profiles to achieve static stability, J. At-
mos. Ocean. Tech., 12, 381-389, https://doi.org/10.1175/1520-
0426(1995)012<0381:MAOHPT>2.0.CO;2, 1995.

Johnson, G. C., Purkey, S. G., and Toole, J. M.: Reduced
Antarctic  meridional  overturning circulation  reaches
the North Atlantic Ocean, Geophys. Res. Lett., 35,
https://doi.org/10.1029/2008GL035619, 2008.

Jullion, L., Naveira Garabato, A. C., Meredith, M. P., Holland, P. R,
Courtois, P., and King, B. A.: Decadal freshening of the Antarctic
Bottom Water exported from the Weddell Sea, J. Climate, 26,
8111-8125, https://doi.org/10.1175/JCLI-D-12-00765.1, 2013.

Kang, S. M., Putrasahan, D. A., Brizuela, N. G., Haak,
H., Kroger, J., Marotzke, J., Stevens, B., and von Storch,
J.-S.: Km-scale coupled simulation and model-observation

https://doi.org/10.5194/0s-22-2691-2026

SST trend discrepancy, Proc. Natl. Acad. Sci. USA, 123,
https://doi.org/10.1073/pnas.2522161123, 2026.

Kobayashi, T.: Changes in Antarctic bottom water off the Wilkes
Land coast in the Australian-Antarctic Basin, Deep Sea Res.-Pt.
I, 195, 104040, https://doi.org/10.1016/j.dsr.2023.104040, 2023.

Kohl, A.: Evaluation of the GECCO2 ocean synthesis: transports of
volume, heat and freshwater in the Atlantic, Q. J. Roy. Meteorol.
Soc., 141, 166-181, https://doi.org/10.1002/qj.2347, 2015.

Lellouche, J.-M., Le Galloudec, O., Drévillon, M., Régnier, C.,
Greiner, E., Garric, G., Ferry, N., Desportes, C., Testut, C.-E.,
Bricaud, C., Bourdallé-Badie, R., Tranchant, B., Benkiran, M.,
Drillet, Y., Daudin, A., and De Nicola, C.: Evaluation of global
monitoring and forecasting systems at Mercator Océan, Ocean
Sci., 9, 57-81, https://doi.org/10.5194/0s-9-57-2013, 2013.

Levitus, S., Antonov, J. 1., Boyer, T. P, Locarnini, R. A., Garcia, H.
E., and Mishonov, A. V.: Global ocean heat content 1955-2008
in light of recently revealed instrumentation problems, Geophys.
Res. Lett., 36, https://doi.org/10.1029/2008GL037155, 2009.

Li, Q., England, M. H., Hogg, A. M. C., Rintoul, S. R., and
Morrison, A. K.: Abyssal ocean overturning slowdown and
warming driven by Antarctic meltwater, Nature, 615, 841-847,
https://doi.org/10.1038/s41586-023-05762-w, 2023.

Locarnini, R. A., Mishonov, A. V., Baranova, O. K., Reagan, J. R.,
Boyer, T. P,, Seidov, D., Wang, Z., Garcia, H. E., Bouchard, C.,
Cross, S. L., Paver, C. R., and Dukhovskoy, D.: World Ocean
Atlas 2023, Volume 1: Temperature, edited by: Mishonov, A. V.,
NOAA Atlas NESDIS 89, 52 pp., https://doi.org/10.25923/54bh-
1613, 2024.

Lorenz, S., Jungclaus, J., Schmidt, H., Haak, H., Reick, C.,
Schupfner, M., Wachsmann, F., Gayler, V., de Vrese, P., Rad-
datz, T., Mauritsen, T., von Storch, J.-S., Brovkin, V., Claussen,
M., Crueger, T., Fiedler, S., Hagemann, S., Hohenegger, C.,
Jahns, T., Kinne, S., Kornblueh, L., Marotzke, J., Mikolajew-
icz, U., Modali, K., Miiller, W., Nabel, J., Notz, D., Pincus, R.,
Pohlmann, H., Rast, S., Schnur, R., Schulzweida, U., Six, K.,
Stevens, B., Roeckner, E., Wieners, K.-H., Esch, M., Giorgetta,
M., and Ilyina, T.: MPI-M ICON-ESM-LR model output pre-
pared for CMIP6 CMIP historical, Earth System Grid Federation
[data set], https://doi.org/10.22033/ESGF/CMIP6.6593, 2021.

Lovato, T. and Peano, D.: CMCC CMCC-CM2-SR5 model output
prepared for CMIP6 CMIP historical, Earth System Grid Fed-
eration [data set], https://doi.org/10.22033/ESGF/CMIP6.3825,
2020.

MacLachlan, C., Arribas, A., Peterson, K. A., Maidens, A., Fere-
day, D., Scaife, A. A., Gordon, M., Vellinga, M., Williams, A.,
Comer, R. E., Camp, J., Xavier, P., and Madec, G.: Global Sea-
sonal forecast system version 5 (GloSea5): a high-resolution sea-
sonal forecast system, Q. J. Roy. Meteorol. Soc., 141, 1072—
1084, https://doi.org/10.1002/qj.2396, 2015.

Marinov, 1., Gnanadesikan, A., Toggweiler, J. R., and Sarmiento,
J. L.: The Southern Ocean biogeochemical divide, Nature, 441,
964-967, https://doi.org/10.1038/nature04883, 2006.

Megann, A., Storkey, D., Aksenov, Y., Alderson, S., Calvert, D.,
Graham, T., Hyder, P., Siddorn, J., and Sinha, B.: GOS5.0: the
joint NERC-Met Office NEMO global ocean model for use in
coupled and forced applications, Geosci. Model Dev., 7, 1069—
1092, https://doi.org/10.5194/gmd-7-1069-2014, 2014.

Ohshima, K. I., Fukamachi, Y., Williams, G. D., Nihashi, S.,
Roquet, F, Kitade, Y., Tamura, T., Hirano, D., Herraiz-

Ocean Sci., 22, 2691-2709, 2026


https://doi.org/10.1038/s41558-023-01667-8
https://doi.org/10.1038/s41467-024-46086-1
https://doi.org/10.1029/2025JC022443
https://doi.org/10.5194/os-17-59-2021
https://doi.org/10.1007/s40641-020-00164-w
https://doi.org/10.22033/ESGF/CMIP6.8843
https://doi.org/10.22033/ESGF/CMIP6.14220
https://doi.org/10.22033/ESGF/CMIP6.14295
https://doi.org/10.1175/1520-0426(1995)012<0381:MAOHPT>2.0.CO;2
https://doi.org/10.1175/1520-0426(1995)012<0381:MAOHPT>2.0.CO;2
https://doi.org/10.1029/2008GL035619
https://doi.org/10.1175/JCLI-D-12-00765.1
https://doi.org/10.1073/pnas.2522161123
https://doi.org/10.1016/j.dsr.2023.104040
https://doi.org/10.1002/qj.2347
https://doi.org/10.5194/os-9-57-2013
https://doi.org/10.1029/2008GL037155
https://doi.org/10.1038/s41586-023-05762-w
https://doi.org/10.25923/54bh-1613
https://doi.org/10.25923/54bh-1613
https://doi.org/10.22033/ESGF/CMIP6.6593
https://doi.org/10.22033/ESGF/CMIP6.3825
https://doi.org/10.1002/qj.2396
https://doi.org/10.1038/nature04883
https://doi.org/10.5194/gmd-7-1069-2014

2708

Borreguero, L., Field, 1., Hindell, M., Aoki, S., and Wakatsuchi,
M.: Antarctic Bottom Water production by intense sea-ice for-
mation in the Cape Darnley polynya, Nat. Geosci., 6, 235-240,
https://doi.org/10.1038/ngeo1738, 2013.

Orsi, A. H., Johnson, G. C., and Bullister, J. L.: Circulation, mixing,
and production of Antarctic Bottom Water, Prog. Oceanogr., 43,
55-1009, https://doi.org/10.1016/S0079-6611(99)00004-X, 1999.

Pardo, P. C., Pérez, F. E,, Velo, A., and Gilcoto, M.: Water masses
distribution in the Southern Ocean: Improvement of an ex-
tended OMP (eOMP) analysis, Prog. Oceanogr., 103, 92-105,
https://doi.org/10.1016/j.pocean.2012.06.002, 2012.

Portela, E., Rintoul, S. R., Bestley, S., Herraiz-Borreguero, L., van
Wijk, E., McMahon, C. R., Roquet, F., and Hindell, M.: Seasonal
transformation and spatial variability of water masses within
MacKenzie Polynya, Prydz Bay, J. Geophys. Res.-Oceans, 126,
https://doi.org/10.1029/2021JC017748, 2021.

Portela, E., Rintoul, S. R., Herraiz-Borreguero, L., Roquet, F., Best-
ley, S., van Wijk, E., Tamura, T., McMahon, C. R., Guinet, C.,
Harcourt, R., and Hindell, M. A.: Controls on dense shelf wa-
ter formation in four East Antarctic polynyas, J. Geophys. Res.-
Oceans, 127, https://doi.org/10.1029/2022JC018804, 2022.

Purkey, S. G. and Johnson, G. C.: Warming of global abyssal and
deep Southern Ocean waters between the 1990s and 2000s: Con-
tributions to global heat and sea level rise budgets, J. Climate,
23, 63366351, https://doi.org/10.1175/2010JCLI3682.1, 2010.

Purkey, S. G. and Johnson, G. C.: Antarctic Bottom Water warm-
ing and freshening: Contributions to sea level rise, ocean fresh-
water budgets, and global heat gain, J. Climate, 26, 6105-6122,
https://doi.org/10.1175/JCLI-D-12-00834.1, 2013.

Purkey, S. G., Smethie, W. M., Gebbie, G., Gordon, A. L., Son-
nerup, R. E., Warner, M. J., and Bullister, J. L.: A synoptic
view of the ventilation and circulation of Antarctic Bottom Wa-
ter from chlorofluorocarbons and natural tracers, Annu. Rev.
Mar. Sci., 10, 503-527, https://doi.org/10.1146/annurev-marine-
121916-063414, 2018.

Rackow, T., Pedruzo-Bagazgoitia, X., Becker, T., Milinski, S.,
Sandu, I., Aguridan, R., Bechtold, P., Beyer, S., Bidlot, J., Bous-
setta, S., Deconinck, W., Diamantakis, M., Dueben, P., Du-
tra, E., Forbes, R., Ghosh, R., Goessling, H. F., Hadade, 1.,
Hegewald, J., Jung, T., Keeley, S., Kluft, L., Koldunov, N.,
Koldunov, A., Kolling, T., Kousal, J., Kiihnlein, C., Maciel, P.,
Mogensen, K., Quintino, T., Polichtchouk, I., Reuter, B., Sar-
many, D., Scholz, P., Sidorenko, D., Streffing, J., Siitzl, B., Taka-
suka, D., Tietsche, S., Valentini, M., Vanniere, B., Wedi, N.,
Zampieri, L., and Ziemen, F.: Multi-year simulations at kilo-
metre scale with the Integrated Forecasting System coupled to
FESOM2.5 and NEMOvV3.4, Geosci. Model Dev., 18, 33-69,
https://doi.org/10.5194/gmd-18-33-2025, 2025.

Reagan, J. R., Boyer, T P., Garcia, H. E., Locarnini, R. A., Baranova,
0. K., Bouchard, C., Cross, S. L., Mishonov, A. V., Paver, C. R.,
Seidov, D., Wang, Z., and Dukhovskoy, D.: World Ocean Atlas
2023, NOAA National Centers for Environmental Information
[data set], https://doi.org/10.25921/va26-hv25, 2023.

Reagan, J. R., Seidov, D., Wang, Z., Dukhovskoy, D., Boyer, T. P,
Locarnini, R. A., Baranova, O. K., Mishonov, A. V., Garcia, H.
E., Bouchard, C., Cross, S. L., and Paver, C. R.: World Ocean At-
las 2023, Volume 2: Salinity, edited by: Mishonov, A. V., NOAA
Atlas NESDIS 90, 51 pp., https://doi.org/10.25923/70qt-9574,
2024.

Ocean Sci., 22, 2691-2709, 2026

S. Chen et al.: Current status of ocean observation, ensemble reanalysis and CMIP6 models

Rintoul, S. R.: The global influence of localized dy-
namics in the Southern Ocean, Nature, 558, 209-218,
https://doi.org/10.1038/s41586-018-0182-3, 2018.

Schmidt, C., Morrison, A. K., and England, M. H.: Wind-
and sea-ice-driven interannual variability of Antarctic
Bottom Water formation, J. Geophys. Res.-Oceans, 128,
https://doi.org/10.1029/2023JC019774, 2023.

Scoccimarro, E., Bellucci, A., and Peano, D.. CMCC
CMCC-CM2-HR4 model output prepared for CMIP6
CMIP historical, Earth System Grid Federation [data set],
https://doi.org/10.22033/ESGF/CMIP6.3823, 2020.

Semmler, T., Danilov, S., Rackow, T., Sidorenko, D., Hege-
wald, J., Sein, D., Wang, Q., and Jung, T.. AWI AWI-
CM1.1HR model output prepared for CMIP6 High-
ResMIP hist-1950, Earth System Grid Federation [data
set], https://doi.org/10.22033/ESGF/CMIP6.2676, 2017.

Semmler, T., Danilov, S., Rackow, T., Sidorenko, D., Barbi,
D., Hegewald, J., Sein, D., Wang, Q., and Jung, T.:
AWI AWI-CMI1.IMR model output prepared for CMIP6
CMIP historical, Earth System Grid Federation [data set],
https://doi.org/10.22033/ESGF/CMIP6.2686, 2018.

Silvano, A., Rintoul, S. R., Pefia-Molino, B., Hobbs, W. R., van
Wijk, E., Aoki, S., Tamura, T., and Williams, G. D.: Freshen-
ing by glacial meltwater enhances melting of ice shelves and
reduces formation of Antarctic Bottom Water, Sci. Adv., 4,
https://doi.org/10.1126/sciadv.aap9467, 2018.

Silvano, A., Foppert, A., Rintoul, S. R., Holland, P. R., Tamura,
T., Kimura, N., Castagno, P., Falco, P., Budillon, G., Haumann,
F. A., Naveira Garabato, A. C., and Macdonald, A. M.: Re-
cent recovery of Antarctic Bottom Water formation in the Ross
Sea driven by climate anomalies, Nat. Geosci., 13, 780-786,
https://doi.org/10.1038/s41561-020-00655-3, 2020.

Silvano, A., Purkey, S., Gordon, A. L., Castagno, P., Stewart, A.
L., Rintoul, S. R., Foppert, A., Gunn, K. L., Herraiz-Borreguero,
L., Aoki, S., Nakayama, Y., Naveira Garabato, A. C., Spingys,
C., Akhoudas, C. H., Sallée, J.-B., de Lavergne, C., Abraham-
sen, E. P, Meijers, A. J. S., Meredith, M. P., Zhou, S., Tamura,
T., Yamazaki, K., Ohshima, K. I., Falco, P., Budillon, G., Hat-
termann, T., Janout, M. A., Llanillo, P., Bowen, M. M., Dare-
lius, E., @sterhus, S., Nicholls, K. W., Stevens, C., Fernan-
dez, D., Cimoli, L., Jacobs, S. S., Morrison, A. K., Hogg,
A. M., Haumann, F. A., Mashayek, A., Wang, Z., Kerr, R,
Williams, G. D., and Lee, W. S.: Observing Antarctic Bottom
Water in the Southern Ocean, Front. Mar. Sci., 10, 1221701,
https://doi.org/10.3389/fmars.2023.1221701, 2023.

Song, Z., Qiao, F., Bao, Y., Shu, Q., Song, Y., and Yang, X.:
FIO-QLNM FIO-ESM2.0 model output prepared for CMIP6
CMIP historical, Earth System Grid Federation [data set],
https://doi.org/10.22033/ESGF/CMIP6.9199, 2019.

Storto, A. and Masina, S.: C-GLORSV5: an improved multipurpose
global ocean eddy-permitting physical reanalysis, Earth Syst.
Sci. Data, 8, 679-696, https://doi.org/10.5194/essd-8-679-2016,
2016.

Swart, N. C., Cole, J. N. S., Kharin, V. V., Lazare, M., Scinocca,
J. F, Gillett, N. P., Anstey, J., Arora, V., Christian, J. R., Jiao,
Y., Lee, W. G., Majaess, F., Saenko, O. A., Seiler, C., Seinen,
C., Shao, A., Solheim, L., von Salzen, K., Yang, D., Winter,
B., and Sigmond, M.: CCCma CanESM5 model output prepared

https://doi.org/10.5194/0s-22-2691-2026


https://doi.org/10.1038/ngeo1738
https://doi.org/10.1016/S0079-6611(99)00004-X
https://doi.org/10.1016/j.pocean.2012.06.002
https://doi.org/10.1029/2021JC017748
https://doi.org/10.1029/2022JC018804
https://doi.org/10.1175/2010JCLI3682.1
https://doi.org/10.1175/JCLI-D-12-00834.1
https://doi.org/10.1146/annurev-marine-121916-063414
https://doi.org/10.1146/annurev-marine-121916-063414
https://doi.org/10.5194/gmd-18-33-2025
https://doi.org/10.25921/va26-hv25
https://doi.org/10.25923/70qt-9574
https://doi.org/10.1038/s41586-018-0182-3
https://doi.org/10.1029/2023JC019774
https://doi.org/10.22033/ESGF/CMIP6.3823
https://doi.org/10.22033/ESGF/CMIP6.2676
https://doi.org/10.22033/ESGF/CMIP6.2686
https://doi.org/10.1126/sciadv.aap9467
https://doi.org/10.1038/s41561-020-00655-3
https://doi.org/10.3389/fmars.2023.1221701
https://doi.org/10.22033/ESGF/CMIP6.9199
https://doi.org/10.5194/essd-8-679-2016

S. Chen et al.: Current status of ocean observation, ensemble reanalysis and CMIP6 models 2709

for CMIP6 CMIP historical, Earth System Grid Federation [data
set], https://doi.org/10.22033/ESGF/CMIP6.3610, 2019.

Uotila, P., Goosse, H., Haines, K., Chevallier, M., Barthélemy,
A., Bricaud, C., Carton, J., FuCkar, N., Garric, G., Iovino, D.,
Kauker, F., Korhonen, M., Lien, V. S., Marnela, M., Massonnet,
F., Mignac, D., Peterson, K. A., Sadikni, R., Shi, L., Tietsche, S.,
Toyoda, T., Xie, J., and Zhang, Z.: An assessment of ten ocean
reanalyses in the polar regions, Clim. Dynam., 52, 1613-1650,
https://doi.org/10.1007/s00382-018-4242-z, 2019.

van Wijk, E. M. and Rintoul, S. R.: Freshening drives con-
traction of Antarctic Bottom Water in the Australian
Antarctic Basin, Geophys. Res. Lett, 41, 1657-1664,
https://doi.org/10.1002/2013GL058921, 2014.

Voldoire, A.: CMIP6 simulations of the CNRM-CERFACS
based on CNRM-CM6-1 model for CMIP experiment
historical, Earth System Grid Federation [data set],
https://doi.org/10.22033/ESGF/CMIP6.4066, 2018.

Voldoire, A.: CNRM-CERFACS CNRM-CM6-1-HR model output
prepared for CMIP6 CMIP historical, Earth System Grid Fed-
eration [data set], https://doi.org/10.22033/ESGF/CMIP6.4067,
2019.

Williams, G. D., Bindoff, N. L., Marsland, S. J., and Rintoul,
S. R.: Formation and export of dense shelf water from the
Adélie Depression, East Antarctica, J. Geophys. Res.-Oceans,
113, https://doi.org/10.1029/2007JC004346, 2008.

Williams, G. D., Herraiz-Borreguero, L., Roquet, F., Tamura,
T., Ohshima, K. I., Fukamachi, Y., Fraser, A. D., Gao, L.,
Chen, H., McMahon, C. R., Harcourt, R., and Hindell, M.:
The suppression of Antarctic bottom water formation by melt-
ing ice shelves in Prydz Bay, Nat. Commun., 7, 12577,
https://doi.org/10.1038/ncomms 12577, 2016.

https://doi.org/10.5194/0s-22-2691-2026

Yu, Y.: CAS FGOALS-f3-H model output prepared for CMIP6
HighResMIP hist-1950, Earth System Grid Federation [data set],
https://doi.org/10.22033/ESGF/CMIP6.3316, 2020.

Zhang, S., Wu, Y., Cai, W. ., Cai, W, Feely, R. A., Wang, Z., Tan-
hua, T., Wang, Y., Liu, C,, Li, X., Yang, Q., Ding, M., Xu, Z.,
Kerr, R., Luo, Y., Cheng, X., Chen, L., and Qi, D.: Transport of
anthropogenic carbon from the Antarctic shelf to the deep South-
ern Ocean triggers acidification, Global Biogeochem. Cy., 37,
https://doi.org/10.1029/2023GB007921, 2023.

Zhou, S., Meijers, A. J. S., Meredith, M. P, Abrahamsen, E. P,,
Holland, P. R., Silvano, A., Sallée, J.-B., and @sterhus, S.:
Slowdown of Antarctic Bottom Water export driven by climatic
wind and sea-ice changes, Nat. Clim. Change, 13, 701-709,
https://doi.org/10.1038/s41558-023-01695-4, 2023.

Ziehn, T., Chamberlain, M., Lenton, A., Law, R., Bodman, R.,
Dix, M., Wang, Y., Dobrohotoff, P., Srbinovsky, J., Stevens,
L., Vohralik, P, Mackallah, C., Sullivan, A., O’Farrell, S., and
Druken, K.: CSIRO ACCESS-ESM1.5 model output prepared
for CMIP6 CMIP historical, Earth System Grid Federation [data
set], https://doi.org/10.22033/ESGF/CMIP6.4272, 2019.

Zuo, H., Balmaseda, M. A, Tietsche, S., Mogensen, K., and Mayer,
M.: The ECMWEF operational ensemble reanalysis—analysis sys-
tem for ocean and sea ice: A description of the system and as-
sessment, Ocean Sci., 15, 779-808, https://doi.org/10.5194/0s-
15-779-2019, 2019.

Ocean Sci., 22, 2691-2709, 2026


https://doi.org/10.22033/ESGF/CMIP6.3610
https://doi.org/10.1007/s00382-018-4242-z
https://doi.org/10.1002/2013GL058921
https://doi.org/10.22033/ESGF/CMIP6.4066
https://doi.org/10.22033/ESGF/CMIP6.4067
https://doi.org/10.1029/2007JC004346
https://doi.org/10.1038/ncomms12577
https://doi.org/10.22033/ESGF/CMIP6.3316
https://doi.org/10.1029/2023GB007921
https://doi.org/10.1038/s41558-023-01695-4
https://doi.org/10.22033/ESGF/CMIP6.4272
https://doi.org/10.5194/os-15-779-2019
https://doi.org/10.5194/os-15-779-2019

	Abstract
	Introduction
	Data and Methods
	Data
	Observational data
	Reanalysis data
	Model outputs

	Methods
	Sensitivity analysis

	Results
	WOA23 observational data
	Ensemble Reanalysis
	CMIP6 model simulations
	Model bias correction

	Discussion and conclusions
	Code and data availability
	Supplement
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

