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Abstract. Deep and bottom water formation are crucial com-
ponents of the global ocean circulation, yet they were poorly
represented in the previous generation of climate models.
We here quantify biases in Antarctic Bottom Water (AABW)
and North Atlantic Deep Water (NADW) formation, prop-
erties, transport, and global extent in 35 climate models
that participated in the latest Climate Model Intercompari-
son Project (CMIP6). Several CMIP6 models are correctly
forming AABW via shelf processes, but 28 models in the
Southern Ocean and all 35 models in the North Atlantic
form deep and bottom water via open-ocean deep convection
too deeply, too often, and/or over too large an area. Mod-
els that convect the least form the most accurate AABW
but the least accurate NADW. The four CESM2 models with
their overflow parameterisation are among the most accurate
models. In the Atlantic, the colder the AABW, the stronger
the abyssal overturning at 30° S, and the further north the
AABW layer extends. The saltier the NADW, the stronger
the Atlantic Meridional Overturning Circulation (AMOC),
and the further south the NADW layer extends. In the Indian
and Pacific oceans in contrast, the fresher models are the ones
which extend the furthest regardless of the strength of their
abyssal overturning, most likely because they are also the
models with the weakest fronts in the Antarctic Circumpolar
Current. There are clear improvements since CMIP5: several
CMIP6 models correctly represent or parameterise Antarctic
shelf processes, fewer models exhibit Southern Ocean deep
convection, more models convect at the right location in the
Labrador Sea, bottom density biases are reduced, and abyssal
overturning is more realistic. However, more improvements
are required, e.g. by generalising the use of overflow param-
eterisations or by coupling to interactive ice sheet models,

before deep and bottom water formation, and hence heat and
carbon storage, are represented accurately.

1 Introduction

Bottom water formation around Antarctica and deep wa-
ter formation in the North Atlantic ventilate the global
abyssal and deep ocean. Ocean—ice—atmosphere interactions
by the Antarctic ice shelves (Orsi, 2010; Drucker et al.,
2011; Ohshima et al., 2013) or, more rarely, in open-ocean
polynyas (Killworth, 1983; Campbell et al., 2019), create the
coldest and densest water mass: the Antarctic Bottom Water
(AABW). AABW does not stay around Antarctica but in-
stead travels north on the sea floor as a several hundred to
few thousand metre thick layer, filling all three basins (John-
son, 2008). In a substantial portion of the Atlantic, AABW
spreading north is overlain by North Atlantic Deep Water
(NADW) spreading south (Johnson, 2008). NADW forms in
the Labrador Sea and Nordic seas because of strong winds
and haline convection, respectively (Killworth, 1983). It is
the saltiest of the two water masses but is also warmer and
lighter than AABW and hence leaves the sea floor to con-
tinue circulating above AABW where the two meet (John-
son, 2008). NADW production has long been linked to the
strength of the Atlantic Meridional Overturning Circulation
(AMOC, e.g. Broecker, 1995), although observations from
the recently deployed Overturning in the Subpolar North At-
lantic Program (OSNAP) line (Lozier et al., 2019) suggest
that this link is more complex than simply meaning more
deep-water formation equals stronger AMOC. Perhaps more
crucially, AABW and NADW formation provide a direct path
from the atmosphere to the bottom of the ocean and as such a
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conduit for heat and carbon storage (Chen et al., 2019; Zanna
et al., 2019). An accurate representation of deep-water for-
mation in climate models is thus a necessary precondition
for trustworthy future climate projections.

The Climate Model Intercomparison Project phase 6
(CMIP6, Eyring et al., 2016) is the latest release of CMIP,
the organised effort to make global climate models com-
parable, notably by running them with the same forcings.
In the previous instalment, CMIP5 (Taylor et al., 2012),
Southern Ocean mixed layers were poorly represented (Sal-
lée et al., 2013) and models were forming the majority of
their AABW wrongly via open-ocean convection, mostly in
the overly frequent Weddell Polynya (Heuzé et al., 2013).
They would only stop doing so once the ocean surface had
freshened enough, by 2200 (De Lavergne et al., 2014), and
consequently underestimated 21st century bottom property
changes (Heuzé et al., 2015). NADW formation was more
accurately represented, and although this was due to overly
large sea ice extents in the North Atlantic, it occurred more
in the Irminger Sea than in the Labrador Sea (Menary et al.,
2015; Heuzé, 2017). So far, results on CMIP6 models have
shown that sea ice representation has improved in both hemi-
spheres, but the intermodel spread remains large (Roach
et al., 2020; Shu et al., 2020). The Weddell Polynya is still
opening too often but only in half of the models (Mohrmann
et al., 2021), i.e. those that now have the most accurate
Antarctic Circumpolar Current (Meijers et al., 2012; Bead-
ling et al., 2020). CMIP6 models also have a higher climate
sensitivity than CMIP5 models (Zelinka et al., 2020), more in
line with the observed sensitivity (Armour, 2017; Cox et al.,
2018). Their AMOC, however, is too sensitive to the new
aerosol forcings (Menary et al., 2020). CMIP6 resolution is
still coarse, with most models having a horizontal resolution
of 1°, but recent results showed that NADW formation is
in fact less accurate with higher resolution (Koenigk et al.,
2020). In summary, by improving these other crucial pro-
cesses but keeping a low resolution, CMIP6 models should
have more realistic AABW and NADW than CMIP5 models.
We here investigate whether this is the case.

In this paper, we determine the characteristics of Antarc-
tic Bottom Water (Sect. 3.1) and North Atlantic Deep Water
(Sect. 3.2) in CMIP6 models, focussing first on their respec-
tive formation processes, properties, and biases. The primary
objective of this paper is to quantify and discuss biases of
each model, so that model users can make informed model
selections. Multi-model means are also presented at the end
of each subsection. We then study the global transport of
these two water masses (Sect. 3.3), and specifically how their
properties determine their global extent. Finally (Sect. 4), we
conclude this paper by a discussion on what — if anything —
has improved since CMIP5.
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2 Methods

2.1 CMIP6 models and observation-based reference
data

We use the 35 CMIP6 models listed in Table 1. The only
criterion for choosing them was the availability of at least
their seawater salinity and temperature monthly output “so”
and “thetao”, respectively, for the entire historical run (Jan-
uary 1850 to December 2014) at the latest date of down-
load (20 May 2020). When available, we also directly used
their monthly mixed-layer depth “mlotst”; if not, we com-
puted it from the monthly salinity and temperature as detailed
in Sect. 2.2. We also made use of each model’s bathymetry
“deptho” and grid cell area “areacello” files to accelerate our
computations. Finally, for the transport calculations, we used
the monthly meridional velocity “vo”. All output data were
obtained on the model’s native grid, except for NorESM2-
LM and -MM that submitted their temperature and salinity
on an isopycnic vertical grid; for these two models, we used
the regularised z level outputs.

We used only one ensemble member per model, as even by
the latest date of download the majority of models had pro-
vided only one member. Furthermore, as some models are
not fully independent due to sharing similar codes (Table 1),
using different ensemble sizes would have accentuated the
bias towards one model family. To account for this lack of in-
dependence, the correlations quoted throughout the text have
been verified with different model numbers (not shown). For
most models, the ensemble member we used is referred to
asrlilpl1fl. It was not available for CNRM-CM6-1, CNRM-
ESM2-1, MIROC-ES2L, and UKESM1-0-LL, for which we
used rlilplf2. Neither were available for HadGEM3-GC31-
LL, for which we used rlilp1f3.

Although we used the full historical run for robustness ver-
ifications, we present only the results for the period January
1985 to December 2014, for consistency with the observa-
tional products. Note that we neither detrended the CMIP6
historical run nor subtracted the pre-industrial control run,
again for consistency with observations (which feature the
climate change trend). These observations are the full-depth
ocean temperature and salinity climatologies from the World
Ocean Atlas 2018 (Locarnini et al., 2018; Zweng et al., 2018,
respectively), the annual mixed-layer depth climatology first
described by de Boyer Montégut et al. (2004), and the global
bathymetry GEBCO (GEBCO Compilation Group, 2019).

2.2 Computations: deep and bottom water properties,
transports, and extents

To start with, when necessary, we computed the monthly
mixed-layer depth (MLD) of the CMIP6 models as per the
CMIP6 procedures by first computing the monthly mean po-
tential density op from their monthly practical salinity and
potential temperature. As is requested for CMIP6, the MLD
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Table 1. The 35 CMIP6 models used in this study, their ocean component, nominal horizontal resolution in © latitude x ° longitude, vertical
grid type (p means isopycnic, o terrain-following, several symbols a hybrid grid) and number of vertical levels, and official reference. N/A
indicates that no paper has been published yet for the CMIP6 configuration.

Model name Ocean component Horizontal Vertical ~ Reference
1 ACCESS-CM2 MOMS5 Ix1 750 N/A
2 ACCESS-ESM1-5 MOMS5 Ix1 750 Ziehnetal. (2017)
3 BCC-CSM2-MR MOM4-L40 Ix1 740 Wuetal. (2019)
4 BCC-ESM1 MOM4-L40 Ix1 z40 Wuetal. (2019)
5 CAMS-CSM1-0 MOM4 Ix1 750 Rongetal. (2019)
6 CESM2 POP2 I1x1 z60 Danabasoglu et al. (2020)
7 CESM2-FV2 POP2 1x1 z60 Danabasoglu et al. (2020)
8 CESM2-WACCM POP2 Ix1 z 60 Danabasoglu et al. (2020)
9 CESM2-WACCM-FV2 POP2 I1x1 z60 Danabasoglu et al. (2020)
10 CNRM-CM6-1 NEMO3.6 Ix1 Z*75  Voldoire et al. (2019)
11 CNRM-ESM2-1 NEMO3.6 Ix1 Z*75  Séférian et al. (2019)
12 CanESM5 NEMO3.4.1 Ix1 z45 Swartetal. (2019)
13 EC-Earth3 NEMO3.6 Ix1 Z*75 N/A
14  EC-Earth3-Veg NEMO3.6 Ix1 Z*75 N/A
15 GFDL-CM4 MOM6 0.25 x 0.25 p—z*75 Heldetal. (2019)
16 GFDL-ESM4 MOM6 0.5x0.5 p—-2"75 N/A
17 GISS-E2-1-G GISS Ocean 1.25x 1 z40 N/A
18  GISS-E2-1-G-CC GISS Ocean 1.25x 1 z40 N/A
19 GISS-E2-1-H HYCOM Ix1 z—p-032 N/A
20 HadGEM3-GC31-LL NEMO-HadGEM3-GO06.0 Ix1 Z*75 Kuhlbrodt et al. (2018)
21  INM-CMS5-0 INM-OMS5 0.5x0.25 0 40  Volodin and Gritsun (2018)
22 IPSL-CM6A-LR NEMO3.6 Ix1 z*75 Lurton et al. (2020)
23 MCM-UA-1-0 MOM1 2x2 z18 N/A
24  MIROC-ES2L COCO04.9 Ix1 z—0 62 Hajima et al. (2020)
25 MIROC6 COCO04.9 I1x1 z—0 62  Tatebe et al. (2019)
26 MPI-ESM-1-2-HAM MPIOM1.6.3 1.5x 1.5 740  Mauritsen et al. (2019)
27 MPI-ESM1-2-HR MPIOM1.6.3 0.4 x0.4 740 Miiller et al. (2018)
28 MPI-ESM1-2-LR MPIOM1.6.3 1.5x 1.5 740  Mauritsen et al. (2019)
29  MRI-ESM2-0 MRI.COM4.4 1x0.5 z*60  Yukimoto et al. (2019)
30 NESM3 NEMO3.4 Ix1 746 Caoetal. (2018)
31 NorCPMI1 MICOM Ix1 z—p 53 Counillon et al. (2016)
32 NorESM2-LM MICOM I1x1 z—p 53 Tjiputra et al. (2020)
33 NorESM2-MM MICOM 1x1 z—p 53 Tjiputra et al. (2020)
34 SAMO-UNICON POP2 Ix1 760 Parketal. (2019)
35 UKESMI1-0-LL NEMO-HadGEM3-GO06.0 Ix1 Z*75  Sellar et al. (2020)

is then diagnosed as the depth where oy differs from that at
10m depth by more than 0.125kgm™3. Because of averag-
ing effects, potentially combined with the non-linearity of the
equation of state, this MLD computed from monthly temper-
ature and salinity differs slightly from mlotst, which is the
monthly average of the daily or higher resolution MLD out-
putted by the model. As shown for CanESMS in Fig. Al in
the Supplement, both mlotst and our recomputed MLD have
the same spatial patterns, but their largest values can differ by
up to 300 m. As (1) the same regions are detected as having
MLD exceeding the thresholds listed below and (2) the alter-
native is to not use the models that do not provide mlotst, we
consider the difference acceptable. Furthermore, a different
threshold of 0.03kgm™3 is used by the observational refer-
ence (de Boyer Montégut et al., 2004), which could lead to
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an apparent shallow bias for the models’ mixed-layer depths
(as we show in Sect. 3, it does not). We could then quan-
tify bottom water formation in the three sectors of the South-
ern Ocean (south of 50° S with borders at 65° W and 50 and
130°E, orange contours in Fig. 1), in the North Atlantic sub-
polar gyre (SPG, 50 to 66° N, 70 to 20° W) and in the Nordic
seas (GIN, 65 to 80°N, 30° W to 20° E, orange contours in
Fig. 3) by computing the deep mixed volume (DMV) of each
region as in Brodeau and Koenigk (2016). That is, for each
month and each region, we keep only those grid cells where
the MLD exceeds a critical value and sum the product MLD
x cell area. We work with the maximum value of each year.
As in Brodeau and Koenigk (2016) and Koenigk et al. (2020),
we use a critical value of 700 m in the Nordic seas as it is the
depth of the sill that connects them to the rest of the world
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ocean, and 1000 m in the Labrador Sea. As in, e.g. Heuzé
et al. (2013); De Lavergne et al. (2014), we use 2000 m in all
three Southern Ocean sectors.

We quantify biases in the models by computing the root-
mean-square error (model minus reference) in temperature,
salinity, and density oy at the sea floor grid cell. To do so, all
models had to be interpolated onto the reference’s grid. After
interpolation we also computed the multi-model mean prop-
erties, mean bias, and standard deviation of the bias for each
grid cell. Note that we purposely keep oy instead of o4, as oy
is the density used in the models’ code to notably compute
the MLD. For later calculations, we also compute the temper-
ature and salinity of the water masses AABW and NADW by
taking their average properties over a specific region. As we
will show in Sect. 3.1, the AABW formation region really
differs from model to model; as such, instead of using a lim-
ited region as in Johnson (2008), we detect AABW as hav-
ing the temperature minimum anywhere deeper than 2000 m
and south of 50°S. For NADW, we produce two flavours:
NADWG pg as having the salinity maximum anywhere deeper
than 1000 m in the small area of SPG defined by Johnson
(2008, 53 to 63°N, 55 to 54°W, yellow box in Fig. 3),
and NADWgn, the salinity maximum anywhere deeper than
1000 m in the GIN sector defined above. Note that the defi-
nition of NADWgn is different from that of Johnson (2008)
because of extra tests not shown here and known past model
biases in the vertical structure of the North Atlantic (e.g.
Menary and Wood, 2018) and in the North Atlantic—Nordic
Seas exchanges (e.g. Heuzé and Arthun, 2019).

We not only investigate the properties of AABW and
NADW by their formation region but also their transport into
the rest of the global ocean. For AABW, we hence compute
each model’s Southern Meridional Overturning Circulation
or SMOC, using the same method as Heuzé et al. (2015) for
comparison purposes. That is, in each ocean basin, we first
integrate the meridional velocity vo from the west coast to the
east coast at 30° S, then we integrate this value from the sea
floor to the surface. The SMOC then is the northward deep
maximum. We use a similar method for the AMOC, comput-
ing it at 35° N instead for comparison with the CMIP6 results
of Menary et al. (2020). After integration from coast to coast
and from sea floor to surface of the velocity vo, the AMOC
is defined as the southward subsurface maximum. We could
not directly use the meridional overturning circulation output
“msftmz” for the following reasons:

— it is provided by only 18 of the models (from 10 fami-
lies);

— it is in kgs™! instead of m>s™!, requiring division by
the density, for which we only have the monthly mean;

— for most models, the Indian and Pacific oceans are pro-
vided as one joint region, so we could not have obtained
the SMOC in each basin.
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Having to interpolate the irregular model grids onto the sec-
tions instead of directly using the model output may have in-
troduced some errors, but as the AMOC results of this paper
and those of Menary et al. (2020) for the models and experi-
ment we have in common are similar, we are confident in our
MOC values. Note that two models, GFDL-ESM4 and Nor-
CPM1, did not provide vo, limiting our transport analysis to
33 CMIP6 models.

Finally, to investigate in CMIP6 the link found in Heuzé
et al. (2015) between the SMOCs and the northward extent
of AABW layer, we chose to re-create the Johnson (2008)
maps of AABW and NADW volumes in the global ocean for
CMIP6 models. However, using the same approach as John-
son (2008), whereby we would have to determine the charac-
teristics of every water mass in each basin for each model, is
beyond the scope of this paper. Instead, as below the core of
NADW the global ocean (excluding the Arctic) is a mixture
of NADW and AABW only, we determine the NADW and
AABW contents at each depth from a conservative property
x using the mixture equation of Jenkins (1999):

XAABW — X
NADWontent = —————, (1)
XAABW — XNADW
and
XNADW — X
AABWcontent = (2)

XNADW — XAABW

Here, as in Johnson (2008), we consider the practical salinity
and potential temperature as conservative enough to be used
for these calculations. We then take the 50 % content depth as
the border between the NADW and AABW layers, i.e. any-
thing with more than 50 % AABW or less than 50 % NADW
is in the AABW layer, and the AABW thickness is the differ-
ence between the depth of that border and the sea floor. We fi-
nally take the median of all the combinations: temperature or
salinity, NADW properties from SPG or GIN, and AABW or
NADW contents. For the NADW layer, we detect the NADW
core as the maximum NADW content with the extra criterion
that the maximum must be larger than 80 % NADW. Tests
with values ranging from 60 % to 100 % yield similar val-
ues (not shown). Then the so-called NADW thickness is the
thickness from the depth of the core to the NADW-AABW
boundary (or to the sea floor if there is no AABW). By work-
ing with a mixture of two water masses only, we could not
try and detect the top of the NADW layer. Note that tradi-
tional methods of using a fixed temperature and/or salinity
for water mass determination cannot be applied to potentially
biased climate models. The northward extent of AABW in
each basin is defined as the northernmost latitude of the un-
interrupted contour of thickness = 2000m that starts in the
Southern Ocean. We do the same for the southward extent of
NADW in the Atlantic Ocean. For this part of the analysis,
we show only the results for NADW that originated in SPG;
NADW that originated in GIN seems to leave the Nordic seas
in no model (not shown).
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Figure 1. Southern Ocean reference bottom density op (top left panel, top colour bar), and for each CMIP6 model, bottom density bias
(model minus reference) averaged over 1985-2014. The white number for each model is its RMSE over the entire Southern Ocean deeper
than 1000 m. The thick black line indicates maximum mixed layer deeper than 2000 m. The thin grey line indicates the 2000 m isobath.
Orange lines on the reference panel delineate the Weddell (W), Amery (A), and Ross (R) sectors for the DMV calculation (see Sect. 2.2.).

3 Results we only talk about CMIP6. The comparison with CMIP5 will
come in Sect. 4.

In this section, we first look at bottom water formation and
properties in the Southern Ocean and then deep water forma-
tion and properties in the North Atlantic. It is only in the last
section that we analyse both water masses together by deter-
mining their global transports and volumes. In this section,
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Table 2. Median and maximum deep mixing volume (DMV; see Sect. 2) for the Southern Ocean sectors (orange contours in Fig. 1) for each
CMIP6 model over 1985-2014. Values given in 1013 m3, which is approximately the DMV of a 1°x 1° grid cell with a 1000 m mixed layer.
Number in brackets indicates how many years out of 30 that the DMV is different from zero, i.e. the number of years with deep convection.

Weddell Amery Ross
Model Median Max (years) | Median Max (years) | Median Max (years)
ACCESS-CM2 161 526 (30) 0 0 0) 178 311 (30)
ACCESS-ESM1-5 408 588 (30) 0 0 (0) 66 266 (24)
BCC-CSM2-MR 432 764 27) 1 11 (16) 0 0 )
BCC-ESM1 596 1108 (30) 0 0 0) 0 11 3)
CAMS-CSM1-0 128 415 (30) 1 7 (22) 0 13 2)
CESM2 0 0 0) 0 0 0) 0 0 )
CESM2-FV2 0 0 ) 0 0 0) 0 0 )
CESM2-WACCM 0 0 0) 0 0 0) 0 0 0)
CESM2-WACCM-FV2 0 0 0) 0 0 0) 0 0 )
CNRM-CM6-1 0 0 ) 108 182 (28) 0 0 )
CNRM-ESM2-1 0 0 0) 67 300 30) 0 0 0)
CanESM5 0 0.5 2) 0 0 0) 0 0 )
EC-Earth3 0 403 (12) 0 86 (11) 0 0 )
EC-Earth3-Veg 0 212 (12) 17 78 (20) 0 0 )
GFDL-CM4 1077 1334 (30) 0 6 9) 16 53 (30)
GFDL-ESM4 0 0 ) 0 0 0) 0 46 (14)
GISS-E2-1-G 0 0 0) 0 0 0) 0 0 )
GISS-E2-1-G-CC 0 0 ) 0 0 0) 0 0 )
GISS-E2-1-H 114 205 (17) 0 61 (6) 0 8 2)
HadGEM3-GC31-LL 21 80 22) 0 0 0) 0 0.5 1)
INM-CMS5-0 20 360 27) 0 20 6) 34 81 (30)
IPSL-CM6A-LR 56 168 (30) 0 0 0) 0 2 (6)
MCM-UA-1-0 11 13 (30) 0 1 (26) 3 5 (30)
MIROC-ES2L 169 581 27) 0 0 0) 280 581 (30)
MIROC6 825 1117 (30) 29 80 (28) 930 1151 (30)
MPI-ESM-1-2-HAM 134 380 (23) 0 15 @) 23 142 (20)
MPI-ESM1-2-HR 113 349 (30) 0 0 0) 5 86 (30)
MPI-ESM1-2-LR 66 257 (30) 0 22 (10) 14 49 (29)
MRI-ESM2-0 0 2 3) 1 5 (16) 0 5 2)
NESM3 0 151 ) 0 0 0) 0 155 (10)
NorCPM1 0 0 ) 0 0 0) 0 0 )
NorESM2-LM 678 873 (30) 9 50 (19) 0 24 (12)
NorESM2-MM 650 882 (30) 79 146 (30) 1 130 a7
SAMO-UNICON 0 0 ) 0 0 0) 0 29 “4)
UKESM1-0-LL 1 69 17 0 0.4 2) 0 0 )

3.1 Southern Ocean bottom water characteristics in
CMIP6 models

Shelf overflow and open-ocean deep convection in the
Southern Ocean

Presently in the real ocean, Antarctic Bottom Water is pri-
marily formed in several locations (including the Weddell
Sea, the Ross Sea, and by Adélie Land) as water is cooled,
made saltier, and becomes denser on the continental shelves
and then cascades down the continental slopes, entraining
deep waters on its way to the sea floor (visible as the dens-
est areas in Fig. 1). The CMIP6 models’ bottom density
bias on the shelves suggests that 19 out of 35 models may

Ocean Sci., 17, 59-90, 2021

form dense water on the shelf: ACCESS-CM2 (Weddell and
Ross), ACCESS-ESM1-5 (Ross), CAMS-CSM1-0 (Ross),
the four CESM2 (Ross), CanESM5 (Weddell and Ross),
GFDL-ESM4 (Weddell and Ross), the three GISS (Ross
mainly), HadGEM3-GC31-LL (Weddell and Ross), INM-
CMS5 (Weddell and Ross), IPSL-CM6A-LR (Weddell and
Ross), the two NorESM2 (Ross mainly), SAMO-UNICON
(Ross mainly), and UKESM1-0-LL (Weddell and Ross). The
other 16 models are too light (strong negative bias in Fig. 1).
Mean biases over 30years are not enough to determine
whether the dense shelf water flows into the deep ocean; we
instead created movies of the monthly bottom density over
the entire historical run for these 19 models, of which 2 are
available as a video supplement.
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Figure 2. Multi-model summary of the biases for the Southern Ocean. Columns (from left to right) show observational reference and multi-
model mean property (same colour bar for both), mean bias (model minus reference), and standard deviation of the difference. Rows (from
top to bottom) show bottom density, bottom potential temperature, bottom salinity, and mixed-layer depth. White numbers are the median
value over the deep Southern Ocean, defined as in Fig. 1. Grey lines indicate the 1000 and 2000 m isobaths.

The movies let us split these 19 models into the following — The other 11 models occasionally have a plume of dense
three groups. water leaving the shelf, but it is nowhere near as dense
as the shelf water it originates from (see video example
— INM-CMS5 and NorESM2-LM show overflowing from of ACCESS-CM2).
the Ross shelf to the deep basin (as does NorESM2-
MM) and in the Amery sector (see video). In summary, in no model is there any (obvious) shelf ex-

port in the Weddell Sea. INM-CMS (terrain following, high

horizontal resolution model) and the two NorESM2 (hybrid

— GFDL-ESM4, HadGEM3-GC31-LL, IPSL-CM6A-LR, isopycnic models) are the only ones forming AABW accu-
SAMO-UNICON, and UKESM1-0-LL may overflow in rately via shelf processes, in the Ross sector only. The other
the Ross sector, but we would need higher temporal res- high resolution models are not dense enough on the shelf or
olution data to be certain. not clearly exporting their shelf water. There is no clear link
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Figure 3. North Atlantic reference bottom density og (top left panel, top colour bar). For each CMIP6 model, bottom density bias (model
minus reference) averaged over 1985-2014 is given. Orange lines on the reference panel delineate the subpolar gyre (SPG) and Nordic seas
(GIN) areas for RMSE and DMV calculation. The yellow dotted line shows the SPG sector of Johnson (2008). White numbers for each
model show their RMSE over the GIN (top) and SPG (bottom) areas for depths over 1000 m. The thick black line indicates the maximum
mixed layer deeper than 1000 m. The dotted cyan line indicates the same in GIN deeper than 700 m. The thin grey line shows the 1000 m

isobath.

between shelf processes and resolution (horizontal or verti-
cal), vertical grid type, or ocean model component.

If up to 8 models may export dense water from the shelf,
how do the other 27 models of our study form their AABW?
Deep convection, so far observed only once in the real ocean,

Ocean Sci., 17, 59-90, 2021

in response to the 1974-1976 Weddell Polynya (Killworth,
1983), is the next obvious process to investigate. Mixed-layer
depths exceeding 2000 m are most prevalent in the Weddell
sector (black contours in Fig. 1, DMVs in Table 2, MLD in
Table A1). Of our 35 models, 24 exhibit deep convection in
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Table 3. Median and maximum deep mixing volume (DMV; see Sect. 2) for the subpolar gyre (SPG) and Nordic seas (GIN; see Fig. 3) for
each CMIP6 model over 1985-2014. Values given in 1013 m3, which is approximately the DMV of a 1°x 1° grid cell with a 1000 m mixed
layer. The number in brackets indicates how many years out of 30 that the DMV is different from zero, i.e. the number of years with deep

convection.
SPG GIN
Model Median Max (years) | Median Max (years)
ACCESS-CM2 77 181 (30) 57 102 (30)
ACCESS-ESM1-5 50 171 30) 42 104 (30)
BCC-CSM2-MR 222 406 30) 26 52 (30)
BCC-ESM1 190 302 (30) 23 60 (30)
CAMS-CSM1-0 107 225 30) 12 35 (24)
CESM2 73 238 30) 6 24 (30)
CESM2-FV2 118 206 (30) 6 15 (30)
CESM2-WACCM 76 226 30) 8 23 (30)
CESM2-WACCM-FV2 107 263 30) 6 22 (30)
CNRM-CM6-1 0 161 (14) 61 125 (30)
CNRM-ESM2-1 3 78 (25) 51 134 (30)
CanESM5 0 3 @) 22 92 (30)
EC-Earth3 20 141 (26) 60 103 (30)
EC-Earth3-Veg 18 201 (20) 65 103 (30)
GFDL-CM4 417 548 30) 36 70 (30)
GFDL-ESM4 152 383 (30) 40 128 (30)
GISS-E2-1-G 303 476 30) 32 103 (30)
GISS-E2-1-G-CC 316 418 30) 29 86 (29)
GISS-E2-1-H 402 509 (30) 102 199 (30)
HadGEM3-GC31-LL 17 156 24) 29 124 (30)
INM-CM5-0 2 16 (18) 0 0 )
IPSL-CM6A-LR 0 43 (12) 47 109 (30)
MCM-UA-1-0 2 3 30) 1 1 (30)
MIROC-ES2L 1 56 (19) 122 208 (30)
MIROC6 152 365 (30) 168 260 (30)
MPI-ESM-1-2-HAM 66 219 30) 42 124 (30)
MPI-ESM1-2-HR 62 162 30) 15 37 (30)
MPI-ESM1-2-LR 37 97 (28) 28 58 (30)
MRI-ESM2-0 132 269 30) 37 96 (30)
NESM3 141 273 30) 6 39 (26)
NorCPM1 0 0 (1) 0 0 )
NorESM2-LM 150 278 30) 34 97 (30)
NorESM2-MM 112 236 30) 93 131 (30)
SAMO-UNICON 333 456 (30) 151 225 (30)
UKESM1-0-LL 25 129 (20) 109 177 (30)

the Weddell Sea, of which 19 do so for most years of our
study period. Most of these models also have a too large and
too frequent Weddell Polynya (Mohrmann et al., 2021), ex-
cept for GFDL-CM4 and IPSL-CMO6A-LR, which may be
convecting under sea ice cover, and the two MIROC, which
are ice-free (Mohrmann et al., 2021; Roach et al., 2020).
In the Amery and Ross sectors, we need to distinguish be-
tween the models that have non-zero DMV because of open-
ocean deep convection and those with coastal polynyas. In
the Amery sector, aside from MCM-UA-1-0, whose deep
convection area is just a continuation of the Weddell one,
we have 10 out of 35 models with open-ocean deep con-
vection: the two CNRM, the two EC-Earth3, GISS-E2-1-
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H, MIROC6, MPI-ESM-1-2-HAM, MPI-ESM1-2-LR, and
the two NorESM2. In the Ross sector, we have 15 mod-
els with open-ocean deep convection: 14 in the Ross Sea
and 1 (NESM3) in the Amundsen Sea. In the Amery and
Ross sectors, there is no link anymore between DMV and
the polynya activity in Mohrmann et al. (2021), suggesting
that bottom water formation occurs under ice cover. There is,
however, a strong correlation of 4+-0.47 between DMV in the
Ross sector and DMV in the Weddell sector, i.e., models that
convect a lot do it in both sectors. Behrens et al. (2016) sug-
gests that a strong DMV is associated with a strong Antarctic
Circumpolar Current (ACC), while Cabré et al. (2017) find
that strong DMV would weaken the westerly winds, i.e. may
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Figure 4. Multi-model summary of the biases for the North Atlantic. Columns (from left to right) show the observational reference and
multi-model mean property (same colour bar for both), mean bias (model minus reference), and standard deviation of the difference. Rows
(from top to bottom) show the bottom density, bottom potential temperature, bottom salinity, and mixed-layer depth. The white numbers are
the median value over the deep GIN (top) and SPG (bottom), defined as in Fig. 3. Grey lines indicate the 1000 and 2000 m isobaths.

weaken the ACC. Here the only relationship between DMV
and ACC, using the values from Beadling et al. (2020), is in
agreement with Cabré et al. (2017): the more deep convec-
tion in the Amery sector, the weaker the ACC (correlation
of —0.54, significant at 95 % level). We find no relationship
with DMV in the Weddell or Ross sectors.

Up to now, there are still seven models that have no
open-ocean deep convection and no shelf overflow: the
four CESM2, GISS-E2-1-G and GISS-E2-G-CC, and Nor-
CPMI1. GISS-E2-1-G and GISS-E2-G-CC have non-zero
DMYV when considering the entire historical run (1850-2014,

Ocean Sci., 17, 59-90, 2021

not shown), with GISS-E2-1-G convecting once in the Wed-
dell sector and once in the Ross sector, and GISS-E2-1-G-
CC thrice in the Weddell sector. The four CESM2 models
do not, but they have an overflow parameterisation that arti-
ficially moves dense water from the shelf to the deep basins
(Briegleb et al., 2010). If the water on the shelf exceeds a
critical density, a pipe artificially transports this dense wa-
ter from the shelves to the deep basin. Without having to
cascade, the dense shelf water keeps its properties. Conse-
quently, the absence of cascade means that we cannot detect
it on the overflow movies. For NorCPM1 though, we could
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not determine how its AABW is formed; maybe it formed be-
fore 1850. In conclusion, most models form their AABW via
open-ocean deep convection. Even the models that seem to
represent shelf processes accurately exhibit open-ocean deep
convection. Somewhat surprisingly, the only relationship be-
tween the DMV and the climate sensitivities of Zelinka et al.
(2020) is in the Weddell sector (correlation of —0.36): mod-
els that convect a lot there have a low sensitivity, which is
to be expected as heat and CO; are sent to the deep ocean.
What is surprising is that the relationship holds only in the
Weddell sector. Hence, the sensitivity might be more linked
to polynya activity, which is linked to deep convection only
in the Weddell sector.

AABW properties

Does the way CMIP6 models form their AABW impact its
characteristics, as it did in CMIP5 (Heuzé et al., 2013)?
Only density biases are shown in Fig. 1, but salinity and
temperature biases are provided in Figs. A2 and A3, re-
spectively. A total of 10 models have a negligible bot-
tom density bias (root-mean-square error, RMSE, lower
than 0.05kgm™3, white numbers in Fig. 1): UKESM1-0-
LL, CanESMS5, IPSL-CM6A-LR, CESM2-WACCM-FV2,
CESM2-FV2, CESM2, CESM2-WACCM, GISS-E2-1-H,
CNRM-CM6, and HadGEM3-GC31-LL. A total of 12 more
models have an acceptable bottom density bias (RMSE lower
than 0.1 kgm™3), including all the other models that are
based on NEMO. That means that 22 of 35 models have ac-
ceptable biases. Let us investigate rather what may be com-
mon to the 13 models that are performing poorly.

INM-CMS is the only model that is biased dense. Its bot-
tom salinity is extremely high (RMSE of 0.42, Fig. A2) while
its bottom temperature is rather accurate (RMSE of 0.8 °C,
Fig. A3). Its predecessor INM-CM4 had a similar issue, al-
though whether this was caused by a too short spin-up or
non-conservation of salt could not be determined (Alexander
Guseyv, personal communication, July 2014). All the other 12
models are biased light (Fig. 1). For BCC-CSM2-MR, BCC-
ESM1, MCM-UA-1-0, MIROC-ES2L, MIROC6 and MRI-
ESM2-0, it is because of a fresh bias (Fig. A2). The other 6
models have relatively accurate bottom salinity, but are bi-
ased warm (Fig. A3). CMIP6 models are overall biased light
or biased dense in the entire deep Southern Ocean (excluding
the shelves).

Finally, the multi-model mean bottom water is too
light (mean bias of 0.06kg m~3), too warm (0.85°C), and
too fresh (0.02 psu) throughout the entire Southern Ocean
(Fig. 2). Technically, as the multi-model mean bottom tem-
perature is 0.57 °C, we can even say that on average CMIP6
models do not have AABW (defined as having a temperature
below 0 °C) at the bottom of the Southern Ocean. The multi-
model mean biases in mixed-layer depth exceed 2000 m in
all sectors, especially in the Weddell Sea, but they do so over
a small region so that the average bias over the entire deep
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Southern Ocean is low (151 m). As mentioned before, the bi-
ases in properties are moderate in the open ocean but exceed
0.1kgm™3 or 0.1 psu on the shelves: the multi-model mean
shelves are too light and too fresh as many models do not
form high-salinity shelf water. This is also the reason why
the standard deviation (Fig. 2 rightmost column) is largest
on the shelves. In the open ocean, the standard deviation is
larger in the Weddell Sea than in other sectors for the tem-
perature, salinity and MLD, as it is where DM Vs differ most
(Table 2).

The models with low biases in bottom density also tend
to have zero to low DMVs in the Weddell Sea, but the re-
lationship does not hold for maximum DMVs larger than
200 10" m3 (Table 2). NorESM2-LM and NorESM2-MM
notably have low biases but very high DMVs, but they also
do shelf overflows. Open-ocean deep convection leads to a
warming and salinification of bottom waters (Zanowski et al.,
2015); one hypothesis is then that models that hardly convect
stay closer to the bottom density value they were initialised
with. In the case of the CESM2 suite, the overflow param-
eterisation may help form accurate bottom water. Biases are
not the whole story though. As expected, we do find a signifi-
cant relationship (95 % level) between the actual temperature
and salinity of AABW and the DMV: in the Amery and Ross
sectors, more deep convection leads to warmer AABW (cor-
relation of +0.33 and +0.29, respectively) as in Wang et al.
(2017). In the Weddell sector, however, more deep convec-
tion leads to fresher AABW (correlation of —0.35), which in
fact is consistent with the short-term response of the South-
ern Ocean to deep convection in Zanowski et al. (2015). The
multi-model mean AABW salinity is 34.606 +0.154; the
reference value from Johnson (2008) is 34.641. The multi-
model mean AABW temperature is —0.45+0.73 °C; the ref-
erence value from Johnson (2008) is —0.88 °C. Therefore,
the multi-model mean AABW is warmer and fresher than
the reference, and more DMV worsens these biases. Note
that the values of the individual models are given in Table
A2.

To summarise, in the Southern Ocean most models form
their AABW by open-ocean deep convection. In the Weddell
Sea, this convection seems tied to the Weddell Polynya activ-
ity and impacts the AABW salinity most: more deep convec-
tion means fresher bottom salinity. In the Amery and Ross
sectors, it is linked more to the bottom temperature: more
deep convection means warmer bottom salinity. Models that
seem to form dense water via shelf processes also exhibit
deep convection, so we cannot determine whether overflows
alone would make the Southern Ocean more accurate. The
models that convect the least or not at all tend to be the most
accurate. For the CESM2 family, accurate bottom properties
and lack of deep convection may both be the result of their
overflow parameterisation (Briegleb et al., 2010; Snow et al.,
2015). For another model, NorCPM1, the accuracy in all
properties may come from its observation assimilation rather
than accurate model physics (Counillon et al., 2016).
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We will study the impact of these biases on the global
transport of AABW in Sect. 3.3, but as we cannot do so with-
out investigating the AABW-NADW balance in the Atlantic
basin, let us first evaluate the representation of NADW in
CMIP6 models.

3.2 North Atlantic deep water in CMIP6 models

Deep water formation in the North Atlantic subpolar
gyre and Nordic seas

In the North Atlantic, all 35 CMIP6 models of our study ex-
hibit deep convection in the subpolar gyre (black contours in
Fig. 3 and Table 3). As in CMIP5 (Heuzé, 2017), a large pro-
portion of them convect not only in the Labrador Sea as the
reference but also intensely south of Iceland (Irminger Sea):

— 6 of the 35 models convect only in the Labrador Sea
(Fig. 3): CNRM-CM6-1, CNRM-ESM2-1, EC-Earth3-
Veg, IPSL-CM6A-LR, NorCPM1, and NorESM2-LM;

— 9 of the 35 models convect both in the Labrador and
Irminger seas, but the two regions are not connected:
ACCESS-CM2, BCC-ESM1, CESM2-WACCM-FV2,
EC-Earth3, HadGEM3-GC31-LL, INM-CMS5, MPI-
ESM1-2-LR, NorESM2-MM, and UKESM1-0-LL;

— 17 of the 35 models convect both in the Labrador
and Irminger seas as one large SPG deep convection
area: ACCESS-ESM1-5, BCC-CSM2-MR, CESM2,
CESM2-FV2, CESM2-WACCM, GFDL-CM4, GFDL-
ESM4, GISS-E2-1-G, GISS-E2-1-G-CC, GISS-E2-
1-H, MCM-UA-1-0, MIROC6, MPI-ESM-1-2-HAM,
MPI-ESM1-2-HR, MRI-ESM2-0, NESM3, and SAMO-
UNICON;

— the final 3 of the 35 models convect only in the Irminger
Sea: CAMS-CSM1-0, CanESM5, and MIROC-ES2L.

As in Koenigk et al. (2020), the higher-resolution
NorESM2-MM and MPI-ESM1-2-HR have larger deep
convection areas than their corresponding lower-resolution
NorESM2-LM and MPI-ESM1-2-LR. Note that the differ-
ence between NorESM2-MM and NorESM2-LM is in the
atmospheric component resolution. There is, however, no ro-
bust relationship across models between the horizontal reso-
lution and the DMV. There is a relationship with the climate
sensitivities of Zelinka et al. (2020) though: the larger the
DMV in SPG, the less sensitive the model (correlation of
—0.36), which as already discussed in the Southern Ocean
part is not surprising. Consequently, there is also a strong
correlation between the DMV in the Weddell Sea and in SPG
(40.57): models that convect a lot in the Weddell Sea con-
vect a lot in SPG as well. As already mentioned, no causation
can be inferred: deciphering whether global biases in DMV
are responsible for the models’ sensitivities or sensitivities
are set by other processes and impact the DMV is beyond the
scope of this analysis.
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All models except INM-CM5-0 and NorCPM have deep
convection in the GIN seas as well. Moreover, in GIN mod-
els convect most years, with a minimum as high as 24 of
30years (Table 3). There is more variability in the SPG,
but likewise the majority of models convect all years. Be-
sides, they convect too deep. While in the Southern Ocean,
deep convection to the sea floor can happen (Killworth,
1983), in the North Atlantic it should not go much beyond
1000 m (e.g. Vage et al., 2009). In the SPG, only the three
models CanESMS5, INM-CMS5, and NorCPM1 have maxi-
mum mixed-layer depths just exceeding 1000 m (Table Al).
An extra four models, ACCESS-CM2, CESM2, CESM2-
WACCM, and MIROC-ES2L, have tolerable depths up to
2500 m. However, the vast majority convects too deep, often
to the sea floor. It is the same in GIN, albeit with different
models: this time, the four models CESM2, MPI-ESM1-2-
LR, and NESM3 have MLDs up to 2000 m, and all the other
models go to 3000 m or even the sea floor. There is no signif-
icant correlation between the DMV in SPG and that in GIN.
In summary, CMIP6 models exhibit deep convection in the
North Atlantic too often, too deep, and over too large an area.
It is not possible to determine the single most accurate model
in the North Atlantic or even in each subregion; model users
must choose a compromise between correct representation of
the variability, location, depth, or extent.

North Atlantic bottom properties

CMIP6 water property biases at the bottom of the North At-
lantic are of the same order of magnitude as those at the bot-
tom of the Southern Ocean (shading in Fig. 3). Three mod-
els have bottom density biases resulting in an RMSE lower
than 0.05kgm~3 in both SPG and GIN: CESM2-WACCM,
HadGEM3-GC31-LL, and UKESM1-0-LL. An additional
nine models have an RMSE lower than 0.1kgm™2 in both
SPG and GIN: CESM2, CESM2-FV2, CNRM-CM6-1, EC-
Earth3-Veg, GFDL-CM4, GFDL-ESM4, IPSL-CM6A-LR,
MRI-ESM2-0, and SAMO-UNICON. As for the other 23
models, it depends on the region.

— INM-CM5, NorCPM1, NorESM2-M, and NorESM2-
MM are biased dense in both regions because they are
biased salty (Fig. A4). The magnitude of the bottom
cell biases in INM-CMS5 is very grid cell dependent,
maybe because of faulty regularisation of the sigma grid
(even though it did not have this problem in the South-
ern Ocean).

— ACCESS-ESM1-5 is accurate in the SPG sector but bi-
ased dense (salty) in GIN.

— CESM2-WACCM-FV2, GISS-E2-1-G, and GISS-E2-
1-G-CC are accurate in the SPG sector but biased light
in GIN. For CESM2-WACCM-FV?2, it is because of a
warm bias (Fig. A5); for GISS-E2-1-G and GISS-E2-1-
G-CC, it is because of a fresh bias.
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— ACCESS-CM2, BCC-CSM2-MR, CNRM-ESM2-1,
EC-Earth3, MPI-ESM-1-2-HAM, and MPI-ESM1-
2-LR are biased light in SPG but accurate in GIN.
EC-Earth3 is the only one that is biased fresh. The other
models are biased salty but warm.

— The last nine models are biased light in both regions.
For CanESM5, GISS-E2-1-H, MCM-UA-1-0, MIROC-
ES2L. and NESM3, this is caused by a salty bias;
for BCC-ESM1, CAMS-CSM1-0, MIROC6, and MPI-
ESM1-2-HR, this is a warm bias.

All models except CanESM5 and IPSL-CM6A-LR are in
fact biased warm compared to the World Ocean Atlas 2018
bottom temperature. The evolution of the bottom properties
throughout the entire historical run is complex, with signif-
icantly different variabilities depending on the model (not
shown), and their analysis is beyond the scope of this pa-
per. All that we can say that the warm bias is not a result of
only the modelled climate change or any drift.

The multi-model mean biases reflect the individual model
biases that we just described (Fig. 4): in the deep ocean, in
both GIN and SPG, the multi-model mean is biased salty
(0.07 in GIN, 0.15 in SPG) but warm (1.68 and 1.91 °C re-
spectively), and hence slightly light (0.04 and 0.07 kgm™3).
The across-model spread, given by the standard deviation
(right column in Fig. 4), is on the order of 0.1 kgm ™3 or psu
and 1°C in both regions, similar to what we found for the
Southern Ocean. The multi-model mean MLD is too deep
over too large an area compared to the reference (bottom row
in Fig. 4), corresponding to a bias of nearly 800 m on aver-
age in both regions. The standard deviation is relatively high
though, also reaching 800 m on average, indicative of model
disagreement over the location of the deep MLD. The largest
bias in standard deviation, i.e. the location where the across-
model agreement is lowest, is in the Greenland Sea, probably
a consequence of the across-model differences in sea ice rep-
resentation (Shu et al., 2020).

In the SPG, there is a strong relationship between the bot-
tom temperature RMSE and the climate sensitivity of Zelinka
et al. (2020): the more sensitive the model, the less biased the
temperature in SPG (correlation of —0.68). There is a some-
what significant (at the 90 % level) relationship between the
DMV and the bottom density bias in SPG only: the more the
model convects, the less biased it is (correlation of —0.29).
There is, however, no relationship with the location of deep
convection itself, e.g. MIROC-ES2L that convects only in the
Irminger Sea has a similar bias (magnitude and sign) as MPI-
ESM1-2-LR that convects only in the Labrador Sea; MPI-
ESMI1-LR in turns has a large bias and convects at the same
location as UKESM1-0-LL, which has a low bias. The four
CESM2 models and their overflow parameterisation by the
Denmark Strait are again among the most accurate, which
was in fact the original motivation for that parameterisation
(Briegleb et al., 2010). NorCPM1 is somewhat disappoint-
ing; it is built on NorESM2-LM and is supposed to have
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improved performance thanks to data assimilation (Counil-
lon et al., 2016). Its bottom density is indeed better than
NorESM2-LM’s in SPG but is biased even denser (saltier) in
GIN. There is no across-model relationship between the sen-
sitivity or the DMV and the salinity or GIN though, so the
cause of NorCPM’s and other models’ bottom density bias
in the GIN seas remains unknown. It may be linked to their
respective biases in the representation of the Atlantic Multi-
decadal Oscillation, as suggested by Lin et al. (2019). There
is, however, a strong interhemispheric correlation: the more
biased the bottom density in the Southern Ocean, the more
biased it is in SPG (+0.81).

Finally, looking at the NADW properties instead of the bi-
ases (individual values in Table A2), we find that the multi-
model mean NADWgpg, which Johnson (2008) refers to as
upper NADW (UNADW) or Labrador Sea Water (LSW) is
too warm and too salty: 4.86£0.81 °C and 35.163+0.143 in
CMIP6, instead of 3.32°C and 34.894 in Johnson (2008).
The multi-model mean NADWgn in contrast is accurate:
0.77+0.99°C and 35.001 £ 0.169 compared to 1.30°C and
34.878 for the water mass called lower NADW (LNADW)
or Iceland-Scotland Overflow Water (ISOW) in Johnson
(2008), despite five models having a temperature below 0 °C.
Again in SPG, models with a high sensitivity have a lower
salinity and temperature (correlations of —0.31 and —0.45
respectively), which is consistent with the links previously
found with the DMV. But again no relationship can be found
in GIN. In GIN, we found no relationship between the biases
or properties and the horizontal or vertical resolution or be-
tween the grid type and ocean model component. In CMIPS5,
Heuzé and Arthun (2019) had found strong across-model bi-
ases in the inflow to the Nordic seas caused by the large-
scale oceanic and atmospheric circulations, as well as the
bathymetry, while Lin et al. (2019) showed that GIN property
biases can be linked to the representation of multidecadal
variability. Investigating the exact cause of the biases in GIN
is beyond the scope of this paper, not least because in the next
section we will show that NADWgn does not contribute to
the global NADW in CMIP6 models. For now, we can con-
clude that the bottom property biases in GIN are not related
to deep water formation in the region.

3.3 Global transport of NADW and AABW in CMIP6
models

In this last section, we shall determine the global fate of
NADW and AABW once they leave their source regions. For
NADW, this fate is tied to the strength of the Atlantic Merid-
ional Overturning Circulation. The mean AMOC value lies at
18Sv (1Sv= 109 m3 s’l), although observations both at the
RAPID/MOCHA-array at 26.5° N (e.g. Duchez et al., 2016)
and in the more recently deployed OSNAP-lines in the sub-
polar North Atlantic (Lozier et al., 2019) reveal a strong in-
terannual variability of up to 5 Sv. Aside from INM-CM5 and
its AMOC of 63 & 19 Sv, all models fall in that range (indi-

Ocean Sci., 17, 59-90, 2021



72

vidual values in Table B1), resulting in a multi-model median
of 19.5+9.5 Sv. Observations of the southern MOC at 30° S
are rarer. From box inverse modelling, Lumpkin and Speer
(2007) estimated the Atlantic SMOC at 5.6+3 Sv; apart from
the three GISS models and MIROC-ES2L that are too weak,
all models are in that range (Table B2), giving a multi-model
median of 2.8+1.4. Observational values in the Indian Ocean
range between 3 and 27 Sv (Huussen et al., 2012); thus un-
surprisingly, from the weak MCM-UA-1-0 (1.5+ 1.6 Sv) to
the strong GFDL-CM4 (11 & 18 Sv), all models are in that
range and the multi-model median is 3.0 2.5 Sv. This is a
remarkable improvement from CMIP5, where a majority of
models had an Indian SMOC close to 0 (Heuzé et al., 2015).
In the Pacific finally, Lumpkin and Speer (2007) estimated
the MOC to be 11 £5 Sv. MCM-UA-1-0 is again the weak-
est (3.9£1.9Sv), and the only model that falls out of the
observational range, resulting in a multi-model median of
5.9+ 3.0Sv. In summary, the AMOC and southern MOCs
are rather accurately represented in CMIP6 models.

The across-model correlations among the transports are
strong and significant (95 % level): the stronger the SMOC
in the Indian Ocean, the stronger it is in the Pacific Ocean
as well (correlation of +0.37). In contrast, a strong SMOC
in either of these basins corresponds to a weak SMOC in
the Atlantic (Atlantic—Indian, correlation of —0.45; Atlantic—
Pacific, correlation of —0.34). A weak SMOC in the Atlantic
corresponds to a strong AMOC (correlation of —0.30), as
previously found by Patara and Boning (2014) in the NEMO
model. We are not implying causation from the correlations,
but it is interesting to find relationships between the biases
quantified in Sects. 3.1 and 3.2 and the transports. In agree-
ment with Patara and Boning (2014), a stronger Atlantic
SMOC is associated with lower temperature biases (correla-
tion of 0.29), i.e. colder AABW (—0.35), whereas a stronger
Pacific SMOC is associated with stronger density biases
(+0.36). A stronger AMOC is associated with larger biases
in temperature and salinity in SPG (correlations of +0.33
and 4-0.37 respectively) and in particular a saltier NADWgpg
(+0.34, as in the paleoclimate simulations of Menviel et al.,
2020). The Atlantic SMOC is the only transport that is linked
to the strength of the Antarctic Circumpolar Current (ACC,
values from Beadling et al., 2020): the stronger the ACC, the
stronger the Atlantic SMOC (correlation of +0.37). There
is no significant direct relationship between the transports
and the DMV, which at least for the AMOC is in agreement
with the recent observations of Lozier et al. (2019) and mod-
elling work of Arthun et al. (2019). Unlike, e. g. Menary et al.
(2015) or Koenigk et al. (2020), we find no link between the
MOC:s and the models’ horizontal resolution.

In line with Heuzé et al. (2015), we expect the transports
to impact the interbasin spread of NADW and AABW, i.e.
that the stronger the transport, the further from its source
the water mass will travel. To investigate this, we recre-
ated the AABW and NADW thickness maps of Johnson
(2008) as Figs. 5 and 6, respectively. For Fig. 6, we show
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only NADWgpg; surprisingly, in no model could we find
NADWGgN beyond the Nordic seas (not shown). In agree-
ment with observations and Johnson (2008), AABW occu-
pies the majority of the water column in most of the Indian
and Pacific oceans, but its northward extent is limited in the
Atlantic Ocean. Said extent is highly model dependent in the
Atlantic, whereas it extends as far north as the basin limits
permit in most models in the Indian and Pacific oceans. Fi-
nally, in most models, AABW in the Indian Ocean seems
to come from the Pacific. The NADW southward expansion
in the Atlantic is also model dependent, with some reaching
to the Antarctic Circumpolar Current (e.g. BCC-ESM1) and
others not even leaving the North Atlantic subpolar gyre (e.g.
UKESMI1-0-LL). As explained in the methods, the NADW
layer in the Indian and Pacific oceans is most likely biased
by our calculation method that takes into account only two
water masses and thus shall not be discussed further.

After extracting the southernmost extent of NADW and
northernmost extents of AABW for each model (see Ta-
bles B1 and B2), we do find, as expected, that the stronger
the AMOC, the further south NADW extends in the Atlantic
(correlation of 0.32). The stronger the Atlantic SMOC, the
further north AABW extends in the Atlantic (correlation of
0.40). As we previously found an anticorrelation between
the AMOC and the Atlantic SMOC across CMIP6 models,
the Atlantic balance is complete: models with strong AMOC
and weak SMOC have their Atlantic dominated by NADW
(e.g. CESM2-WACCM), whereas those with a weak AMOC
and strong SMOC are filled with AABW (e.g. IPSL-CM6A-
LR). Although there was no significant correlation between
the DMV and the transports, we do find that the larger the
DMV, the further the extent of NADW (DMV SPG, correla-
tion of +0.34) or AABW (DMV Weddell, +0.51). We found
no significant correlation between the northward extent in the
Indian or Pacific oceans and either the SMOCs or DM Vs, or
with the strength of the ACC. There are, however, relation-
ships with their bottom properties: the northward extent of
salty models is less than that of fresh models (correlations of
—0.31 in the Indian and —0.44 in the Pacific). As we also
find a strong positive relationship (correlation of 4-0.72) be-
tween the salinity of AABW and the salinity gradient across
the ACC computed by Beadling et al. (2020), i.e., we find
that the fresh models have a weak gradient to overcome, this
result is not surprising. We can even speculate that in the ab-
sence of NADW, AABW would expand further north in the
fresher models regardless of their SMOC.

In conclusion, in CMIP6 models as in the real ocean, deep
convection impacts bottom water characteristics and biases:
in the Southern Ocean, deep convection seems associated
with more biased bottom waters; in the North Atlantic, the
more the models convect, the less biased they are. Either way,
these biases then impact the deep and bottom water transport:
a saltier NADW is associated with a stronger AMOC, and a
colder AABW is associated with a stronger Atlantic SMOC.
These transports then impact the location of the “NADW-
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AABW border” in the Atlantic: stronger AMOC and weaker
Atlantic SMOC (the two transports are anticorrelated), fur-
ther southward extent of NADW, and less northward extent
of AABW. In the Indian and Pacific oceans, the northward
extent is larger in the fresher models, which are the ones with
weak fronts in the ACC. To summarise, deep and bottom wa-
ter formation are crucial for an accurate representation of the
global deep ocean. We conclude this paper with a discussion
of changes in deep and bottom water modelling since CMIP5
and what we can expect from the next generation(s) of simu-
lations.

4 Discussion: changes since CMIPS and way towards
CMIP7

In CMIP5 models, no model assessed by Heuzé et al.
(2013) could represent dense shelf overflows correctly. Con-
sequently, models relied on open-ocean deep convection for
their bottom water formation. The right amount of deep con-
vection in the Weddell Sea was required for accurate bottom
properties; models that convected too little or too much were
the most biased. This relationship does not hold for CMIP6
anymore, and it is the models that convect the least that tend
to be the most accurate (Fig. 1 and Table 2). It may be be-
cause many models are now artificially prevented from open-
ing polynyas and convecting in the Weddell Sea (Mohrmann
et al., 2021). However, as the Weddell Polynya has now re-
opened in the real ocean (Campbell et al., 2019), future mod-
els may remove their “polynya-prevention” schemes again.
Another reason for CMIP6 models seemingly not needing
Southern Ocean deep convection to have accurate bottom
properties may be that, as we showed in this paper, several
CMIP6 models successfully represent shelf processes. This
was an unexpected result considering that horizontal reso-
lutions have not increased much since CMIPS5, suggesting
that models have improved their parameterisations instead
(Danek et al., 2019). Regardless of the formation process,
bottom density biases are smaller in CMIP6 than they were
in CMIP5 (RMSE:s in Fig. 2 of Heuzé et al., 2013). The new
version of the models that performed well in CMIP5 also
performs well in CMIP6 (e.g. the IPSL and NorESM fam-
ilies), and the others have improved (CanESM4 had a bias
of 0.17kgm™3; CanESM5 had a bias of 0.03kgm™3). The
worst performing model of CMIP5 was INMCM4. The worst
performing model of CMIP6 with respect to Southern Ocean
bottom properties is its successor, INM-CMS5-0, but even this
model saw its bias halve. INM-CMS5-0 has both shelf pro-
cesses and open-ocean deep convection, whereas INMCM4
had neither, which probably contributed to ridding the model
of its cold bottom bias (Zanowski et al., 2015).

In the North Atlantic, to the best of our knowledge, most
CMIPS studies focussed on the relationship between deep
water formation and the AMOC or the warming hole (e.g.
Menary and Wood, 2018) but did not investigate bottom
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property biases. The one exception is Ba et al. (2014), who
found a recurrent cold bias, with the World Ocean Atlas
2018 as reference, we find in contrast that most CMIP6 mod-
els have a warm bias at the bottom of the North Atlantic.
Deep water formation in the North Atlantic in the majority
of CMIP5 models occurred too often, too deep, and over too
large an area (Heuzé, 2017). These findings are still valid
for CMIP6 (Fig. 3 and Table 3). One noticeable improve-
ment is that the models whose CMIP5 predecessor convected
only in the Irminger Sea now convect in the entire subpo-
lar gyre, including the Labrador Sea. Unfortunately, some of
the models that performed well in CMIP5 when considering
the location of deep convection in the SPG, i.e. had a rela-
tively small area in the Labrador Sea, have also expanded to
the entire SPG (e.g. the CNRM family). Therefore, the inac-
curate models may be on the way to improvement. This is
most likely because the Arctic sea ice is better represented in
CMIP6 than in CMIP5 (Shu et al., 2020), but the ones that
were relatively accurate have degraded. The same holds for
the Nordic seas: CMIP6 models are convecting even more
than CMIP5 models did, and they were already convecting
too much. In an increasingly warmer and ice-free climate,
Lique and Thomas (2018) predict that deep water formation
would migrate from the North Atlantic subpolar gyre to its
subtropical gyre and from the Nordic seas to the Arctic. Liu
etal. (2019) adds that this will depend on whether meltwaters
will most strongly impact the stratification, shutting down
deep convection, or the horizontal gradients and hence the
winds, pushing meltwater away from convection areas. For
now, we observe that from the very icy CMIP5 to the more
accurately de-iced CMIP6 models, deep water formation re-
gions just expanded to occupy most of the space available in
SPG and GIN. It is unclear whether increasing the resolution
of future models would solve this issue: Danek et al. (2019)
dramatically reduced mixed-layer depths in SPG by using an
adaptive mesh with 5-15 km resolution, while Koenigk et al.
(2020) finds that DMVs in the SPG become even larger in
the high resolution versions of the models that participated
in HighResMIP. Without changing the horizontal resolution,
a more systematic inclusion and better representation of the
stratosphere may be enough to reduce deep convection in the
North Atlantic (Haase et al., 2018).

Regarding the transports, as noted by Menary et al. (2020)
the AMOC is stronger in CMIP6 than in CMIP5, which they
attribute to the aerosol forcing. Except for INM-CMS5, which
is now way too strong or which uploaded incorrect velocity
fields, this increase is not that strong and most models are
in the observational range. In the case of the CNRM family,
a stronger AMOC is in fact a much more accurate AMOC
(from 12 Sv in CMIP5 to 19 Sv in CMIP6). The NorESM
models have a weaker AMOC in CMIP6, which is more ac-
curate than their CMIPS version (from 32 Sv in CMIP5 to
21 Sv in CMIP6). The two highest-resolution models have
weakened so much that their AMOC is too low (GFDL-
CM4 and MPI-ESM1-2-HR). This seems in contradiction
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Figure 5. Thickness of the Antarctic Bottom Water layer in observations (top left panel) and in each CMIP6 model. See Sect. 2 for more
information.
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Figure 6. Thickness of the North Atlantic Deep Water layer in observations (top left) and in each CMIP6 model from the NADW core to its
bottom. See Sect. 2 for more information.
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to Koenigk et al. (2020), who found that increased resolu-
tion in HighResMIP leads to a stronger AMOC, but their re-
sult is mostly true when the models reach an eddy-resolving
resolution, which they do not here in CMIP6. It is harder
to determine whether the southern MOCs at 30° S have im-
proved since the values from inverse modelling (Lumpkin
and Speer, 2007) and observations (Huussen et al., 2012)
have very large uncertainties. All that we can say is that the
Atlantic SMOC is stronger in CMIP6, and thus only the GISS
family continues to have an Atlantic SMOC around O Sv. In
the Indian Ocean, no model has a transport of 0 anymore,
which resulted in a doubling of the multi-model mean from
1.6 Sv in CMIPS5 to 3 Sv in CMIP6, giving it the same im-
portance as the Atlantic SMOC. The Pacific SMOC remains
the strongest of the three and sees no significant difference
between CMIP5 and CMIP6 except for the two models that
used to be around 0, INMCM4 (INM-CMS5-0 is now at 10 Sv)
and GISS-E2-H (GISS-E2-1-H now at 7 Sv). As in CMIP6,
the Southern Ocean representation from the sea floor to the
surface (Beadling et al., 2020) has improved, as well as the
ACC (see also Beadling et al., 2020); it is no surprise that
more models are now capable of exporting AABW to the rest
of the world ocean. To the best of our knowledge, the global
extent of AABW and NADW, presented here for CMIP6 in
Figs. 5 and 6, respectively, was not assessed in CMIPS5, so we
cannot determine whether improved Southern Ocean charac-
teristics lead to an improved global water mass distribution.
What can we expect from a hypothetical CMIP7? Higher
resolution, most likely, although that was already expected
from CMIP6 and did not happen. As explained above and by
Koenigk et al. (2020) or Danek et al. (2019), a higher reso-
lution would not necessarily improve deep water formation.
Holt et al. (2017) goes as far as stating that shelf processes
will not be correctly represented until the horizontal resolu-
tion remains lower than 1/72°, which they expect might be
reachable by the most advanced computers within 10 years.
Unfortunately, we do not all have access to these computers,
so that even now computing the global monthly mixed-layer
depth of the highest-resolution model (GFDL-CM4, 1/4°)
required over 600 core hours for the 165 years of the histori-
cal run. Higher-resolution output will be impossible to man-
age, unless cloud-computing solutions such as PANGEO be-
come the norm (Odaka et al., 2020). Instead of increasing the
resolution, a seemingly easier solution would be to improve
parameterisations (Holt et al., 2017), especially overflow pa-
rameterisations (Snow et al., 2015). Briegleb et al. (2010)
first showed that an overflow parameterisation to transport
water from the Nordic seas to the rest of the North Atlantic
resulted in an improved representation of the ocean there. In
CMIP6, the CESM2 models with their “pipes” in the North
Atlantic and Antarctic shelves were among the most accu-
rate models, especially for AABW. It would be interesting
to see whether such a parameterisation on a different model
would yield the same results, or whether the CESM2 mod-
els are just very accurate. Efforts could also concentrate on
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improving other components of the climate model, for ex-
ample the atmosphere, as an improved representation of the
stratosphere would supposedly decrease unrealistic deep and
bottom water formation (Haase et al., 2018). However, where
most progress can probably be made is in the cryosphere. As
deep water formation is tied to the sea ice behaviour in both
hemispheres, efforts such as sea ice MIP (SIMIP, Notz et al.,
2016) dedicated to the modelling and coupling of sea ice may
be the way forward. Likewise, the results of ice sheet MIP
(ISMIP6, Nowicki et al., 2016) may shed a light on the de-
bated impact of glacial meltwater on deep and bottom water
formation (De Lavergne et al., 2014; Liu et al., 2019).

5 Conclusions

In this paper, we determined the characteristics of Antarctic
Bottom Water and North Atlantic Deep Water in 35 models
that participated in the latest instalment of the Climate Model
Intercomparison Project, CMIP6: their formation, properties,
transports, and extent in the global ocean. We focussed on the
last 30 years of the historical run, January 1985 to December
2014. In the Southern Ocean (Sect. 3.1), bottom water forma-
tion is now more accurate, with several models representing
shelf processes. Open-ocean deep convection in the Weddell
Polynya still happens in more than half of the models, but
it is not a requirement for accurate bottom water properties.
In fact, the most accurate models were the ones with little
to no open-ocean convection, especially the CESM2 family
that has an overflow parameterisation. In the North Atlantic
(Sect. 3.2), models convect too often, too deep, and over too
large an area, but in the subpolar gyre that area has migrated
from the Irminger Sea (in CMIP5 models) to the more ac-
curate Labrador Sea. The models that convect the most in
the North Atlantic subpolar gyre also have the least biased
NADW. NADW formed in the subpolar gyre of the mod-
els clearly spreads southward, but the signature of the por-
tions formed in the Nordic seas is less evident. The saltier
the NADW, the stronger the AMOC and the further south the
extent of NADW (Sect. 3.3). That extent is limited by the
strength of the abyssal overturning in the southern Atlantic
or SMOC, with stronger Atlantic SMOC (caused by colder
AABW) resulting in a further northward extent of AABW. In
the Indian and Pacific oceans, the extent is directly related to
the AABW properties, not the SMOCs: models with a com-
paratively fresh AABW are also the ones with weak fronts
across the Antarctic Circumpolar Current, and hence those
that can travel the furthest north. In summary, for the deep
and bottom water masses in CMIP6, their formation impacts
their properties, which impact their transport and global ex-
tent, which in turn will have large impacts on global pre-
dictions of thermal expansion and sea level rise (Zickfeld
et al., 2017), carbon storage (Tatebe et al., 2019), ecosys-
tem changes (Sweetman et al., 2017), etc. Although CMIP6
models represent AABW and NADW more accurately than
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CMIP5 models did, a lot still need to be improved, especially
deep and bottom water formation (Sect. 4).

How to improve deep water formation in climate models
then? A higher horizontal resolution may not be the answer
as, depending on the model, it either reduces (Danek et al.,
2019) or increases deep convection even further (Koenigk
et al., 2020). In the ocean component, one solution could
be a more systematic inclusion of overflow parameterisa-
tion (Snow et al., 2015); in this study, it seems very effec-
tive for CESM2. The one data-assimilating model, NorCPM
(Counillon et al., 2016), also proposes an interesting op-
tion. In the rest of the model, improving the representation
of the stratosphere seems effective at reducing open-ocean
deep convection (Haase et al., 2018). Whatever the future
holds, we hope it will feature a more systematic archiving of
useful parameters. The situation has improved since CMIP5,
but there are still CMIP6 models that do not provide their
monthly mixed-layer depth, and overturning streamfunctions
(especially in density space) are a rarity. Making output di-
rectly available on cloud-computing-based systems such as
PANGEO (Odaka et al., 2020) should also be a priority to let
researchers work on heavy CMIP data as soon as they are re-
leased, regardless of their computing and storage capacities.
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Appendix A: Bottom properties

In this appendix the following information is presented.

— Fig. Al is a comparison between “mlotst” and the

C)

‘N

mixed-layer depth computed from “thetao” and “so” for
one model.

Figs. A2 and A3 show the Southern Ocean bottom salin-
ity and temperature, respectively, to complement the
bias discussion of Sect. 3.1.

Figs. A4 and A5 show the North Atlantic bottom salin-
ity and temperature, respectively, to complement the
bias discussion of Sect. 3.2.

Table A1 presents the maximum mixed-layer depth and
convective area for each model and each region, corre-
sponding to the DM Vs discussed in Sects. 3.1 and 3.2.

Table A2 presents the salinity and temperature of
NADW and AABW for each model, briefly discussed
in Sects. 3.1 and 3.2 and used for the thickness compu-
tations for Figs. 5 and 6.

Model’s mlotst (b)

1000

N

b

m

Figure Al. Maximum monthly mixed-layer depth in the North At-
lantic over 1985-2014 for the model CanESMS: (a) using the model
output “mlotst” and (b) when computed from the monthly temper-
ature and salinity. Over the entire 30 year period, the root-mean-
square error in the Nordic seas is 305 m, and in the subpolar gyre it
is 21 m.
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Our computed MLD
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Figure A2. Southern Ocean reference bottom practical salinity (top left panel, top colour bar). For each CMIP6 model, bottom practical
salinity bias (model minus reference) averaged over 1985-2014 is shown. The white number for each model is its RMSE over the entire
Southern Ocean deeper than 1000 m. The thick black line indicates maximum mixed layer deeper than 2000 m. The thin grey line shows the

2000 m isobath.
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Figure A3. Southern Ocean reference bottom potential temperature (top left panel, top colour bar). For each CMIP6 model, bottom potential
temperature bias (model minus reference) averaged over 1985-2014 is shown. The white number for each model is its RMSE over the entire
Southern Ocean deeper than 1000 m. The thick black line indicates maximum mixed-layer deeper than 2000 m. The thin grey line shows the
2000 m isobath.
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Figure A4. North Atlantic reference bottom practical salinity (top left panel, top colour bar). For each CMIP6 model, bottom practical
salinity bias (model minus reference) averaged over 1985-2014 is shown. The white numbers for each model is its RMSE over the GIN (top)
and SPG (bottom) areas for depths over 1000 m. The thick black line indicates maximum mixed-layer deeper than 1000 m. The dotted cyan
line indicates the same in GIN deeper than 700 m. The thin grey line shows the 1000 m isobath.
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Figure AS5. North Atlantic reference bottom potential temperature (top left panel, top colour bar). For each CMIP6 model, bottom potential
temperature bias (model minus reference) averaged over 1985-2014 is shown. The white numbers for each model is its RMSE over the GIN
(top) and SPG (bottom) areas for depths over 1000 m. Thick black line indicates maximum mixed-layer deeper than 1000 m. The dotted cyan
line indicates the same in GIN deeper than 700 m. The thin grey line shows the 1000 m isobath.
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Table Al. Supplementary version of Tables 2 and 3 showing the
30 year max MLD (m) and max area (in 10000 km?, which is the
approximate area of a 1° cell).
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SPG GIN Weddell Amery Ross
Model depth area | depth area | depth area | depth area | depth area
ACCESS-CM2 2550 123 | 3623 53 | 5087 134 0 0 | 4428 91
ACCESS-ESM1-5 3013 108 | 3620 52 | 5328 125 0 0 | 4425 77
BCC-CSM2-MR 3787 216 | 3305 36 | 5334 183 | 3221 4 0 0
BCC-ESM1 3787 160 | 3787 34 | 5334 317 0 0 | 3305 4
CAMS-CSM1-0 2897 152 | 2810 31 | 5316 113 | 2698 3 | 3831 4
CESM2 2280 143 | 2017 22 0 0 0 0 0 0
CESM2-FV2 3102 115 | 2061 15 0 0 0 0 0 0
CESM2-WACCM 2392 130 | 2102 20 0 0 0 0 0 0
CESM2-WACCM-FV2 2872 138 | 1858 22 0 0 0 0 0 0
CNRM-CM6-1 3770 69 | 3699 59 0 0 | 4849 48 0 0
CNRM-ESM2-1 3930 34 | 3699 59 0 0 | 4849 81 0 0
CanESMS5 1269 3| 3216 69 | 2264 0.2 0 0 0 0
EC-Earth3 3071 55 | 3699 64 | 5306 89 | 4496 28 0 0
EC-Earth3-Veg 4006 72 | 3699 58 | 5374 49 | 4737 23 0 0
GFDL-CM4 4500 216 | 3500 36 | 6000 291 | 3500 2 | 4500 16
GFDL-ESM4 3760 148 | 3734 60 0 0 0 0| 4214 18
GISS-E2-1-G 4008 225 | 3342 48 0 0 0 0 0 0
GISS-E2-1-G-CC 4007 204 | 3341 42 0 0 0 0 0 0
GISS-E2-1-H 3000 263 | 3500 90 | 4500 63 | 3898 21 | 3159 3
HadGEM3-GC31-LL 3826 59 | 3699 53 | 5395 21 0 0 | 2333 0
INM-CMS5-0 1360 14 0 0 | 4500 111 | 2590 10 | 2886 37
IPSL-CM6A-LR 2686 20 | 3699 56 | 5036 60 0 0 | 2472 1
MCM-UA-1-0 4662 1| 3373 1| 4662 3| 4662 04 | 4662 1
MIROC-ES2L 2590 41 | 4065 88 | 6240 104 0 0| 5190 156
MIROC6 4740 144 | 4065 102 | 6240 234 | 5190 23 | 5190 289
MPI-ESM-1-2-HAM 3770 89 | 3395 70 | 5131 107 | 3760 4 | 4195 37
MPI-ESM1-2-HR 3388 101 | 3033 33 | 5170 94 0 0 | 4195 27
MPI-ESM1-2-LR 3395 47 | 1829 64 | 4872 68 | 3770 6 | 4195 18
MRI-ESM2-0 4033 135 | 3650 52 | 2394 1 | 2958 2 | 2705 2
NESM3 3292 118 | 1951 32 | 3772 50 0 0 | 4506 52
NorCPM1 1005 03 0 0 0 0 0 0 0 0
NorESM2-LM 2741 133 | 3614 61 | 5410 215 | 4191 16 | 2844 10
NorESM2-MM 2770 130 | 2836 82 | 5408 217 | 4297 44 | 3323 51
SAMO-UNICON 3843 193 | 3380 98 0 0 0 0 | 2649 13
UKESM1-0-LL 3750 52 | 3699 85 | 5037 22 | 2195 02 0 0
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Table A2. For each CMIP6 model, 30 year median practical salinity
(S) and potential temperature (6, °C) of the NADW formed in the
subpolar gyre (SPG) or Nordic seas (GIN) and of the AABW are

given.
NADW (SPG) NADW (GIN) AABW
Model S 6 S 6 S 6
ACCESS-CM2 35.126+0.024 5.954+0.26 | 34.988 +0.021 0.65+0.17 | 34.613+£0.045 —0.8440.15
ACCESS-ESM1-5 35.328+0.050 5.894+0.32 | 35.176 £0.031 0.46+0.26 | 34.581+£0.005 —1.064+0.02
BCC-CSM2-MR 35.155+0.038 6.00+0.19 | 35.129 +0.002 1.924+0.00 | 34.4404+0.025 —0.44+0.05
BCC-ESM1 35.086+0.022 6.124+0.16 | 35.0434+0.010 2.20£0.17 | 34.308£0.011 —0.91+0.09
CAMS-CSM1-0 35.104 +£0.004 6.044+0.14 | 34.909 +0.001 0.77+£0.01 | 34.423+0.011 —-0.284+0.07
CESM2 35.264+0.018 5.374+0.18 | 35.064+0.010 1.97+0.11 | 34.677+0.030 —0.50£0.34
CESM2-FV2 35.242+0.027 5.174+0.22 | 35.023 +0.005 1.84+0.10 | 34.7134+0.014 —0.63+£0.08
CESM2-WACCM 35.260+0.025 5.224+0.19 | 35.11240.004 1.75+0.07 | 34.682+0.016 —0.31+£0.15
CESM2-WACCM-FV2 35.258+£0.026 5.40+0.19 | 35.036+0.013 2.394+0.07 | 34.683+0.017 —0.53+£0.10
CNRM-CM6-1 34.968 +£0.030 3.574+0.19 | 34.9274+0.025 0.06£0.33 | 34.679+0.001 0.254+0.02
CNRM-ESM2-1 35.009+0.026 4.124+0.13 | 34.904 +0.024 0.12+£0.26 | 34.641 £0.003 1.00+0.04
CanESM5 34.981+0.008 4.77+0.07 | 34.7994+0.017 0.54+0.10 | 34.655+0.015 —1.07£0.02
EC-Earth3 35.086+0.028 4.904+0.13 | 34.902 4+0.060 0.46+£0.64 | 34.601 £0.000 0.134+0.01
EC-Earth3-Veg 35.261 £0.018 5.56+0.12 | 35.068 +0.024 1.73+0.23 | 34.607+0.014 0.17+£0.02
GFDL-CM4 35.179+£0.025 5.254+0.21 | 34.936 4+ 0.004 1.20+0.63 | 34.460+0.019 —1.08£0.10
GFDL-ESM4 35.251+0.021 5.404+0.16 | 35.1024+0.017 0.58+0.17 | 34.563+0.037 —0.5740.15
GISS-E2-1-G 35.197+0.027 4.81+0.14 | 34.843 4+0.004 0.39+0.05 | 34.559+0.011 —-0.314+0.08
GISS-E2-1-G-CC 35.193+0.039 4.80+0.18 | 34.84040.006 0.57+£0.05 | 34.551+£0.010 —0.234+0.08
GISS-E2-1-H 35.010+0.024 3.964+0.31 | 34.719 +0.008 1.47+0.15 | 34.788 +0.033 0.96 +£0.02
HadGEM3-GC31-LL 35.193+0.013 4.724+0.09 | 34.991 4+0.008 0.07+£0.03 | 34.628+0.032 —0.17%0.16
INM-CMS5-0 35.310+0.007 2.974+0.21 | 35.5124+0.003 —1.59+£0.01 | 35.106£0.017 —0.454+0.12
IPSL-CM6A-LR 35.032+0.018 3.894+0.11 | 35.001 +0.005 1.70+£0.05 | 34.6624+0.007 —1.25+£0.01
MCM-UA-1-0 34.697+0.039 4.10+0.31 | 34.708 +0.009 1.60+0.29 | 34.265+0.003 —1.23£0.10
MIROC-ES2L 34946 +0.007 5.254+0.25 | 34.7814+0.014 0.73+£0.10 | 34.347+0.032 1.56+0.20
MIROC6 35.081+0.004 4.864+0.03 | 34.9534+0.015 1.55+0.07 | 34.4194+0.018 0.22+0.13
MPI-ESM-1-2-HAM 35.195+0.013 5.944+0.13 | 35.128 0.003 1.50+0.04 | 34.5814+0.012 —0.12+£0.05
MPI-ESM1-2-HR 35.175+£0.033  6.07+0.22 | 34.9544+0.003 1.05+0.06 | 34.5544+0.002 —0.35+£0.04
MPI-ESM1-2-LR 35.163+0.017 6.104+0.18 | 35.101 +0.001 1.19+0.02 | 34.5544+0.009 —0.01+£0.05
MRI-ESM2-0 35.094+0.024 4.224+0.33 | 35.04240.009 2.16+0.11 | 34.5264+0.025 —1.21£0.10
NESM3 34.894+0.013 3.964+0.65 | 34.8964+0.001 —0.360.00 | 34.689 + 0.000 0.84+0.01
NorCPM1 35.227+0.011 4.494+0.08 | 35.2764+0.000 —1.52+£0.00 | 34.659+0.000 —0.7240.00
NorESM2-LM 35.373+£0.013 4.544+0.13 | 35.1574+£0.024 —0.31£0.16 | 34.543£0.115 —-1.48+0.11
NorESM2-MM 35.391+0.014 4.4840.21 | 35.3764+0.042 —0.74+£0.44 | 34796 +£0.137 —1.57%+0.07
SAMO-UNICON 35.138+0.030 4.434+0.66 | 35.05540.007 0.93+0.06 | 34.745+0.016 —1.044+0.07
UKESM1-0-LL 35.141+£0.041 4.434+0.21 | 34.99040.026 0.38+0.22 | 34.639+0.037 —0.74£0.20
Multi-model mean 35.163+0.143 4.864+0.81 | 35.001 +=0.169 0.77+£0.99 | 34.607+0.154 —-0.454+0.73
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Appendix B: Transports

In this section, you will find two tables to complement
Sect. 3.3.

— Table B1 presents the AMOC and southernmost extent
of NADW in each model.

— Table B2 presents the SMOC and northernmost extent
of AABW in the Atlantic, Indian, and Pacific oceans in
each model.

Table B1. For each CMIP6 model, the 30 year median AMOC at
35°N (in Sv) and the southernmost latitude (in degrees north) of
the 2000 m thick NADW layer in the Atlantic from Fig. 6 are given.

Model AMOC latitude
ACCESS-CM2 19.8+3.5 48.5
ACCESS-ESM1-5 20.0£2.1 44.5
BCC-CSM2-MR 26.14+2.8 —49.5
BCC-ESM1 253+3.7 —-59.5
CAMS-CSM1-0 14.8+3.5 50.5
CESM2 24946.5 —49.5
CESM2-FV2 256+64 -50.5
CESM2-WACCM 2474+73 —49.5
CESM2-WACCM-FV2 24.8+7.0 -50.5
CNRM-CM6-1 19.4+49 —46.5
CNRM-ESM2-1 20.0£5.1 —47.5
CanESM35 15.1+£5.7 60
EC-Earth3 17.8 5.1 41.5
EC-Earth3-Veg 19.54+5.0 31.5
GFDL-CM4 8.9+10.7 —43.5
GFDL-ESM4 N/A —48.5
GISS-E2-1-G 222448 —51.5
GISS-E2-1-G-CC 24.0+4.1 -50.5
GISS-E2-1-H 16.4+£12.9 60
HadGEM3-GC31-LL 18.8+4.0 50.5
INM-CM5-0 63.1+19.8 60
IPSL-CM6A-LR 134+53 60
MCM-UA-1-0 179424 8.5
MIROC-ES2L 15.0+6.0 47.5
MIROC6 19.0+6.2 47.5
MPI-ESM-1-2-HAM 29.6 8.7 2.5
MPI-ESM1-2-HR 1.8+12.8 -50.5
MPI-ESM1-2-LR 254+74 —13.5
MRI-ESM2-0 18.6 +17.7 —48.5
NESM3 8.8+4.2 19.5
NorCPM1 N/A —49.5
NorESM2-LM 18.0+7.3 60
NorESM2-MM 21.4+7.6 40.5
SAMO-UNICON 249+5.6 -50.5
UKESM1-0-LL 18.6+4.5 40.5
Multi-model median 19.54+9.5
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Table B2. For each CMIP6 model, the 30 year median southern
MOC at 30°S (SMOC, in Sv) and the northernmost latitude (in
degrees north) of the 2000 m thick AABW layer in each ocean from

Fig. 5 are given.

C. Heuzé: AABW and NADW in CMIP6

Atlantic Indian Pacific

Model SMOC lat. SMOC lat. SMOC lat.
ACCESS-CM2 42+12 =355 1.5+3.1 16.5 39438 54.5
ACCESS-ESM1-5 3.6+1.0 =345 1.9+33 21.5 59435 54.5
BCC-CSM2-MR 2.7+1.1 7.5 48+9.1 16.5 6.7+£3.5 57.5
BCC-ESM1 42+1.5 13.5 3.6+83 17.5 82427 58.5
CAMS-CSM1-0 59+1.8 8.5 1.6+£46 —12.5 2.8+3.5 58.5
CESM2 23+12 385 22+28 —49.5 3.94+40 52.5
CESM2-FV2 23+12 —40.5 20+3.1 =515 3.54+3.7 17.5
CESM2-WACCM 2.1+12 —385 1.9+£30 —-395 33437 53.5
CESM2-WACCM-FV2 27413 —-38.5 1.6+£30 -50.5 32437 52.5
CNRM-CM6-1 1.5+£1.7 =265 34446 21.5 6.3+4.8 57.5
CNRM-ESM2-1 1.8+1.6 -=31.5 3.1+4.8 19.5 6.2+4.5 60.5
CanESM5 40+£1.6 —-3.5 3.7+2.8 11.5 63+34 57.5
EC-Earth3 3.84+22 14.5 1.5+45 14.5 49442 60.5
EC-Earth3-Veg 28+2.1 =255 1.3+4.38 25.5 43+4.1 59.5
GFDL-CM4 3.0+24 135 | 11.14+18.2 11.5 32431 59.5
GFDL-ESM4 N/A 14.5 N/A 25.5 N/A 60.5
GISS-E2-1-G 04+0.5 —40.5 87457 —-435 | 10.1£58 —425
GISS-E2-1-G-CC 03+05 —41.5 89+56 =375 | 109+62 —445
GISS-E2-1-H 02+1.6 —335 103+83 —40.5 73+£6.7 —53.5
HadGEM3-GC31-LL 3.1+£19 -26.5 23134 25.5 7.1+4.8 59.5
INM-CM5-0 34+19 52.5 3.0+2.8 —50 | 10.8£3.9 —-50
IPSL-CM6A-LR 3.84+2.6 2.5 23+44 16.5 58+54 60.5
MCM-UA-1-0 35+06 =335 1.5+1.6 21.5 39+19 =235
MIROC-ES2L 0.34+0.5 13.5 5.1+42 17.5 | 12.14£5.3 58.5
MIROC6 40+£1.3 14.5 51437 235 | 13.6+4.0 60.5
MPI-ESM-1-2-HAM 29415 13.5 3.1+53 =305 3.0+34 60.5
MPI-ESM1-2-HR 5.8+2.1 13.5 41+£49 —175 51+£35 60.5
MPI-ESM1-2-LR 29+1.6 13.5 33+49 =305 29437 60.5
MRI-ESM2-0 28+12 =275 2.6+4.0 25.5 6.6+5.6 56.5
NESM3 14+14 —-6.5 23+4.8 —4.5 44+47 57.5
NorCPM1 N/A —475 N/A —475 N/A  —-235
NorESM2-LM 1.7£1.1 =395 33+43 —28.5 | 10.5+4.8 60.5
NorESM2-MM 14+1.0 5.5 40+4.8 145 | 10.6£5.3 59.5
SAMO-UNICON 1.7£1.1 —425 29+38 —495 56t+45 —11.5
UKESM1-0-LL 34+19 -36.5 3.0+33 25.5 9.0+4.2 59.5
Multi-model median 28+14 3.0£25 59430
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Code availability. Codes can be provided upon reasonable request.

Data availability. CMIP6 data are freely available via any por-
tal of the Earth System Grid Federation; for this paper, we
mostly used https://esgf-data.dkrz.de/projects/cmip6-dkrz/ (last ac-
cess: May 2020). The World Ocean Atlas 2018 data can be accessed
freely at https://www.nodc.noaa.gov/OC5/woal8/woal8data.html
(last access: May 2020); the de Boyer Montégut et al. (2004) mixed-
layer depth reference data can be accessed at http://www.ifremer.
fr/cerweb/deboyer/mld/Surface_Mixed_Layer_Depth.php (last ac-
cess: May 2020); the GEBCO reference bathymetry can be accessed
at https://www.gebco.net/ (last access: May 2020).

Video supplement. Two videos of monthly bottom density around
Antarctica over the entire historical run are available as in the Sup-
plement: in ACCESS-CM2, which has no overflow (https://doi.
org/10.5446/47545, last access: January 2021), and in NorESM2-
MM, which exhibits overflows very clearly (https://doi.org/10.
5446/47544, last access: January 2021).

Competing interests. The authors declare that they have no conflict
of interest.

Competing interests. The author declares no competing interests.

Acknowledgements. This work is supported by the Swedish Re-
search Council (grant no. 2018-03859). We acknowledge the World
Climate Research Programme’s Working Group on Coupled Mod-
elling, which is responsible for CMIP, and we thank the climate
modelling groups (whose models are listed in Table 1 of this paper)
for producing and making their model output available. The author
thanks the two anonymous reviewers, whose comments greatly im-
proved the quality of this paper. Céline Heuzé would also like to
thank Jonathan Rheinle@nder for the constructive discussion that in-
spired this work, Martin Mohrmann for the regular CMIP6 deep
convection chats during its writing, and Matthew Menary for freely
sharing his AMOC data (which was, in fact, not used in this paper).

Financial support. This research has been supported by the
Swedish Research Council (grant no. 2018-03859).

Review statement. This paper was edited by Matthew Hecht and
reviewed by two anonymous referees.

References
Armour, K.: Energy budget constraints on climate sensitivity in

light of inconstant climate feedbacks, Nat. Clim. Change, 7, 331—
335, https://doi.org/10.1038/nclimate3278, 2017.

https://doi.org/10.5194/0s-17-59-2021

87

Arthun, M., Eldevik, T., and Smedsrud, L.: The Role of At-
lantic Heat Transport in Future Arctic Winter Sea Ice Loss,
J. Climate, 32, 3327-3341, https://doi.org/10.1175/JCLI-D-18-
0750.1, 2019.

Ba, J., Keenlyside, N., Latif, M., Park, W., Ding, H.,
Lohmann, K., Mignot, J., Menary, M., Ottera, O., Wouters, B.,
and Salas y Melia, D.: A multi-model comparison of
Atlantic multidecadal  variability, Clim. Dynam., 43,
https://doi.org/10.1007/s00382-014-2056-1, 2014.

Beadling, R., Russell, J., Stouffer, R., Mazloff, M., Talley, L., Good-
man, P., Sallée, J., Hewittd, H., Hyder, P., and Pandde, A.: Rep-
resentation of Southern Ocean properties across Coupled Model
Intercomparison Project generations: CMIP3 to CMIP6, J. Cli-
mate, EOR, https://doi.org/10.1175/JCLI-D-19-0970.1, 2020.

Behrens, E., Rickard, G., Morgenstern, O., Martin, T., Osprey, A.,
and Joshi, M.: Southern Ocean deep convection in global climate
models: A driver for variability of subpolar gyres and Drake Pas-
sage transport on decadal timescales, J. Geophys. Res.-Oceans,
121, 3905-3925, https://doi.org/10.1002/2015JC011286, 2016.

Briegleb, P., Danabasoglu, G., and Large, G.: An overflow param-
eterization for the ocean component of the Community Climate
System Model, https://doi.org/10.5065/D69K4863, 2010.

Brodeau, L. and Koenigk, T.: Extinction of the northern oceanic
deep convection in an ensemble of climate model simulations
of the 20th and 21st centuries, Clim. Dynam., 46, 2863-2882,
https://doi.org/10.1007/s00382-015-2736-5, 2016.

Broecker, W. S.: The Glacial World According to Wally, Eldigio
Press, New York, 2 edn., 1995.

Cabré, A., Marinov, 1., and Gnanadesikan, A.: Global atmospheric
teleconnections and multidecadal climate oscillations driven
by Southern Ocean convection, J. Climate, 30, 8107-8126,
https://doi.org/10.1175/JCLI-D-16-0741.1, 2017.

Campbell, E., Wilson, E., Moore, G., Riser, S., Brayton, C., Ma-
zloff, M., and Talley, L.: Antarctic offshore polynyas linked to
Southern Hemisphere climate anomalies, Nature, 570, 319-325,
https://doi.org/10.1038/s41586-019-1294-0, 2019.

Cao, J.,, Wang, B., Yang, Y.-M., Ma, L., Li, J, Sun, B,
Bao, Y., He, J., Zhou, X., and Wu, L.: The NUIST Earth
System Model (NESM) version 3: description and pre-
liminary evaluation, Geosci. Model Dev., 11, 2975-2993,
https://doi.org/10.5194/gmd-11-2975-2018, 2018.

Chen, H., Morrison, A., Dufour, C., and Sarmiento, J.: Deci-
phering patterns and drivers of heat and carbon storage in
the Southern Ocean, Geophys. Res. Lett., 46, 3359-3367,
https://doi.org/10.1029/2018GL080961, 2019.

Counillon, F.,, Keenlyside, N., Bethke, I., Wang, Y., Billeau, S.,
Shen, M., and Bentsen, M.: Flow-dependent assimilation of
sea surface temperature in isopycnal coordinates with the
Norwegian Climate Prediction Model, Tellus A, 68, 32437,
https://doi.org/10.3402/tellusa.v68.32437, 2016.

Cox, P, Huntingford, C., and Williamson, M.: Emer-
gent constraint on equilibrium climate sensitivity from
global temperature variability, Nature, 553, 319-322,
https://doi.org/10.1038/nature25450, 2018.

Danabasoglu, G., Lamarque, J., Bacmeister, J., Bai-
ley, D. A., DuVivier, A. K., Edwards, J., and Emmons
et al., L. K.: The community earth system model version 2
(CESM2), J. Adv. Model. Earth Sy., 12, e2019MS001916,
https://doi.org/10.1029/2019MS001916, 2020.

Ocean Sci., 17, 59-90, 2021


https://esgf-data.dkrz.de/projects/cmip6-dkrz/
https://www.nodc.noaa.gov/OC5/woa18/woa18data.html
http://www.ifremer.fr/cerweb/deboyer/mld/Surface_Mixed_Layer_Depth.php
http://www.ifremer.fr/cerweb/deboyer/mld/Surface_Mixed_Layer_Depth.php
https://www.gebco.net/
https://doi.org/10.5446/47545
https://doi.org/10.5446/47545
https://doi.org/10.5446/47544
https://doi.org/10.5446/47544
https://doi.org/10.1038/nclimate3278
https://doi.org/10.1175/JCLI-D-18-0750.1
https://doi.org/10.1175/JCLI-D-18-0750.1
https://doi.org/10.1007/s00382-014-2056-1
https://doi.org/10.1175/JCLI-D-19-0970.1
https://doi.org/10.1002/2015JC011286
https://doi.org/10.5065/D69K4863
https://doi.org/10.1007/s00382-015-2736-5
https://doi.org/10.1175/JCLI-D-16-0741.1
https://doi.org/10.1038/s41586-019-1294-0
https://doi.org/10.5194/gmd-11-2975-2018
https://doi.org/10.1029/2018GL080961
https://doi.org/10.3402/tellusa.v68.32437
https://doi.org/10.1038/nature25450
https://doi.org/10.1029/2019MS001916

88

Danek, C., Scholz, P, and Lohmann, G.: Effects of high resolu-
tion and spinup time on modeled North Atlantic circulation, J.
Phys. Oceanogr., 49, 1159-1181, https://doi.org/10.1175/JPO-
D-18-0141.1, 2019.

de Boyer Montégut, C., Madec, G., Fischer, A. S., Lazar, A., and [u-
dicone, D.: Mixed layer depth over the global ocean: an examina-
tion of profile data and a profile-based climatology, J. Geophys.
Res., 109, C12003, https://doi.org/10.1029/2004JC002378,
2004.

De Lavergne, C., Palter, J., Galbraith, E., Bernardello, R., and Mari-
nov, I.: Cessation of deep convection in the open Southern Ocean
under anthropogenic climate change, Nat. Clim. Change, 4, 278—
282, https://doi.org/10.1038/nclimate2132, 2014.

Drucker, R., Martin, S., and Kwok, R.: Sea ice produc-
tion and export from coastal polynyas in the Wed-
dell and Ross Seas, Geophys. Res. Lett., 38, L17502,
https://doi.org/10.1029/2011GL048668, 2011.

Duchez, A., Courtois, P., Harris, E., Josey, S., Kanzow, T,
Marsh, R., Smeed, D., and Hirschi, J.: Potential for sea-
sonal prediction of Atlantic sea surface temperatures using
the RAPID array at 26°N, Clim. Dynam., 46, 3351-3370,
https://doi.org/10.1007/s00382-015-2918-1, 2016.

Eyring, V., Bony, S., Meehl, G. A., Senior, C. A., Stevens, B.,
Stouffer, R. J., and Taylor, K. E.: Overview of the Coupled
Model Intercomparison Project Phase 6 (CMIP6) experimen-
tal design and organization, Geosci. Model Dev., 9, 1937-1958,
https://doi.org/10.5194/gmd-9-1937-2016, 2016.

GEBCO  Compilation  Group: GEBCO 2019  Grid,
https://doi.org/10.5285/836f016a-33be-6ddc-e053-
6¢86abc0788e, 2019.

Haase, S., Matthes, K., Latif, M., and Omrani, N.: The impor-
tance of a properly represented stratosphere for northern hemi-
sphere surface variability in the atmosphere and the ocean,
J. Climate, 31, 8481-8497, https://doi.org/10.1175/JCLI-D-17-
0520.1, 2018.

Hajima, T., Watanabe, M., Yamamoto, A., Tatebe, H., Noguchi, M.
A., Abe, M., Ohgaito, R., Ito, A., Yamazaki, D., Okajima, H., Ito,
A., Takata, K., Ogochi, K., Watanabe, S., and Kawamiya, M.:
Development of the MIROC-ES2L Earth system model and the
evaluation of biogeochemical processes and feedbacks, Geosci.
Model Dev., 13, 2197-2244, https://doi.org/10.5194/gmd-13-
2197-2020, 2020.

Held, I., Guo, H., Adcroft, A., Dunne, J., Horowitz, L., Krast-
ing, J., Shevliakova, E., Winton, M., Zhao, M., Bushuk, M.,
and Wittenberg, A.: Structure and performance of GFDL’s CM4.
0 climate model, J. Adv. Model. Earth Sy., 11, 3691-3727,
https://doi.org/10.1029/2019MS001829, 2019.

Heuzé, C.: North Atlantic deep water
AMOC in CMIP5 models, Ocean Sci.,
https://doi.org/10.5194/0s-13-609-2017, 2017.

Heuzé, C. and Arthun, M.: The Atlantic inflow across the
Greenland-Scotland ridge in global climate models (CMIPS),
Elem. Sci. Anth., 7, 16, https://doi.org/10.1525/elementa.354,
2019.

Heuzé, C., Heywood, K., Stevens, D., and Ridley, J.: Southern
Ocean bottom water characteristics in CMIP5 models, Geophys.
Res. Lett., 40, 1409-1414, https://doi.org/10.1002/grl.50287,
2013.

formation and
13, 609-622,

Ocean Sci., 17, 59-90, 2021

C. Heuzé: AABW and NADW in CMIP6

Heuzé, C., Heywood, K., Stevens, D., and Ridley, J.: Changes in
global ocean bottom properties and volume transports in CMIP5
models under climate change scenarios, J. Climate, 28, 2917—
2944, https://doi.org/10.1175/ICLI-D-14-00381.1, 2015.

Holt, J., Hyder, P., Ashworth, M., Harle, J., Hewitt, H. T., Liu, H.,
New, A. L., Pickles, S., Porter, A., Popova, E., Allen, J. L, Sid-
dorn, J., and Wood, R.: Prospects for improving the representa-
tion of coastal and shelf seas in global ocean models, Geosci.
Model Dev., 10, 499-523, https://doi.org/10.5194/gmd-10-499-
2017, 2017.

Huussen, T., Naveira-Garabato, A., Bryden, H., and McDon-
agh, E.: Is the deep Indian Ocean MOC sustained by
breaking internal waves?, J. Geophys. Res., 117, C08024,
https://doi.org/10.1029/2012JC008236, 2012.

Jenkins, A.. The impact of melting ice on ocean waters,
J.  Phys. Oceanogr., 29, https://doi.org/10.1175/1520-
0485(1999)029<2370: TIOMI0>2.0.C0O;2, 1999.

Johnson, G.: Quantifying Antarctic bottom water and North At-
lantic deep water volumes, J. Geophys. Res.-Oceans, 113,
C05027, https://doi.org/10.1029/2007JC004477, 2008.

Killworth, P.: Deep convection in the world ocean, Rev. Geophys.,
21, 1-26, https://doi.org/10.1029/RG021i001p00001, 1983.

Koenigk, T., Fuentes-Franco, R., Meccia, V., Gutjahr, O., Jack-
son, L. C., New, A. L., Ortega, P., Roberts, C., Roberts, M.,
Arsouze, T., Iovino, D., Moine, M.-P., and Sein, D. V.: Deep
water formation in the North Atlantic Ocean in high reso-
lution global coupled climate models, Ocean Sci. Discuss.,
https://doi.org/10.5194/0s-2020-41, 2020.

Kuhlbrodt, T., Jones, C., Sellar, A., Storkey, D., Block-
ley, E., Stringer, M., Hill, R., Graham, T., Ridley, J.,
Blaker, A., and Calvert, D.: The low resolution version
of HadGEM3 GC3. 1: Development and evaluation for
global climate, J. Adv. Model. Earth Sy., 10, 2865-2888,
https://doi.org/10.1029/2018MS001370, 2018.

Lin, P, Yu, Z., Lu, J, Ding, M., Hu, A., and Liu, H.:
Two regimes of Atlantic multidecadal oscillation: cross-
basin dependent or Atlantic-intrinsic, Sci. Bull., 64, 198-204,
https://doi.org/10.1016/j.scib.2018.12.027, 2019.

Lique, C. and Thomas, M.: Latitudinal shift of the At-
lantic Meridional Overturning Circulation source regions un-
der a warming climate, Nat. Clim. Change, 8, 1013-1020,
https://doi.org/10.1038/s41558-018-0316-5, 2018.

Liu, W., Fedorov, A., and Sévellec, F.: The mechanisms of
the Atlantic meridional overturning circulation slowdown in-
duced by Arctic sea ice decline, J. Climate, 32, 977-996,
https://doi.org/10.1175/JCLI-D-18-0231.1, 2019.

Locarnini, R., Mishonov, A., Baranova, O., Boyer, T., Zweng, M.,
Garcia, H., Reagan, J., Seidov, D., Weathers, K., Paver, C., and
Smolyar, I.: Temperature, in: World Ocean Atlas 2018, Vol. 1,
edited by: Mishonov, A., NOAA Atlas NESDIS 81, 2018.

Lozier, M., Li, F., Bacon, S., Bahr, F., Bower, A., Cunning-
ham, S., De Jong, M., De Steur, L., Deyoung, B., Fis-
cher, J., and Gary, S.: A sea change in our view of over-
turning in the subpolar North Atlantic, Science, 363, 516-521,
https://doi.org/10.1126/science.aau6592, 2019.

Lumpkin, R. and Speer, K.. Global ocean meridional
overturning, J.  Phys. Oceanogr, 37, 2550-2562,
https://doi.org/10.1175/JPO3130.1, 2007.

https://doi.org/10.5194/0s-17-59-2021


https://doi.org/10.1175/JPO-D-18-0141.1
https://doi.org/10.1175/JPO-D-18-0141.1
https://doi.org/10.1029/2004JC002378
https://doi.org/10.1038/nclimate2132
https://doi.org/10.1029/2011GL048668
https://doi.org/10.1007/s00382-015-2918-1
https://doi.org/10.5194/gmd-9-1937-2016
https://doi.org/10.5285/836f016a-33be-6ddc-e053-6c86abc0788e
https://doi.org/10.5285/836f016a-33be-6ddc-e053-6c86abc0788e
https://doi.org/10.1175/JCLI-D-17-0520.1
https://doi.org/10.1175/JCLI-D-17-0520.1
https://doi.org/10.5194/gmd-13-2197-2020
https://doi.org/10.5194/gmd-13-2197-2020
https://doi.org/10.1029/2019MS001829
https://doi.org/10.5194/os-13-609-2017
https://doi.org/10.1525/elementa.354
https://doi.org/10.1002/grl.50287
https://doi.org/10.1175/JCLI-D-14-00381.1
https://doi.org/10.5194/gmd-10-499-2017
https://doi.org/10.5194/gmd-10-499-2017
https://doi.org/10.1029/2012JC008236
https://doi.org/10.1175/1520-0485(1999)029<2370:TIOMIO>2.0.CO;2
https://doi.org/10.1175/1520-0485(1999)029<2370:TIOMIO>2.0.CO;2
https://doi.org/10.1029/2007JC004477
https://doi.org/10.1029/RG021i001p00001
https://doi.org/10.5194/os-2020-41
https://doi.org/10.1029/2018MS001370
https://doi.org/10.1016/j.scib.2018.12.027
https://doi.org/10.1038/s41558-018-0316-5
https://doi.org/10.1175/JCLI-D-18-0231.1
https://doi.org/10.1126/science.aau6592
https://doi.org/10.1175/JPO3130.1

C. Heuzé: AABW and NADW in CMIP6

Lurton, T., Balkanski, Y., Bastrikov, V., Bekki, S., Bopp, L., Bra-
connot, P., Brockmann, P., Cadule, P., Contoux, C., Cozic, A.,
and Cugnet, D.: Implementation of the CMIP6 Forcing Data
in the IPSL CM6A LR Model, J. Adv. Model. Earth Sy.,
12, €2019MS001940, https://doi.org/10.1029/2019MS001940,
2020.

Mauritsen, T., Bader, J., Becker, T., Behrens, J., Bittner, M.,
Brokopf, R., Brovkin, V., Claussen, M., Crueger, T., Esch, M.,
and Fast, I.: Developments in the MPI M Earth System
Model version 1.2 (MPI-ESMI1. 2) and its response to in-
creasing COj, J. Adv. Model. Earth Sy., 11, 998-1038,
https://doi.org/10.1029/2018MS001400, 2019.

Meijers, A., Shuckburgh, E., Bruneau, N., Sallée, J., Bracegir-
dle, T., and Wang, Z.: Representation of the Antarctic Circumpo-
lar Current in the CMIP5 climate models and future changes un-
der warming scenarios, J. Geophys. Res.-Oceans, 117, C12008,
https://doi.org/10.1029/2012JC008412, 2012.

Menary, M. and Wood, R.: An anatomy of the projected North At-
lantic warming hole in CMIP5 models, Clim. Dynam., 50, 3063—
3080, https://doi.org/10.1007/s00382-017-3793-8, 2018.

Menary, M., Hodson, D., Robson, J., Sutton, R., Wood, R., and
Hunt, J.: Exploring the impact of CMIP5 model biases on the
simulation of North Atlantic decadal variability, Geophys. Res.
Lett., 42, 5926-5934, https://doi.org/10.1002/2015GL064360,
2015.

Menary, M., Robson, J., Allan, R., Booth, B., Cassou, C.,
Gastineau, G., Gregory, J., Hodson, D., Jones, C., Mignot, J.,
Ringer, M., Sutton, R., Wilcox, L., and Zhang, R.:
Aerosol-forced AMOC changes in CMIP6 historical
simulations, Geophys. Res. Lett, 47, ¢2020GL088166,
https://doi.org/10.1029/2020GL088166, 2020.

Menviel, L., Spence, P., Skinner, L., Tachikawa, K., Friedrich, T.,
Missiaen, L., and Yu, J.: Enhanced Mid depth South-
ward Transport in the Northeast Atlantic at the Last
Glacial Maximum Despite a Weaker AMOC, Paleo-
ceanography and Paleoclimatologys, 35, e2019PA003793,
https://doi.org/10.1029/2019PA003793, 2020.

Mohrmann, M., Heuzé, C., and Swart, S.: Southern Ocean polynyas
in CMIP6 models, The Cryosphere, submitted, 2021.

Miiller, W., Jungclaus, J., Mauritsen, T., Baehr, J., Bittner, M., Bu-
dich, R., Bunzel, F., Esch, M., Ghosh, R., Haak, H., and Ily-
ina, T.: A Higher resolution Version of the Max Planck Institute
Earth System Model (MPI-ESM1. 2 HR), J. Adv. Model. Earth
Sy., 10, 1383-1413, https://doi.org/10.1029/2017MS001217,
2018.

Notz, D., Jahn, A., Holland, M., Hunke, E., Massonnet, F., Stroeve,
J., Tremblay, B., and Vancoppenolle, M.: The CMIP6 Sea-
Ice Model Intercomparison Project (SIMIP): understanding sea
ice through climate-model simulations, Geosci. Model Dev., 9,
3427-3446, https://doi.org/10.5194/gmd-9-3427-2016, 2016.

Nowicki, S. M. J., Payne, A., Larour, E., Seroussi, H., Goelzer,
H., Lipscomb, W., Gregory, J., Abe-Ouchi, A., and Shep-
herd, A.: Ice Sheet Model Intercomparison Project (ISMIP6)
contribution to CMIP6, Geosci. Model Dev., 9, 4521-4545,
https://doi.org/10.5194/gmd-9-4521-2016, 2016.

Odaka, T., Banihirwe, A., Eynard-Bontemps, G., Ponte, A.,
Maze, G., Paul, K., Baker, J., and Abernathey, R.: Tools and
Techniques for High Performance Computing, Springer, Cham
(Switzerland), 2020.

https://doi.org/10.5194/0s-17-59-2021

89

Ohshima, K., Fukamachi, Y., Williams, G., Nihashi, S., Roquet, F.,
Kitade, Y., Tamura, T., Hirano, D., Herraiz-Borreguero, L.,
Field, 1., and Hindell, M.: Antarctic Bottom Water production
by intense sea-ice formation in the Cape Darnley polynya, Nat.
Geosci., 6, 235-240, https://doi.org/10.1038/ngeo1738, 2013.

Orsi, A.: Recycling bottom waters, Nat. Geosci., 3, 307-309,
https://doi.org/10.1038/ngeo854, 2010.

Park, S., Shin, J., Kim, S., Oh, E., and Kim, Y.: Global climate simu-
lated by the seoul national university atmosphere model version 0
with a unified convection scheme (samO-unicon), J. Climate, 32,
2917-2949, https://doi.org/10.1175/JCLI-D-18-0796.1, 2019.

Patara, L. and Boning, C.: Abyssal ocean warming
around Antarctica strengthens the Atlantic overturn-
ing circulation, Geophys. Res. Lett., 41, 3972-3978,

https://doi.org/10.1002/2014GL059923, 2014.

Roach, L., Dorr, J., Holmes, C., Massonnet, F., Blockley, E.,
Notz, D., Rackow, T., Raphael, M., O’Farrell, S., Bailey, D., and
Bitz, C.: Antarctic sea ice area in CMIP6, Geophys. Res. Lett.,
47, e2019GL086729, https://doi.org/10.1029/2019GL086729,
2020.

Rong, X. Y., Li, J., and Chen, H. M.: Introduction of CAMS-
CSM model and its participation in CMIP6, Stud. Environ. Sci.,
6, 540-544, https://doi.org/10.12006/j.issn.1673-1719.2019.186,
2019.

Sallée, J., Shuckburgh, E., Bruneau, N., Meijers, A., Bracegirdle, T.,
and Wang, Z.: Assessment of Southern Ocean mixed layer depths
in CMIP5 models: Historical bias and forcing response, J. Geo-
phys. Res.-Oceans, https://doi.org/10.1002/jgrc.20157, 2013.

Séférian, R., Nabat, P., Michou, M., Saint Martin, D., Voldoire, A.,
Colin, J., Decharme, B., Delire, C., Berthet, S., Chevallier, M.,
and Sénési, S.: Evaluation of CNRM Earth System Model,
CNRM ESM2 1: Role of Earth System Processes in Present Day
and Future Climate, J. Adv. Model. Earth Sy., 11, 4182-4227,
https://doi.org/10.1029/2019MS001791, 2019.

Sellar, A., Walton, J., Jones, C., Wood, R., Abraham, N.,
Andrejczuk, M., Andrews, M., Andrews, T., Archibald, A.,
de Mora, L., and Dyson, H.: Implementation of UK Earth
system models for CMIP6, J. Adv. Model. Earth Sy.,
12, €2019MS001946, https://doi.org/10.1029/2019MS001946,
2020.

Shu, Q., Wang, Q., Song, Z., Qiao, F., Zhao, J., Chu, M., and Li, X.:
Assessment of sea ice extent in CMIP6 with comparison to obser-
vations and CMIPS, Geophys. Res. Lett., 47, e2020GL087965,
https://doi.org/10.1029/2020GL087965, 2020.

Snow, K., Hogg, A., Downes, S., Sloyan, B., Bates, M.,
and Griffies, S.: Sensitivity of abyssal water masses to
overflow parameterisations, Ocean Model., 89, 84-103,
https://doi.org/10.1016/j.ocemod.2015.03.004, 2015.

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., Hanna,
S., Jiao, Y., Lee, W. G., Majaess, F., Saenko, O. A., Seiler, C.,
Seinen, C., Shao, A., Sigmond, M., Solheim, L., von Salzen, K.,
Yang, D., and Winter, B.: The Canadian Earth System Model
version 5 (CanESMS5.0.3), Geosci. Model Dev., 12, 4823-4873,
https://doi.org/10.5194/gmd-12-4823-2019, 2019.

Sweetman, A., Thurber, A., Smith, C., Levin, L., Mora, C., Wei, C.,
Gooday, A., Jones, D., Rex, M., Yasuhara, M., and Ingels, J.: Ma-
jor impacts of climate change on deep-sea benthic ecosystems,

Ocean Sci., 17, 59-90, 2021


https://doi.org/10.1029/2019MS001940
https://doi.org/10.1029/2018MS001400
https://doi.org/10.1029/2012JC008412
https://doi.org/10.1007/s00382-017-3793-8
https://doi.org/10.1002/2015GL064360
https://doi.org/10.1029/2020GL088166
https://doi.org/10.1029/2019PA003793
https://doi.org/10.1029/2017MS001217
https://doi.org/10.5194/gmd-9-3427-2016
https://doi.org/10.5194/gmd-9-4521-2016
https://doi.org/10.1038/ngeo1738
https://doi.org/10.1038/ngeo854
https://doi.org/10.1175/JCLI-D-18-0796.1
https://doi.org/10.1002/2014GL059923
https://doi.org/10.1029/2019GL086729
https://doi.org/10.12006/j.issn.1673-1719.2019.186
https://doi.org/10.1002/jgrc.20157
https://doi.org/10.1029/2019MS001791
https://doi.org/10.1029/2019MS001946
https://doi.org/10.1029/2020GL087965
https://doi.org/10.1016/j.ocemod.2015.03.004
https://doi.org/10.5194/gmd-12-4823-2019

90

Elem. Sci. Anth., 5, 4, https://doi.org/10.1525/elementa.203,
2017.

Tatebe, H., Ogura, T., Nitta, T., Komuro, Y., Ogochi, K., Takemura,
T., Sudo, K., Sekiguchi, M., Abe, M., Saito, F., Chikira, M.,
Watanabe, S., Mori, M., Hirota, N., Kawatani, Y., Mochizuki,
T., Yoshimura, K., Takata, K., O’ishi, R., Yamazaki, D., Suzuki,
T., Kurogi, M., Kataoka, T., Watanabe, M., and Kimoto, M.:
Description and basic evaluation of simulated mean state, in-
ternal variability, and climate sensitivity in MIROC6, Geosci.
Model Dev., 12, 2727-2765, https://doi.org/10.5194/gmd-12-
2727-2019, 2019.

Taylor, K., Stouffer, R., and Meehl, G.: An overview of CMIP5
and the experiment design, B. Am. Meteorol. Soc., 93, 485498,
https://doi.org/10.1175/BAMS-D-11-00094.1, 2012.

Tjiputra, J. E,, Schwinger, J., Bentsen, M., Morée, A. L., Gao, S.,
Bethke, I., Heinze, C., Goris, N., Gupta, A., He, Y.-C., Olivié,
D., Seland, @., and Schulz, M.: Ocean biogeochemistry in the
Norwegian Earth System Model version 2 (NorESM2), Geosci.
Model Dev., 13, 2393-2431, https://doi.org/10.5194/gmd-13-
2393-2020, 2020.

Vage, K., Pickart, R., Thierry, V., Reverdin, G., Lee, C.,
Petrie, B., Agnew, T., Wong, A., and Ribergaard, M.: Sur-
prising return of deep convection to the subpolar North At-
lantic Ocean in winter 2007-2008, Nat. Geosci., 2, 67-72,
https://doi.org/10.1038/nge0382, 2009.

Voldoire, A., Saint Martin, D., Sénési, S., Decharme, B., Alias, A.,
Chevallier, M., and Colin et al., J.: Evaluation of CMIP6 DECK
Experiments With CNRM CM6 1, J. Adv. Model. Earth Sy., 11,
2177-2213, https://doi.org/10.1029/2019MS001683, 2019.

Volodin, E. and Gritsun, A.: Simulation of observed climate
changes in 1850-2014 with climate model INM-CMS5, Earth
Syst. Dynam., 9, 1235-1242, https://doi.org/10.5194/esd-9-
1235-2018, 2018.

Wang, Z., Wu, Y, Lin, X, Liu, C., and Xie, Z.: Impacts of
open-ocean deep convection in the Weddell Sea on coastal
and bottom water temperature, Clim. Dynam., 48, 2967-2981,
https://doi.org/10.1007/s00382-016-3244-y, 2017.

Ocean Sci., 17, 59-90, 2021

C. Heuzé: AABW and NADW in CMIP6

Wu, T., Lu, Y., Fang, Y., Xin, X., Li, L., Li, W,, Jie, W., Zhang,
J., Liu, Y., Zhang, L., Zhang, F., Zhang, Y., Wu, F,, Li, J., Chu,
M., Wang, Z., Shi, X., Liu, X., Wei, M., Huang, A., Zhang, Y.,
and Liu, X.: The Beijing Climate Center Climate System Model
(BCC-CSM): the main progress from CMIP5 to CMIP6 , Geosci.
Model Dev., 12, 1573-1600, https://doi.org/10.5194/gmd-12-
1573-2019, 2019.

Yukimoto, S., Kawai, H., Koshiro, T., Oshima, N., Yoshida, K.,
Urakawa, S., Tsujino, H., Deushi, M., Tanaka, T., Hosaka, M.,
and Yabu, S.: The Meteorological Research Institute Earth Sys-
tem Model version 2.0, MRI-ESM2. 0: Description and basic
evaluation of the physical component, J. Meteorol. Soc. Jpn.,
https://doi.org/10.2151/jmsj.2019-051, 2019.

Zanna, L., Khatiwala, S., Gregory, J., Ison, J., and Heim-
bach, P.: Global reconstruction of historical ocean heat stor-
age and transport, P. Natl. Acad. Sci. USA, 116, 1126-1131,
https://doi.org/10.1073/pnas.1808838115, 2019.

Zanowski, H., Hallberg, R., and Sarmiento, J.: Abyssal ocean
warming and salinification after Weddell polynyas in the GFDL
CM2G coupled climate model, J. Phys. Oceanogr., 45, 2755-
2772, https://doi.org/10.1175/JPO-D-15-0109.1, 2015.

Zelinka, M., Myers, T., McCoy, D., Po Chedley, S., Caldwell, P.,
Ceppi, P, Klein, S., and Taylor, K.: Causes of higher cli-
mate sensitivity in CMIP6 models, Geophys. Res. Lett., 47,
€2019GL085782, https://doi.org/10.1029/2019GL085782, 2020.

Zickfeld, K., Solomon, S., and Gilford, D.: Centuries of ther-
mal sea-level rise due to anthropogenic emissions of short-
lived greenhouse gases, P. Natl. Acad. Sci. USA, 114, 657-662,
https://doi.org/10.1073/pnas.1612066114, 2017.

Ziehn, T., Lenton, A., Law, R. M., Matear, R. J., and Chamber-
lain, M. A.: The carbon cycle in the Australian Community
Climate and Earth System Simulator (ACCESS-ESM1) — Part
2: Historical simulations, Geosci. Model Dev., 10, 2591-2614,
https://doi.org/10.5194/gmd-10-2591-2017, 2017.

Zweng, M., Reagan, J., Seidov, D., Boyer, T., Locarnini, R., Gar-
cia, H., Mishonov, A., Baranova, O., Weathers, K., Paver, C., and
Smolyar, I.: Salinity, in: World Ocean Atlas 2018, Vol. 2, edited
by: Mishonov, A., NOAA Atlas NESDIS 82, 2018.

https://doi.org/10.5194/0s-17-59-2021


https://doi.org/10.1525/elementa.203
https://doi.org/10.5194/gmd-12-2727-2019
https://doi.org/10.5194/gmd-12-2727-2019
https://doi.org/10.1175/BAMS-D-11-00094.1
https://doi.org/10.5194/gmd-13-2393-2020
https://doi.org/10.5194/gmd-13-2393-2020
https://doi.org/10.1038/ngeo382
https://doi.org/10.1029/2019MS001683
https://doi.org/10.5194/esd-9-1235-2018
https://doi.org/10.5194/esd-9-1235-2018
https://doi.org/10.1007/s00382-016-3244-y
https://doi.org/10.5194/gmd-12-1573-2019
https://doi.org/10.5194/gmd-12-1573-2019
https://doi.org/10.2151/jmsj.2019-051
https://doi.org/10.1073/pnas.1808838115
https://doi.org/10.1175/JPO-D-15-0109.1
https://doi.org/10.1029/2019GL085782
https://doi.org/10.1073/pnas.1612066114
https://doi.org/10.5194/gmd-10-2591-2017

	Abstract
	Introduction
	Methods
	CMIP6 models and observation-based reference data
	Computations: deep and bottom water properties, transports, and extents

	Results
	Southern Ocean bottom water characteristics in CMIP6 models
	North Atlantic deep water in CMIP6 models
	Global transport of NADW and AABW in CMIP6 models

	Discussion: changes since CMIP5 and way towards CMIP7
	Conclusions
	Appendix A: Bottom properties
	Appendix B: Transports
	Code availability
	Data availability
	Video supplement
	Competing interests
	Competing interests
	Acknowledgements
	Financial support
	Review statement
	References

