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Abstract

Antarctic Intermediate Water (AAIW) is a water mass originating in the Southern Ocean characterised by its low salinity.
The properties of the salinity minimum layer that characterise AAIW in the CMIP6 UKESMI1 model and its response to
different climate change scenarios are investigated. In UKESM 1, the depth of the salinity minimum shoals by 116 m in the
SSP5-8.5 run compared to the control run by 2080-2100. The salinity minimum also gets warmer (+ 1.9 °C) and lighter
(= 0.4 kg/m®) and surface properties where the salinity minimum outcrops warm, freshen and lighten in all scenarios. In
spite of these expected changes in properties, the location where the salinity minimum outcrops does not change in any of
the future scenarios. The stability of the outcrop location of the salinity minimum is linked to the relative stability of the
position of the Antarctic Circumpolar Current (ACC) in UKESM1. The position of the ACC does not follow the maximum
wind stress trend, which intensifies and shifts poleward under radiative forcing. Changes in surface buoyancy fluxes in the
region are consistent with the changes in hydrographic properties observed at depth on the salinity minimum mentioned
above. However, transformation rates at the density corresponding to the salinity minimum outcrop remain constant in all
scenarios. Stability in transformation rates at that density is due to the haline and thermal contributions counteracting one
another. This analysis identifies two features (outcrop location, transformation rate) associated with the salinity minimum
defining AAIW that show remarkable stability in an otherwise changing world. The effect of model resolution and other
parameterisations on these findings have yet to be evaluated.

Keywords AAIW - UKESM1 - CMIP6 - Southern Ocean

1 Introduction

Antarctic Intermediate Water (AAIW) forms in the South-
ern Ocean; its core can be identified in most of the South-
ern Hemisphere as a mid-depth salinity minimum located
between 500 and 1500 m. AAIW plays a key role in the
global overturning circulation by contributing to the

P< Ophélie Meuriot
ophelie.meuriot14 @imperial.ac.uk

Camille Lique
camille.lique @ifremer.fr

Yves Plancherel

y.plancherel @imperial.ac.uk

Earth Science and Engineering, Imperial College London,
London, UK

2 Univ. Brest, CNRS, IRD, Ifremer, Laboratoire
d’Océanographie Physique et Spatiale (LOPS), IUEM,
Brest 29280, France

Published online: 12 May 2022

northward return flow from the Southern to the Northern
Hemisphere (Schmitz and McCartney 1993). AAIW’s rela-
tively fresh flow also contributes to the global water cycle
by compensating the imbalance between high latitudes
(dominated by low temperatures and precipitation) and low
latitudes (dominated by high temperatures and evaporation)
(Carmack 2007). AAIW also acts as a buffer against climate
change by storing heat (Gille 2003; Schouten and Matano
2006) and anthropogenic CO, emissions (Sabine et al. 2004;
Panassa et al. 2018). Based on in situ observations, Sabine
et al. (2004) have found that AAIW was contributing to up
to 1/6th of the anthropogenic CO, storage in the ocean up to
1994, and Panassa et al. (2018) suggested that the storage of
anthropogenic CO, at depth within AAIW has been increas-
ing over the past decades.

Understanding how AAIW properties will evolve under
climate change is crucial to assess the impact on the over-
turning circulation and storage of heat and anthropogenic
CO,. Simulations from the Coupled Model Intercomparison
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Project phase 5 (CMIP5) suggest that most of the water
masses in the Southern Ocean tend to lighten and warm
in response to an increase in greenhouse gas emissions
in the atmosphere, with the largest changes expected for
mode and intermediate waters (Sallée et al. 2013a, b). The
multi-model mean in Sallée et al. (2013a, b), which includes
21 CMIP5 models, shows that intermediate waters in the
Southern Ocean warm by 1.4 °C, freshen by 0.1psu and
lighten by 0.3 kg/m> by the end of the century in simula-
tions forced with the Representative Concentration Pathway
8.5 (RCP8.5) scenario.

The intermediate depths also present the largest biases in
the CMIPS5 historical simulations, with mode and intermedi-
ate waters in the Southern Ocean lighter and warmer than
observations (Sallée et al. 2013a, b ; Zhu et al. 2018). Sallée
et al. (2013a, b) found that water masses at intermediate
depths are on average 1.7 °C warmer and 0.2 kg/m® lighter
compared to the observation based on a multi model mean,
while the salinity biases are smaller. In previous CMIP mod-
els, AAIW does not extend as far north compared to obser-
vations, with 8 CMIP3 models showing a reduced northward
extent in the eastern Pacific Ocean and eastern Indian Ocean
(Sloyan and Kamenkovich 2007) and 11 CMIP5 models
showing a reduced northward extent in the Atlantic Ocean
(Zhu et al. 2018). It remains to be investigated if such biases
are still present in the newly available CMIP6 simulations or
if the model improvements made between CMIP5 to CMIP6
have affected the way AAIW are resolved and simulated.

Biases found at the intermediate depths in climate models
highlight the need to better understand AAIW processes. For
instance, the formation mechanisms of AAIW themselves
remain unclear, with theories ranging from circumpolar
processes with Ekman transport causing water masses to
sink all around the Antarctic Circumpolar Current (ACC)
between the Antarctic Polar Front (APF) and the Subant-
arctic Front (SAF) (Deacon 1937) to more localised pro-
cesses where AAIW forms in the southeast Pacific and the
southwest Atlantic through mixing with the densest type
of Subantarctic Mode Water (Talley 1999). Talley (1999)
identifies AAIW formation areas in the southeast Pacific and
southwest Atlantic by analysing the distribution of oxygen,
potential vorticity and salinity on the AAIW isopycnals and
found that the formation mechanisms were localised rather
than occurring at all longitudes. Some studies have further
suggested that the formation of AAIW could actually result
from a combination of both mechanisms (Sloyan and Rintoul
2001; Yao et al. 2017), although the relative contribution of
the two mechanisms remain unknown. It is also likely that
formation mechanisms and their relative importance differ
from model to model.

The definition itself of AAIW varies in the literature.
Although AAIW can be clearly identified by its salinity
minimum, there is no consensus on whether the salinity
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minimum corresponds to the core of the layer or to its deeper
boundary. In addition, the southernmost extent of the salin-
ity minimum has been shown to be closely related to frontal
locations such as the Subantarctic Front (SAF) (Pollard et al.
2002; Treguier et al. 2007). In the literature, the distinction
between mode and intermediate waters is often omitted,
with studies analysing both water masses jointly (Piola and
Gordon 1989; Panassa et al. 2018) while other studies com-
bine AAIW with the deeper Upper Circumpolar Deep Water
(uCDW) (You 2002). Providing analyses specific to AAIW
with a clear definition of the water mass is therefore needed.

Previous investigations of AAIW based on CMIP-type
climate models often consider only the zonal average across
the Southern Hemisphere (Sallée et al. 2013a, b), or have
focused on a specific area (Zhu et al. 2018). It is clear from
observations, however, that the distributions and properties
of AAIW show zonal heterogeneity between basins, with
a lighter and fresher AAIW type in the Pacific and denser
and saltier AAIW types in the Indian and Atlantic oceans
(Talley et al. 2011), which suggests that both the spatial and
temporal variability of AAIW need to be investigated.

The aim of this study is to analyse AAIW properties in
one CMIP6 model, the UKESM1-0-LL model from the Met
Office Hadley Centre, and to analyse the variability of the
salinity minimum in the different basins in order to provide
a broader picture of the response of the salinity minimum
under future scenarios. The study is structured as follows:
Section 2 presents the methods and datasets used. Section 3
describes the definition used to analyse AAIW properties
consistently in different scenarios and basins and assesses
the link between the salinity minimum and frontal locations.
Section 4 evaluates the ability of UKESM1 to represent
AAIW properties by comparing the results of the histori-
cal UKESM1 simulation to the MIMOC climatology. Sec-
tion 5 assesses the response of AAIW in future scenarios.
Section 6 focuses on the Southern Ocean mechanisms such
as wind stress and air-sea fluxes to investigate the possible
origins of changes presented in Sect. 5.

2 Methods and datasets
2.1 CMIP6 UKESM1 model

The data used in this paper comes from simulations per-
formed with the UK Earth System Model 1 low atmos-
phere and low ocean resolution (UKESM1-0-LL) from
the Met Office Hadley Centre (MOHC). A full descrip-
tion of the model can be found in Sellar et al. (2019).
Briefly, UKESM1-0-LL is an updated version of the
CMIP5 HadGEM2-ES model. UKESM1 is built on mul-
tiple component models including HadGEM3-C3.1 for the
physical core atmosphere—land—ocean—sea ice model, Joint
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UK Land Environment Simulator (JULES) for the terres-
trial biogeochemistry component, the Model of Ecosystem
Dynamics nutrient Utilisation Sequestration and Acidi-
fication (MEDUSA) for the ocean biogeochemistry and
United Kingdom Chemistry and Aerosol (UKCA) model
for the atmospheric composition. HaddGEM3-C3.1 uses the
Nucleus for European Modelling of the Ocean (NEMO)
model for the ocean and CICE for sea ice (Williams et al.
2018). UKESM1 is run with a 1° latitudinal resolution,
enhanced to 1/3° near the equator, 1° longitudinal ocean
resolution and a 135 km atmosphere resolution. The ocean
grid in the model has 75 unevenly-spaced vertical levels
compared to 40 in the CMIP5 HadGEM2-ES. The addi-
tional vertical levels yield improved representation of
water mass properties in intermediate and deep ocean lay-
ers. For the ocean component, parameterisations include a
Laplacian horizontal viscosity of 20,000 m?/s and an isop-
yenal diffusion coefficient equal to 1000 m?/s (Kuhlbrodt
et al. 2018). Eddies are parametrised based on the Gent
et al. (1995) mixing scheme with a spatially varying coef-
ficient based on Held and Larichev (1996). The turbulent
kinetic energy (TKE) field is set at a few choke points at
the ocean bottom and follows Gaspar et al. (1990) for the
TKE parametrisation below the mixed layer.

The simulations used in the present analysis include the
piControl and historical runs from the Diagnostic, Evalu-
ation and Characterization of Klima (DECK) experiments
which are common to all CMIP phases, and the simula-
tions from the Scenario Model Intercomparison Project
(ScenarioMIP) which are specific to CMIP6 (Eyring et al.
2016). The piControl run is initialised from a 500-year
coupled spin-up prior to which a 5000-year ocean only
simulation and a 1000-year land only simulation were run
(Sellar et al. 2019).

The ScenarioMIP correspond to the different shared
socioeconomic pathways (SSP). Simulations SSP1-1.9,
SSP1-2.6, SSP2-4.5, SSP3-7.0, SSP5-3.4-over and SSP5-
8.5 simulations are considered here. The number after the
hyphen corresponds to the 2100 forcing level (Wm™2) and
the number before corresponds to the category of SSP with
SSP1 corresponding to sustainability, SSP2 to middle of the
road, SSP3 to regional rivalry, SSP4 to inequality and SSP5
to fossil fuel development (O’neill et al. 2016). The increase
of the mean atmospheric temperature is expected to reach
5 °C by 2100 under the SSP5-8.5 scenario and 3 °C under
the SSP2-4.5-over. In the SSP5-3.4-over scenario, carbon
emissions increase at the same rate as in the SSP5-8.5 sce-
nario until 2040 and then decrease to negative carbon emis-
sions from 2070 onward. Full details can be found in O’Neill
et al. (2016).

The historical run is averaged between 1992 and 2014
and compared with the climatological fields from MIMOC
(Sect. 4). The piControl and ScenarioMIP simulations are

averaged over the 2080-2100 period to assess the response
of the salinity minimum under radiative forcing. Analysing
the output of all future scenarios instead of only the most
extreme scenario enables us to study the sensitivity of the
model to different radiative forcing cases.

2.2 MIMOC ocean climatology

MIMOC (Monthly Isopycnal Mixed-Layer Ocean Clima-
tology) consists of optimally interpolated in situ observa-
tions mainly from in situ ship CTD profiles and Argo float
data. The fields are provided monthly at a 0.5° X 0.5° reso-
lution from 80° S to 90° N and includes potential tempera-
ture, practical salinity and pressure as well as mixed-layer
depth fields. There are 81 levels ranging from 0 to 1950
dbar. Full details on MIMOC can be found in Schmidtko
et al. (2013).

2.3 Transformation and formation rates

Water mass transformation and formation rates are
obtained by following the thermodynamic approach first
introduced by Walin (1982) and refined by Speer and
Tziperman (1992) to include the effect of salinity. At high
latitudes, water masses are ventilated as they outcrop to
the surface. Air-sea fluxes modify the surface density
through freshwater and heat fluxes. When neglecting the
role of mixing in the interior, the transformation rates of
the different water masses can be solely derived from the
air-sea fluxes at the surface. The surface density flux D, is
defined as (adapted from Howe and Czaja 2009):

p. = 2 5o sssxF

in C wf
P

where o and f are the thermal and haline expansion coef-
ficients respectively, H,, is the net heat flux into the ocean,
F, the freshwater flux into the ocean which includes pre-
cipitation minus evaporation, plus sea ice melt and runoff,
C, the specific heat and SSS the sea surface salinity. The
first term,—aH,, /C,, corresponds to the thermal contribu-
tion and the second term, —f X SSS X F, to the haline con-
tribution to the density flux.

The transformation rate is obtained by integrating the
surface density flux D,, over the outcrop area of a density
range Ap and over the time period Nt. It is divided by Nt
to obtain an average rate.

Nt outcropp+Ap

1
D, dA dt
ApNt / / n

0  outcrop p

F(p) =
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The transformation rate is here calculated with a den-
sity bin of Ap=0.1 kg/m? (similarly to Howe and Czaja
2009) and a time step of a month over a time period of
20 years for the piControl and ScenarioMIP simulations
and 22 years for the historical run. The formation rate
is taken as the negative of the derivative with respect to
density —dF/dp.

3 Definitions of the different properties
3.1 Salinity minimum

Multiple definitions of AAIW can be found in the literature
(Sloyan and Rintoul 2001; Sgrensen et al. 2001; McCarthy
et al. 2012; Downes et al. 2017; Portela et al. 2020). Some
studies define AAIW as a layer bounded by neutral density
values (Sloyan and Rintoul 2001; You 2002) or potential
density values (Sgrensen et al. 2001; Downes et al. 2017,
Portela et al. 2020). In contrast, McCarthy et al. (2012)
identify AAIW by defining the core of the layer as the
depth of the salinity minimum. The salinity minimum defi-
nition has the benefit of being consistent across basins and
models, in contrast to density classes which vary between
basin and model. Downes et al. (2017) choose different
density classes for AAIW in each basin and experiment
to address that issue, but since density definitions vary
between experiments due to different forcing, the salinity

minimum criterion is better suited here as it provides a
consistent definition for all experiments. Using the salin-
ity minimum to define AAIW is appropirate here since the
aims of this study are to both analyse model results from
different scenarios in UKESM1 and compare UKESM1
to MIMOC across the Atlantic, Indian and Pacific basins.

The salinity minimum is defined here as the salinity at
the depth where the salinity reaches its minimum between
the winter mixed layer depth (calculated as the September
mixed layer depth) and 2000 m. The 2000 m limit was
chosen based on observational data, 2000 m being deeper
than the salinity minimum. September corresponds to the
month when the mixed layer is the deepest. Setting the
upper limit as the wintertime mixed layer depth provides
a suitable way to exclude seasonal surface signals or low
salinity signals due to localised areas with high precipi-
tation or ice melt. The depth of the salinity minimum,
together with the salinity, temperature and density on the
salinity minimum are evaluated in this study. Values cor-
responding to locations where the salinity minimum depth
is equal to the upper or lower limits (the winter mixed
layer depth and 2000 m respectively) are removed as they
represent areas where no mid-depth salinity minimum is
present. The depth of the detected salinity minimum is
shown in black for a meridional section across the Pacific
Ocean, together with the winter mixed layer depth shown
in grey (Fig. 1a). It is located at the centre of the low salin-
ity layer. The southernmost salinity minimum detected

Fig. 1 Meridional section (a)
showing a Salinity and b Turner 35.4
angle at 190° (Pacific Ocean)
for the UKESM1 historical 35.2
1992-2014 averaged period. _ 35.0 =
The full (dashed) white contour IS 348 8
line corresponds to a Turner = 34.6 ';
angle value of 45° (— 45°). The a 34.4 =
black dots represent the depth of 8 =
the salinity minimum (detected . . 34.2
between the base of the winter 1250 - winter MLD O southermost Smin 34.0
mixed layer and 2000 m) with e Smin % outcrop location 33.8
the southernmost salinity mini- 1500 . . . . . : 33.6
mum indicated by the purple
square. The pink stars corre- 0 (b) 90
spond to the outcrop location of
the salinity minimum defined 250 S
as the meridional salinity e o 45 T
minimum at the winter mixed — 500 ) °
layer depth £ )
£ 750 0 <
o &
0 1000 £
—45 2
1250
1500 + — T T T T -90
-70 -60 -50 -40 -30 -20 -10 0
Latitude
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is at 48° S (purple square). Between 48°S and 45°S, the
salinity minimum gets deeper (from 300 to 800 m) and
then remains at a relatively constant depth between 45° S
and 28° S. It then shoals as it gets closer to the equator.

3.2 Stratification and fronts

The salinity minimum has a physical meaning in terms of
stratification. The relation between stratification and tem-
perature and salinity extrema is here investigated through
the analysis of the Turner angle, as it provides a useful
way to illustrate the role of the salinity minimum with
regards to stratification. The Turner angle is defined as
Tu = arctan(aT, — BS,, oT, + BS,), where T, and S, are the
vertical temperature and salinity gradients, respectively.
Figure 1b shows a section of the Turner angle in the Pacific
Ocean (190°). High Turner angle values (45° <Tu <90°)
correspond to areas where density (and hence stratification)
is dominated by temperature and low Turner angle values
(—45°<Tu <—90°) correspond to areas where stratification
is dominated by salinity. For Turner angle values between
—45° and 45°, both salinity and temperature contribute to
the determination of density. By definition, temperature
and salinity minima correspond to vertical gradients of zero
and thus correspond to Turner angle values of —45° and
45° respectively (indicated as dashed and full white lines
in Fig. 1b). It can be seen that the salinity minimum (black
dots) and the 45° Turner angle contour line (full white line)
coincide. The salinity minimum therefore marks the limit
where stratification ceases to be solely dominated by tem-
perature and where both salinity and temperature contribute
to stratification. The differences in stratification above and
below the salinity minimum suggest that the layers below
and above the salinity minimum may present different ori-
gins. Indeed, Talley et al. (2011) suggest the formation
mechanisms above and beneath the AAIW salinity mini-
mum could be different with localised formation areas in
the upper layer (such as subduction in the southeast Pacific)
and formation through Ekman transport for the lower layer.

The concept of temperature and salinity contributions
to stratification and temperature and salinity minima have
been used previously to identify key frontal locations in
the Southern Ocean (Orsi et al. 1995; Pollard et al. 2002;
Treguier et al. 2007). Pollard et al. (2002) and Treguier et al.
(2007) associate the southernmost salinity minimum to the
location where temperature ceases to dominate stratification
over salinity and refer to it as the Subantarctic Front (SAF).
Similarly, they associate the northernmost location where a
mid-depth temperature minimum can be found to the Polar
Front (PF).

The location of the southernmost salinity minimum is
shown in white for both UKESM1 and MIMOC in Fig. 2.
The position of the southernmost salinity minimum in

UKESM1 and MIMOC varies between 40° S and 45° S in
the Atlantic and Indian oceans which coincides closely to the
position of the SAF identified by Treguier et al. (2007) in
the ORCAO025 (1/4° resolution) confirguration of the NEMO
model averaged between 1991 and 2000. In the Pacific
Ocean, the position matches the one found in Treguier et al.
(2007) in MIMOC, but in UKESMI it is positioned further
north (between 45° S and 50° S in the West Pacific and at
35° S in the East Pacific) and does not go through the Drake
passage. The differences between MIMOC and UKESM1
will be explored further in Sect. 4. In the following, the
location of the southernmost mid-depth salinity minimum
is used as an indicator of the location where the core of
AAIW is sunk at depth and represents the boundary where
stratification ceases to be solely dominated by temperature.

3.3 Outcrop of the salinity minimum

South of the southernmost salinity minimum, salin-
ity increases with depth so that the lowest salinity values
are found at the surface (Pollard et al. 2002). The region
between the southernmost salinity minimum and northern-
most temperature minimum corresponds to a region where
Turner angles are between —45° and 45° and therefore does
not contain a vertical salinity minimum. The outcrop of the
salinity minimum is thus here defined as the position of the
meridional salinity minimum at the winter mixed layer depth
between 30° S and 60° S. The choice of using the salinity
at the winter mixed layer depth instead of at the surface is
made to exclude seasonal changes of the mixed layer itself,
as it is well known that the interior of the ocean is mostly
ventilated in winter at the time of the deepest mixed layer
(Williams et al. 1995). The outcrop of the salinity minimum
is illustrated as a pink star in Fig. 1b and as a pink line in
Fig. 2. The outcrop location shows a similar zonal pattern to
the southernmost salinity minimum albeit shifted poleward
(Fig. 2).

To summarise, the depth of the salinity minimum and
the properties at that depth provide a consistent way to
investigate AAIW properties across basins, scenarios and
models. The southernmost salinity minimum delimits the
region where temperature ceases to dominate stratification
over salinity. North of the southernmost salinity minimum,
the meridional salinity minimum on the winter mixed layer
depth between 30° S and 60° S is used to identify the out-
crop of the salinity minimum. The properties of the salinity
minimum and its response to a changing climate under dif-
ferent scenario are discussed below.
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Fig.2 September mixed layer (a)
depth (a and b), surface salinity
(c and d) and surface tempera-
ture (e and f) averaged between
1992 and 2014 for MIMOC
and UKESM1 respectively. The
location of the southernmost
salinity minimum is shown in
white and the outcrop location
of the salinity minimum in pink

Latitude

0 100 200

4 UKESM1 model evaluation

This section evaluates the ability of UKESMI to represent
the spatial distribution of AAIW’s properties. First, a com-
parison of the mixed layer depth, surface temperature and
salinity between MIMOC and UKESM1 is presented. The
properties on the salinity minimum (depth, density, salin-
ity and temperature) are then analysed and compared to
MIMOC.

Figure 2 shows the September mixed layer depth (panels a
and b), surface salinity (panels c and d) and surface tempera-
ture (panels e and f) for MIMOC and UKESMI1 respectively.
The September mixed layer depth varies between 10 and
505 m in MIMOC and between 2 and 510 m in UKESM1.
The deepest mixed layer depths are found between 38° S
and 62° S in both MIMOC and UKESM1. The southern-
most salinity minimum (in white) is found south of the
regions with the deepest mixed layers in both MIMOC and
in UKESM1, with the exception of the southeast Pacific in
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(b) UKESM1
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Temperature [ C]
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Longitude

UKESMI1. North of the southernmost salinity minimum,
low salinities are found in the southeast Pacific, both in
UKESM1 and MIMOC. The surface salinity in the Pacific
is fresher in UKESM1 compared to MIMOC. Salinity is low
(< 34.1 psu) south of the southernmost salinity minimum,
in both MIMOC and UKESM1. Surface temperatures in
MIMOC and UKESM1 are in good agreement.

Salinity sections together with the density, salinity, tem-
perature and depth of the salinity minimum are shown at lon-
gitudes of 90° (Indian), 190° (Western Pacific), 265° (East-
ern Pacific) and 335° (Atlantic) for MIMOC and UKESM1
(Fig. 3). The winter mixed layer depth is shown in white.
The low salinity tongue spreading from South to North can
clearly be identified in both UKESM1 and MIMOC and the
salinity minimum is successfully detected in the four sec-
tions in UKESMI. For the sections in the Pacific and Indian
oceans, the salinity minimum is shallower, warmer, fresher
and lighter in UKESM1 compared to MIMOC. In the Indian
Ocean, at 30°S the salinity minimum has a depth of 841 m
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Atlantic 335

W. Pacific 190

E. Pacific 265 Indian 90

0

Depth [m]
=
o
o
o

Depth [m]
=
o
o
o

fﬁg
(@)
=
Q
S
%]
=
wn
S
=
E
<
[
)]
)
-50 0 -50 0 =50 0 -50 0
+  UKESM
. MIMOC Latitude
33.6 340 344 3438 35.2 35.6 36.0 364 36.8 37.2

Salinity [psu]

Fig. 3 Salinity sections for MIMOC (top row) and UKESM1 (sec-
ond row) with the mixed layer depth shown in white together with the
density, salinity, temperature and depth on the salinity minimum for

(1011 m), temperature of 6.9 °C (5.1 °C), salinity of 34.3
psu (34.3 psu) and density of 26.7 kg/m? (27.1 kg/m?) in
UKESM1 (MIMOC). In the West Pacific, at 30°S the salin-
ity minimum has a depth of 768 m (938 m), temperature of
7.6 °C (5.3 °C), salinity of 34.2 psu (34.3 psu) and density
of 26.6 kg/m® (27.0 kg/m?) in UKESM1 (MIMOC). The
differences are larger in the East Pacific where at 30°S the
salinity minimum is shallower, warmer, fresher and lighter
in UKESMI1 (208 m, 11.1 °C, 33.8 psu and 25.8 kg/m3)

MIMOC (in black) and the historical run of UKESMI1 (in red) in the
Atlantic, West Pacific, East Pacific and Indian at longitudes of 335°,
190°, 265° and 90° respectively

compared to MIMOC (720 m, 5.2 °C, 34.2 psu and 26.9 kg/
m?).

Unlike the Indian and Pacific cross sections where the
properties appear to be shifted by a bias which remains
roughly constant across latitudes, the Atlantic cross sec-
tion presents varying biases across latitudes. At 42° S, the
salinity minimum properties match closely in UKESM1 and
MIMOC in terms of depth (545 m in UKESM1 and 569 m
in MIMOC) and salinity (34.1 psuin UKESM1 and 34.2 psu
in MIMOC) with a lighter salinity minimum in UKESM1
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(26.8 kg/m® in UKESM1, 27.0 kg/m® in MIMOC) and
warmer salinity minimum in UKEMSI1 (5.6 °C in UKESM1,
4.4 °C in MIMOC). As the salinity minimum spreads north,
the salinity increases more rapidly in UKESM1 compared
to MIMOC with a salinity of 35.1 psu in UKESM1 and 34.5
psu in MIMOC at 10° S. In the Atlantic, the salinity mini-
mum does not extend as far north in UKESM1 compared to
MIMOC (8°S in UKESM1 compared to 22°N in MIMOC).
The reduced extent of AAIW in the Atlantic basin appears
to be a common feature in CMIP5 models (Zhu et al. 2018).
Sloyan and Kamenkovich (2007) found that in a study focus-
ing on 8 CMIP3 models, all models presented a reduced
northward extent of the salinity minimum in the Atlantic
Ocean compared to observations. They suggest the reduced
extent is due to models being too diffusive. As AAIW plays
a key role in the return northward flow, a reduced extent
can have implications in the model’s ability to represent the
overturning circulation accurately.

Figure 4 shows maps of the depth of the salinity min-
imum, and the salinity, temperature and density at that

depth for MIMOC and UKESM1. The mean values for the
Indian, West Pacific, East Pacific and Atlantic basins are
shown in black. On average, the salinity minimum of each
basin in UKESM1 is warmer (6.7 °C, 8.1 °C, 10.0 °C and
6.5 °C for the Indian, West Pacific, East Pacific and Atlan-
tic basins respectively) compared to MIMOC (5.8 °C,
5.6 °C, 6.4 °C and 4.6 °C for the Indian, West Pacific,
East Pacific and Atlantic basins respectively). The West
and East Pacific in UKESM1 have a fresh bias of 0.2psu
and 0.4psu and a light bias of 0.5 kg/m? and 0.8 kg/m?
respectively, while the salinity minimum in the Atlantic
basin has a salty (0.3 psu) bias. Large zonal differences in
properties can be found between the East and West Pacific,
where in the southeast a shallow (299 m), light (26.1 kg/
m?), fresh (34.0 psu) and warm (10 °C) patch can be found.
To isolate the anomaly in the East Pacific, we here split
the Pacific at 240°.

UKESMI1 and MIMOC present some similarities in
basin to basin characteristics of the salinity minimum.
For example, the deepest salinity minimum is found in the

Fig.4 Depth, salinity, tempera- (a) MIMOC (b) UKESM1
ture and density on the salinity I L
minimum for MIMOC (a—d) 1200
and UKESM1 (e—f). The mean e
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Indian ocean (average of 950 m in MIMOC and 850 m in
UKESMI1) and the shallowest in the East Pacific (average
of 666 m in MIMOC and 299 m in UKESM1). The salinity
minimum is also lighter and warmer in the Pacific com-
pared to the Atlantic in both MIMOC and UKESM 1. Differ-
ences between the Pacific and Atlantic are however greater
in UKESM1, with a temperature and density difference of
1.6 °C and 0.6 kg/m® between the West Pacific and Atlan-
tic in UKESM1 compared to only 0.9 °C and 0.1 kg/m? in
MIMOC.

The largest differences in properties between UKESM1
and MIMOC are found in the southeast Pacific. There, the
salinity minimum in UKESM1 is too shallow and fresh. In
MIMOC, a shallow local salinity minimum can be distin-
guished above the intermediate salinity minimum detected
(black dots, Fig. 2). This shallow local salinity minimum is
responsible for the small region with anomalous values in
MIMOC found between 32°S and 35° S in the East Pacific
section in Fig. 2 and as well as at 270° in Fig. 4. (panels a,
e and g) where the salinity minimum is shallower, warmer
and lighter than its surrounding value. This local salinity
minimum corresponds to East South Pacific Intermediate
Water (ESPIW), which forms due to large precipitation and
freshwater fluxes off the coast of Chile (Schneider 2003). In
UKESMI1 however, the ESPIW and AAIW layers are not
well separated in salinity and there is only a unique salin-
ity minimum that can be detected in the southeast Pacific
region. Since the formation of this feature in UKESMI1 is
clearly different than in MIMOC, the local salinity mini-
mum in the southeast Pacific is likely not a good diagnostic
for AAIW in that localised region, which is somewhat of a
paradox since this is the region where much of Pacific-type
AAIW is believed to form. Nevertheless, this model bias
points to shortcomings of the UKESM1 simulations in the
southeast Pacific region. On one hand, this problem illus-
trates limits of using local vertical extrema for tracing water
masses as these depend on relative differences and therefore
the local context, but this also shows that biases in extrema
detection can be used to identify model biases effectively.
The bias in the southeast Pacific could be due to the model
being too diffusive which does not allow formation of a shal-
low local extrema in salinity.

The comparison between UKESM1 and MIMOC shows
that overall UKESM1 is able to characterise the salinity
minimum feature in all basins, albeit in the East Pacific.
Although the salinity minimum has a warm and light bias
globally, relative trends capture basin to basin differences.

5 Response of the salinity minimum
to different radiative forcing scenarios

The ScenarioMIP simulations of UKESM1 provide a way
to assess the sensitivity of the salinity minimum to dif-
ferent radiative forcing scenarios. Changes in the salinity
minimum properties are here quantified for the 2080-2100
time mean for all the different future scenarios and the cor-
responding piControl run. The historical run (1992-2014
time mean) from Sect. 4 is added for completeness. The
aim of this section is to assess the impact of radiative
forcing on the salinity minimum with first a focus on the
outcrop location (Sect. 5.1) and then on the properties at
depth (Sect. 5.2).

5.1 Stability of the outcrop location of the salinity
minimum

A striking feature in Fig. 5a, which shows the latitude of
the outcrop of the salinity minimum for the different Sce-
narioMIP simulations, is that the position of the outcrop
remains constant in UKESM1, irrespective of changes in
radiative forcing. The outcrop of the salinity minimum is
located on average at 51° S, with a northernmost position
at 40° S in the East Pacific and a southernmost position at
59° S in the West Pacific. In the Atlantic, the latitude of
the outcrop varies between 45° S and 55° S. In the Indian,
the latitude of the outcrop is located around 50° S and
shifts poleward to around 55° S in the West Pacific. The
mean anomalies of the latitude, salinity, temperature and
density compared to piControl are shown for each simu-
lation in Fig. Se-h, together with the interquartile range
and median. Figure 5e shows that although there is some
regional variability, there is no clear shift either south or
north with increased radiative forcing. The mean anoma-
lies in latitude vary between 0.5° N and —0.4° S but there
is no systematic trend with radiative forcing (i.e. across
scenarios).

The salinity, temperature and density at the outcrop of the
salinity minimum are shown in Fig. 5b—d. Values between
165° and 175° and between 275° and 310° are not shown
in Fig. 5a—d as they represent low salinity waters from the
coasts of New Zealand and South America respectively. In
contrast to the latitude of the outcrop which remains stable
across the different scenarios, the salinity, temperature and
density of the outcrop show clear and large shifts as the
radiative forcing is increased.

Changes in outcrop properties are consistent across all
longitudes, with properties getting fresher, warmer and
hence lighter at the outcrop of the salinity minimum as radi-
ative forcing is increased. The salinity at the outcrop shifts
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Fig.5 Longitudinal varia-
tion in a latitude, b salinity,
¢ temperature and d density
along the outcrop location of
the salinity minimum for the
piControl, historical and SSP
scenarios. Panels e—h show
the longitudinal mean values
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to fresher values as the radiative forcing is increased, with
the difference between piControl and the most extreme sce-
nario (SSP5-8.5) equal to 0.16 psu. The temperature at the
outcrop gets warmer with increased radiative forcing with a
mean temperature change of 3.0 °C between the piControl
and the SSP5-8.5 simulations. The density at the outcrop
follows the temperature and salinity trends and gets lighter
with increased radiative forcing with a mean difference of
0.5 kg/m? between the piControl and the SSP5-8.5 simula-
tions. The similitudes in longitudinal trends in both tempera-
ture and density suggest that density changes are dominated
by temperature changes.

5.2 Properties at depth on the salinity minimum

Maps of the depth, density, salinity and temperature dif-
ferences between the piControl run and SSP5-8.5 sce-
narios are shown in Fig. 6 and provide an indication of
the changes induced by the most extreme scenario. Over-
all, on average over the southern hemisphere, the salinity
minimum shoals (— 82 m), lightens (—0.3 kg/m3), freshens
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(—0.08 psu) and warms (+ 1.7 °C). Although zonal aver-
ages present a useful overview of changes globally, they
cannot inform on basin to basin variability and intra-basin
variability. As more data is obtained in the Southern
Ocean, recent studies highlight the existence and impor-
tance of zonal structures in both physical and biochemical
properties (Noh et al. 2021). Looking at regional averages
instead of global averages (with the Pacific basin split into
East and West Pacific at 240° as in Sect. 4) shows that
the largest response to climate change forcing occurs in
the West Pacific with a shoaling of —116 m, a lightening
of —0.4 kg/m>, a freshening of —0.14 psu and warming
of+1.9 °C.

Although basin averages provide a good estimate of
changes in the Indian and West Pacific, the changes within
the Atlantic and East Pacific are not uniform and present
some contrasting anomalies. For instance, the West Pacific
presents the largest basin-averaged change. In absolute term,
the most sensitive area is the southeast Pacific. However, as
discussed above, the vertical salinity gradient in the south-
east Pacific in UKESM1 is not adequately resolved. It is
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Fig.6 Depth, density, salinity and temperature difference (a—d
respectively) on the salinity minimum between the SSP5-8.5 and
piControl run

not clear what impact this bias has on the properties of the
salinity minimum overall or how systematic this bias is in
CMIP-class models. The salinity minimum in the Atlantic
overall gets warmer (+ 1.6 °C) and lighter (—0.24 kg/m3).
Figure 7 shows the depth, density, salinity and tempera-
ture for all scenarios in four sections at 90° (Indian), 190°
(West Pacific), 265° (East Pacific) and 335° (Atlantic). The
aim here is to assess how the different scenarios impact the
properties on the salinity minimum as well as to analyse fur-
ther the basin-to-basin differences. The ScenarioMIP simu-
lations overall show similar trends to the SSP5-8.5 scenario

with smaller magnitudes. In the Atlantic, salinity remains
constant in all scenarios, with a latitudinal increase of 1 psu
between 45° S and 10° S in all scenarios. The East Pacific
shows a sharp zonal variation at 20° S, with properties north
of 20° S showing a steep increase in density, salinity and
temperature. In the Atlantic, the changes are not constant
with latitude, with the largest differences in density, depth
and temperature at 30° S.

Although changes in depth, density, salinity and tem-
perature are projected, the meridional extent of the salin-
ity minimum appears to remain unchanged in all scenarios.
In addition, in the Atlantic, the salinity at the depth of the
salinity minimum does not change in the different scenarios.
The next section explores the mechanisms which lead to
the relative stability of the outcrop of the salinity minimum
while other hydrographic properties all seem to respond to
changing radiative forcing.

6 Stability driving mechanisms
in the Southern Ocean

Although the position of the outcrop of the salinity mini-
mum is stable, the salinity, temperature and density at the
outcrop of the salinity minimum all respond to changes in
radiative forcing. The question is then why the outcrop loca-
tion can remain stable when hydrographic properties are all
responding to climate forcing. In particular, one may ques-
tion whether the stability is specific to the salinity mini-
mum feature or whether it is linked to an overall stability
of frontal locations in the Southern Ocean. To shed light
on the origins of the stability, the possible change of the
position of the ACC under radiative forcing is investigated.
The role of wind stress and topography in modulating the
stability of the ACC is assessed (Sect. 6.1). In addition, the
air-sea fluxes are analysed to link atmospheric forcing to
the changes observed on the salinity minimum (Sect. 6.2).

6.1 Fronts and ACC structure

To analyse the stability of fronts within the ACC, the posi-
tion of the maximum gradient in sea surface height and the
barotropic streamfunction are calculated. The maximum gra-
dient in the sea surface height field is used to estimate how
the ACC changes position in response to changes in radia-
tive forcing (Graham et al. 2012). Although studies have
shown that ACC fronts are composed of multiple filaments
(Chapman et al. 2020), the coarse resolution (1 degree) of
the model and temporal averaging does not allow for an
accurate representation of these filaments. Figure 8 shows
the location of the maximum gradient in sea surface height
for the different scenarios together with the piControl sea
surface height gradient field. The positions of the maximum

@ Springer



0. Meuriot et al.
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gradient in sea surface height present some local differences
around the Drake passage but overall appear to remain at the
same location irrespective of radiative forcing (Fig. 8). The
stability of the position of the sea surface height maximum
gradient suggests that the ACC core does not vary in loca-
tion with increasing radiative forcing.

The barotropic streamfunction is shown in Fig. 9 for
the piControl and SSP5-8.5 runs. The southernmost and
northernmost contours going through Drake passage pro-
vide an indication of the ACC pathway and are shown in
green in Fig. 9. The positions of the maximum gradient in
sea surface height and the salinity minimum outcrop are
shown in blue and red respectively. The positions of the
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maximum sea surface height gradient and salinity minimum
outcrop match in the East Indian and Atlantic but differ in
the East Pacific. The outcrop of the salinity minimum is
located between the southernmost and northernmost baro-
tropic streamfunction contours that bound Drake passage,
which strengthens the idea that the stability of the outcrop
of the salinity minimum is linked to an overall stability of
the ACC in the UKESM1 simulations. The stability results
agree with results from Graham et al. (2012) who showed
that frontal locations within the ACC do not shift poleward
in the higher resolution (1/3° X 1/3°) coupled climate model
HiGEM either when comparing the final 30 years of the con-
trol simulation (335 ppm CO, concentrations) and climate
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change simulation (2% increase of CO, concentrations for
70 years until concentrations reach 4x control simulation
CO, concentrations).

To provide a quantitative measure of the transport
within the ACC, the eastward transport (calculated as the
depth integrated eastward flow) is analysed. Figure 10a
shows the piControl eastward transport (background) and

Smin outcrop

the location of the maximum eastward transport for the
different scenarios (coloured dots). Figure 10b shows the
mean difference (coloured dots) for the different simula-
tions compared to the piControl run for the position of
the maximum eastward transport. The position of the
maximum eastward transport varies between 61° S at the
Drake passage and 40° S in the Indian Ocean. Similarly
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Fig. 10 a Depth-integrated east-
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ward transport for the piControl
simulation together with the
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to the salinity minimum outcrop and the maximum sea
surface height gradient, the position remains stable in
all scenarios, with the mean change in latitude between
each scenario relative to the piControl scenario remaining
smaller than 0.6° (Fig. 10b). The transport through Drake
passage is calculated as the sum of the eastward transport
at 296° and is shown in Fig. 10d. Values vary between
134 Sv (SSP1-2.6 scenario) and 159 Sv (piConrol simula-
tion). There is no clear link between either the maximum
eastward transport values or transport through Drake pas-
sage and radiative forcing. The transport at Drake passage
from the historical simulation is equal to 157 Sv and is
slightly lower than in observations: Donohue et al. (2016)
calculated a transport of 173 Sv based on measurements
from 2007 to 2011.

Two main drivers are commonly assessed when analys-
ing changes in position of the ACC: bottom topography and
wind stress (Graham et al. 2012). The bottom topography of
the model is shown in Fig. 10e together with the location of
the maximum eastward transport (in red) for the piControl
run. The magnitude of the maximum eastward transport is
plotted in Fig. 10c. The locations of the peaks in Fig. 10c
correspond to areas where the ACC is constrained by bottom
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topography (Fig. 10e): through Drake passage, the ACC is
constrained both north and south by South America and
Antarctica. The peak at 167° is constrained north by the
Campbell Plateau and the peak at 68° S by the Kerguelen
Plateau. It should be noted that the magnitude of the peaks
should be assessed cautiously as the transport in the model
may be saturated as a result of the eddy parameterisation
used. Intermodel comparisons will help assess the influence
of such parameterisations in controlling the apparent stabil-
ity of the salinity minimum outcrop.

The maximum meridional wind stress has been shown
to play a key role in driving the ACC (Lin et al. 2018) and
its position and magnitude are here analysed. The position
and magnitude of the maximum meridional wind stress for
the different scenarios are shown in Fig. 11a, b. The loca-
tion of the maximum meridional wind stress shifts poleward
as radiative forcing increases. The mean change between
the position for the SSP5-8.5 and for the piControl run is
equal to 3.2° in latitude. The mean maximum meridional
wind stress also gets stronger as radiative forcing increases
(Fig. 11c), with a mean difference of 0.05 Pa between the
piControl (0.18 Pa) and SSP5-8.5 scenarios (Fig. 11d). The
poleward shift and intensification of the wind stress under a
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warming climate in the Southern Ocean has been observed
in the results from previous studies based on CMIP5 simula-
tions (Bracegirdle et al. 2013; Meijers 2014). The results are
consistent with the idea that it is bottom topography rather
than wind stress that controls the position of the core of the
ACC in the UKESM1 model, in agreement with Graham
et al. (2012) in the higher resolution HIGEM. This is also
consistent with the results of Meijers (2012) who found that
there is no correlation in CMIP5 models between the west-
erly wind jet and the ACC position in future scenarios in a
study where 23 CMIPS5 models are assessed and with the
results of Beadling et al. (2019) who show that the position
and strength of the westerly winds are not correlated witth
the ACC strength in CMIP5 models. If bottom topography
is indeed the main control on the position and structure of
the ACC, then bottom topography could likely also controls
the stability of the outcrop location of the salinity minimum
outcrop.

6.2 Air-sea fluxes

While the constant position of the salinity minimum out-
crop can be linked to an overall stability of the ACC struc-
ture, changes in properties are observed both at the surface
(Sect. 5.1) and at depth (Sect. 5.2). The air-sea fluxes are

here assessed to link the changes in buoyancy at the surface
to changes in the ocean interior by evaluating the density
fluxes and transformation rates in the Southern Ocean.

The changes in surface density are here investigated to
evaluate the relationship between the air-sea fluxes and the
properties at the salinity minimum. The density layer at the
salinity minimum (p,;,) is defined as the zonal mean den-
sity at the outcrop of the salinity minimum as plotted in
Fig. Sh. The density corresponding to the salinity minimum,
Psmin» together with the shift in density between each simu-
lation and the piControl run (Ap,;,) are given in Table 1.

The haline and thermal contributions to the density
flux are shown in Fig. 12 for the piControl and SSP5-8.5
simulations. The black line shows the contour correspond-
ing to pg.i, from Table 1. The haline contribution shows
consistently negative values along the density contour
in both simulations (between — 0.25 x 10~° kg/m?%/s and
—1.5%x107® kg/m?%/s) indicating that the haline compo-
nent of the density flux contributes to a lightening of the
surface densities. The thermal contribution along the p
«min CcOntour presents both negative and positive values,
with negative values in the Atlantic and part of the Indian
oceans (between —0.25x 107° kg/m?/s and — 2.0 x 107° kg/
m?/s) but positive values in the East Pacific (between
0.25x 107 kg/m?/s and 1.0 x 107 kg/m%/s). The difference

Table 1 Mean density at the outcrop of the salinity minimum p,;, for each simulation along with the density difference Ap,,,;, between the

piControl simulation and the different scenarios

Scenario piControl Historical SSP1-1.9 SSP1-2.6 SSP5-3.4-over SSP2-4.5 SSP3-7.0 SSP5-8.5
Mean p,;, [kg/m?] 26.55 26.47 26.43 26.36 26.29 26.25 26.09 26.04
Apgin [kg/m?] 0 0.08 0.12 0.19 0.26 0.30 0.46 0.51
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Fig. 12 Maps of the haline
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between the SSP5-8.5 and piControl simulations shows
that, overall, the changes in surface density fluxes lead to a
lightening of the surface density. The difference is larger in
the thermal contributions than in the haline contributions
where the difference is closer to zero.

The density flux integrated over density outcrop areas
and time provides the transformation rates (Sect. 2.3). Fig-
ure 13 shows the transformation rates, together with the
corresponding thermal and haline contributions and the
formation rates split into basins for the different scenarios.
As the aim is to compare the differences in transformation
and formation rates corresponding to the salinity mini-
mum, the curves are shifted by Ap ., to be aligned at the
density pg;, as defined in Table 1.

The focus is first set on the global average of transfor-
mation and formation rates. The pg,;, density contour is
located in a region of decreasing transformation rates with
negative gradients (between —27 Sv and — 31 Sv) corre-
sponding to positive formation rates (between 2 and 5 Sv).
There is no clear pattern between the radiative forcing and
the transformation and formation magnitudes at p,,,;.. The
negative transformation values at p,; indicate a lightening
of the surface waters. The peak formation rates at 26.2 kg/
m? for the piControl simulation corresponds to lighter mode
waters. All scenarios maintain similar trends to the piControl
scenario with the main change observed being a flattening
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of the transformation and formation curves around p;, as
radiative forcing is increased. The overall shape of the global
transformation rate is in agreement with Williams and Fol-
lows (2011) where the transformation rates are calculated
in the Southern Ocean using the National Oceanography
Centre (NOC) surface heat and freshwater fluxes.

The global haline and thermal contributions to the trans-
formation rate present a clear shift, but the haline and ther-
mal shifts compensate one another’s effect on density, with
higher haline contributions at p;, for higher radiative forc-
ing scenarios (from —29 Sv for the piControl run to — 19 Sv
for the SSP5-8.5 scenario) and lower thermal contributions
at pgni, for higher radiative forcing scenarios (from —2 Sv
for the piControl run to — 11 Sv for the SSP5-8.5 scenario).
Although the haline contribution to the density flux appears
to decrease with higher radiative forcing at p,;, (Fig. 12),
the outcrop area also decreases at pg;, (Fig. 14) and as a
result the haline contribution to transformation increases.
For the thermal contribution to the transformation rate, the
decrease of the thermal contribution to the density flux is
larger and therefore is not completely counteracted by the
decrease in area. The decrease in haline and thermal contri-
butions to the density flux could be linked to an increase in
precipitation and temperature.

To explore the basin-to-basin variability, the transfor-
mation and formation rates (including haline and thermal
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Fig. 13 Transformation rates,
thermal and haline contribu-
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tions to the transformation rates
and the formation rates for the
Atlantic, Indian, West Pacific,
East Pacific and Global regions
(rows) for the historical, piCon-
trol and SSP scenarios. For each
scenario, the density scale was

Atlantic

shifted by Ap,,,;, (see Table 1),

where Ap,,.... is the difference
in the density corresponding
to the salinity minimum (pg;,)
between each scenario and the
piControl run (Table 1). This
shift was applied to centre

the analysis on the salinity

Indian

minimum layer and emphasise
relative changes around that

layer. The red vertical dashed
line corresponds to the piCon-
trol Psmin

W. Pacific

E. Pacific

Global

— historical
sspll9

contributions) are calculated per region (Atlantic, Indian,
East Pacific, West Pacific) and shown in Fig. 13 for the
different scenarios. The Atlantic, Indian and West Pacific
regions present similar transformation contributions to the
global transformation curve, with p .;, located in between
the maximum and minimum transformation rates. How-
ever, transformation in the East Pacific differs from the
global transformation curve and does not present a clear
maximum value at densities lower than pg,;.. The forma-
tion rates at pg;, are overall quite low although they are

26 27 26
piControl density [kg/m?3]
sspl26 ssp245 —— ssp585
—— ssp534-over ssp370 —— piControl

slightly higher in the West Pacific (between 1 and 2 Sv
compared to between 0 and 1 Sv in the other basins).
Under radiative forcing, the thermal contribution decreases
in the East (5 Sv for the piControl run compared to 1 Sv
for the SSP5-8.5 scenario) and West Pacific (1 Sv for the
piControl run compared to —3 Sv for the SSP5-8.5 sce-
nario) but shows little variation in the Atlantic and Indian
oceans. On the other hand, at p;,, the haline contribution
increases under radiative forcing in the Atlantic (— 10 Sv
and — 5 Sv for the piControl run compared to —5 Sv for
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Fig. 14 Outcrop area for each density interval for different scenar-
ios. For each scenario, the density scale was shifted by Ap,,... (see
Table 1), where Ap,,,;, is the difference in the density corresponding
to the salinity minimum (p;,) between each scenario and the piCon-
trol run (Table 1). This shift was applied to centre the analysis on the
salinity minimum layer and emphasise relative changes around that
layer. The red vertical dashed line corresponds to the piControl pg, .,

the SSP5-8.5 scenario) and Indian oceans, while values
remain constant in the East and West Pacific.

The density fluxes overall agree with the changes
observed on the salinity minimum at depth in Sect. 5 with
the decrease in haline and thermal contributions leading to
a freshening and warming of the properties at depth under
radiative forcing. The density flux itself decreases under
radiative forcing which coincides with the lightening of
the salinity minimum observed in Sect. 5. On the other
hand, the global transformation and formation rates at p;.
remain nearly constant irrespective of the radiative forcing
due to the counteracting effects of the thermal and haline
contributions also due to changes in density outcrop areas.

7 Conclusions

The aim of the study was to identify how AAIW, the key
water mass in the return flow of fresh water to the Northern
Hemisphere, is represented in the UKESM1 CMIP6 model
and how its properties evolve under future climate change.
The definition of AAIW presented in the study (mid-depth
salinity minimum bound by winter mixed layer depth as
an upper limit and a depth of 2000 m as the lower limit)
provides a consistent way of analysing properties of AAITW
across different simulations. Comparing properties on the
salinity minimum between UKESM1 and the MIMOC
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climatology show that there is, on a global average, a light,
shallow, warm and fresh bias in UKESM1 which was also
found in other studies focused on CMIP5 and CMIP6 models
(Sallée et al. 2013a, b; Beadling et al. 2020).

Future scenarios from the ScenarioMIP simulations
show that the outcrop location of the salinity minimum
remains stable irrespective of radiative forcing. In contrast,
the properties at the location of the outcrop lighten, warm
and freshen. Properties at depth also show a lightening and
warming of properties across all basins. AAIW evolves dif-
ferently in the Atlantic compared to the Pacific and Indian
basins and shows limited variation in depth and salinity on
the salinity minimum. These results show that, while AATW
can be found in the whole Southern Hemisphere, different
flavours of AAIW exist in different basins in both MIMOC
and UKESM1, and these differ in their response to climate
forcing, highlighting the importance of regional phenomena.

The stability of the salinity minimum outcrop coincides
with the overall stability of the position of the ACC core.
The ACC core appears to be constrained by bottom topogra-
phy rather than responding directly to changes in the maxi-
mum meridional wind stress, which shifts poleward and
intensifies. Under radiative forcing, the transformation and
formation rates show little variation at the location of the
salinity minimum outcrop. While air-sea fluxes do respond
to climate forcing, the haline and thermal contributions to
transformation tend to counteract one another around the
position of the salinity minimum outcrops. In summary,
while the salinity minimum changes properties, its forma-
tion rate and outcrop location do not change in the different
climate scenarios analysed.

Although the results focused on the Southern Ocean, the
implications are global as AAIW plays a key role in the
freshwater and carbon transport to the Northern Hemisphere.
On the one hand, the stability of the outcrop of the salin-
ity minimum, along with the limited changes in formation
rates of the core of AAIW and the presence of the salinity
minimum in all basins under radiative forcing indicate that
the return flow northward and structure of AAIW is overall
maintained. In the Atlantic, the depth and salinity appear
unaltered under radiative forcing, which could suggest a sta-
bility of the boundary between the upper and lower limb of
the Atlantic Meridional Circulation. On the other hand, the
properties of AAIW overall become warmer and lighter in
all basins and fresher in the Pacific and Indian basins under
radiative forcing. Given that colder water can store CO,
emissions more effectively than warmer water, the increase
in temperature observed on the salinity minimum will lead
to a reduced carbon storage by AAIW. The carbon storage
by AAIW could be further affected by the shoaling of the
salinity minimum, which can be accompanied by changes
in thickness of AAIW. The increase in temperature along
with the freshening of AAIW due to an increase in surface



Properties, sensitivity, and stability of the Southern Hemisphere salinity minimum layer...

precipitation leads to a lightening and shoaling of AATW
in the Indian and Pacific basins. The consequences of the
shoaling of AAIW in the Indo-Pacific on the overturing cir-
culation are unclear and will required further investigation.

Understanding whether the stability of the outcrop of
the salinity minimum is a feature specific to UKESM1 or
is systematic across climate models will need to be eval-
uated. Meijers et al. (2012) did highlight key differences
between the CMIP3 and CMIP5 behaviours: unlike CMIP3
models, CMIP5 show no link between the positions of the
ACC and westerly winds. Although Beadling et al. (2020)
give an overview of the performance of CMIP6 compared
to CMIP3 and CMIPS5, the stability of the outcrop of the
salinity minimum in CMIP6 models remains to be analysed.
Importantly, eddies in UKESM1 are parametrised. Analy-
sis of eddy resolving simulations will also be necessary to
test the robustness of the stability of the salinity minimum
observed here. For instance, Langlais et al. (2015) compared
results using both eddy-resolving and eddy-permitting ocean
general circulation models to investigate the impact of wind
forcing on the ACC. That study highlighted the importance
of zonal variation in properties and processes within the
Southern Ocean and the continuous need to explore regional
differences. Important regional differences are found here as
well, indicating that both zonal and meridional differences
will need to be considered to better constrain the properties
and sensitivity of AAIW in models.
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