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1 Introduction

The Antarctic Intermediate Water (AAIW) is a prominent 
water mass in the mid-depth. AAIW has generally been 
characterized as a salinity minimum water mass with a 
typical salinity of 34.2–34.4  psu, with the core falling in 
the density range of 1027.2–1027.3 kg m−3 (e.g. Piola and 
Georgi 1982; Talley 1996). The AAIW originates from all 
the Southern Hemisphere subpolar oceans, ventilates into 
the Southern Hemisphere subtropical oceans, and then 
crosses the equator in the Atlantic and Pacific. Moreo-
ver, AAIW is an important component of the global heat, 
freshwater, carbon budgets and the global overturning 
circulation.

AAIW is formed near the subantarctic front (SAF). The 
formation process of AAIW is still poorly understood, 
although several mechanisms have been proposed. These 
processes include ice-sea and air-sea exchange of freshwa-
ter and heat (Santoso and England 2004), Ekman transport 
over the layer outcrop (Ribbe 2001; Rintoul and England 
2002), interior mixing across the SAF (Molinelli 1981; 
Sloyan et al. 2010) and the deep winter convection in the 
southeastern Pacific Ocean mixed layer (McCartney 1977). 
The AAIW in the Atlantic is formed originally in the south-
western basin where the AAIW/ Subantarctic Mode Water 
(SAMW) from the southeast Pacific through Drake Passage 
joins the southward Brazil Current (McCartney 1977). The 
AAIW follows an anticyclonic basin-wide recirculation 
mainly driven by the wind stress in the subtropical South 
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Atlantic (Schmid et al. 2000), and entrains into the subtrop-
ical lower thermocline.

In addition to its general importance in global heat, car-
bon and nutrients, recent studies suggest that the Atlan-
tic AAIW might contribute to the stability of the Atlantic 
meridional overturning circulation (AMOC) through its 
impact on the AMOC freshwater transport at the south-
ern boundary of the South Atlantic (e.g. Rahmstorf 1996; 
de Vries and Weber 2005; Drijfhout et al. 2011; Liu et al. 
2014). This has motivated us here to examine the simula-
tions of the AAIW in state-of-the-art climate models in the 
Atlantic.

There has been no systematic study on the AAIW in 
the Atlantic in climate models. Sloyan and Kamenkovich 
(2007) evaluated the simulations of SAMW and AAIW in 
IPCC AR4 models, and found that models generally pro-
vide a reasonable simulation of SAMW and AAIW but 
with a thinner and lighter layer and a limited equatorward 
extension. However, their study focused on the AAIW in 
Pacific and Indian Ocean sector. Sallée et al. (2013) studied 
the AAIW in the Coupled Modeling Intercomparison Pro-
ject Phase 5 (CMIP5) models and suggested a warm and 
slightly salty bias. But, this study examined the Southern 
Ocean AAIW as a whole, without considering its zonal 
variation. Harrison et  al. (2014) studied the AAIW in the 
Atlantic along with the sensitivity of the Atlantic circula-
tion to bias in the freshwater input. They also identified a 
salty and warm bias in the AAIW, but this study was lim-
ited to only two models.

Here, we evaluate the simulation of AAIW in the 
CMIP5 models with the focus on the AAIW properties 
and their bias in the Atlantic Ocean. It is found that climate 
models show a generally warm and salty bias in the AAIW. 
This bias is contributed neither by the surface climate bias 
nor the North Atlantic bias, although is weakly affected by 

the inter-basin exchange. Instead, it is likely caused by the 
deficient representation of ocean dynamics in the AAIW 
region. Section  2 provides the information regarding the 
model and experimental design. In Sect.  3, we first com-
pare the model with the observation to identify the model 
bias. We then study the potential causes of the AAIW bias 
in Sect. 4 by analyzing the CMIP5 models as well as sen-
sitivity experiments in one or more ocean-alone models. 
Next in Sect.  5 we discuss the role of AAIW bias on the 
freshwater transport along 34°S in Atlantic. Finally, Sect. 6 
presents the conclusion.

2  Model and experiments

2.1  Model and observational data

The simulations of AAIW are investigated in 11 CMIP5 
models (Table  1; details of IPCC climate models can 
be found online at http://www.ipcc-data.org/sim/gcm_
monthly/AR5/Reference-Archive.html). All of the experi-
ments used here are historical runs which were integrated 
with time-varying radiative gas concentrations and solar 
forcing period from 1861 to 2005. Following the recom-
mendation of the IPCC, we define the multi-model mean 
climate as the 25-year average (1981–2005) of the simu-
lated climate of the twentieth century. For the convenience 
of observation-model comparison, the annual and late win-
ter (September–October for austral late winter, following 
Santoso and England 2004) climatology in climate models 
are interpolated to the observation grid points. Potential 
density is calculated from the monthly model temperature 
and salinity. Multi-model mean is the equal weighted aver-
age of all the used CMIP5 models.

Table 1  Details of the CMIP5 
models used in this study

Also shown is the overturning freshwater flux at 34°S in Atlantic (Movs) in each model

Climate model Institution (country) Horizontal resolution Lat × Lon Vertical 
resolu-
tion

Movs (Sv)

BCC-CSM1.1 BCC (China) 1/3°–1°× 1° 40 0.10
CanESM2 CCCma (Canada) 0.9375°×1.40625° 40 0.16
CESM1-CAM5 NCAR (USA) 0.27°-0.53°×1.125° 60 0.00
CMCC-CESM CMCC (Italy) 0.5°-2°×2° 31 −0.22
CNRM-CM5 CNRM-CERFACS (France) 1/3°-1°×1° 42 0.04
GFDL-ESM2G NOAA-GFDL (USA) 1/3°–1°× 1° 50 0.15
GISS-E2-R NASA-GISS (USA) 1°×1.25° 32 0.03
HadGEM2-ES MOHC (UK) 1/3°–1°× 1° 40 0.16
IPSL-CM5A-LR IPSL (France) 0.5°–2°×2° 31 −0.14
MIROC-ESM MIROC (Japan) 0.94°×1.4° 44 −0.01
MPI-ESM-P MPI-M (Germany) 1.5°×1.5° 40 −0.05

http://www.ipcc-data.org/sim/gcm_monthly/AR5/Reference-Archive.html
http://www.ipcc-data.org/sim/gcm_monthly/AR5/Reference-Archive.html
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The observational datasets used here are: ocean salin-
ity and temperature from the World Ocean Atlas 2013 
(WOA13, Zweng et  al. 2013; Locarnini et  al. 2013); 
precipitation from CPC merged analysis of precipitation 
(CMAP); evaporation from objectively analyzed air-sea 
fluxes (OAFlux) Project; Also used are UMD Simple 
Ocean Data Assimilation Reanalysis datasets (SODA 
version 2.2.4, Carton and Giese 2008), including ocean 
salinity, temperature and flow fields.

Also, an ocean-alone model Parallel Ocean Program 
version2 (POP2) is used later for sensitivity experiments. 
POP2 is a level coordinate model based on the paral-
lel ocean program (POP) of the Los Alamos National 
Laboratory (Smith et  al. 2010) and is the ocean com-
ponent of the Community Climate System Model ver-
sion 4 (CCSM4) and Community Earth System Model 
(CESM). In this study, the horizontal grid of POP2 has a 
uniform 3.6° spacing in the zonal direction and non-uni-
form spacing in the meridional direction: it is 0.6° near 
the equator, gradually increasing to the maximum 3.4° at 
35°N/S and then decreasing poleward. It has 60 vertical 
levels and the resolution is uniform at 10 m in the upper 
160 m and then increases to 250 m by a depth of about 
3500 m, below which it remains constant. A full descrip-
tion of the model physics can be found in Smith et  al. 
(2010) and Danabasoglu et al. (2012).

2.2  CORE‑II and partial blocking (PB) experiments

In this paper, we analyze ocean-ice alone experiments 
forced by the observed atmospheric and surface climate 
forcing in the coordinated ocean-ice reference experi-
ments (CORE) framework, phase II (CORE-II) (Griffies 
et  al. 2009; Danabasoglu et  al. 2014) to detect the role 
of atmospheric deficiency on subsurface and interme-
diate water bias. The CORE-II experiments are global 
ocean-sea-ice coupled simulations using the common 
inter-annually varying atmospheric forcing (IAF) over 
the 60-year period from 1948 to 2007 described in Large 
and Yeager (2009).

Moreover, we designed a series of partial block-
ing (PB) experiments (Liu et  al. 2002) under IAF forc-
ing using POP2. In our PB experiments, ocean salinity 
and temperature in specific regions were restored (with 
a restoring time of 90  days) towards their respective 
monthly climatology in the observation. The PB experi-
ments are used to investigate the role of specific regional 
bias on AAIW bias. We only focus on the results from 
the fifth forcing cycle of the simulations following Dan-
abasoglu et al. (2014). More PB details are presented in 
Sect. 4.

3  AAIW bias in the Atlantic in CMIP5

In this section we compare the model against the obser-
vation for the water properties of annual and late winter 
in the Atlantic, with the focus on the AAIW temperature 
and salinity in 11 CMIP5 models.

The AAIW shows a general salty bias along the south-
ern boundary (~34°) of Atlantic across the CMIP5 mod-
els (Fig.  1) which is consistent with Liu et  al. (2017). 
This salty bias is also similar to the results of IPCC AR4 
models (Liu et al. 2014, figure 3a), suggesting that it has 
been a persistent bias in the state-of-the-art climate mod-
els. All the climate models, except for IPSL-CM5A-LR 
and CMCC-CESM, exhibit a fresh bias in the surface. 
This has been pointed out by Liu et  al. (2014) in IPCC 
AR4 models and has been attributed, partly, to the tropi-
cal bias of double ITCZ: the model ITCZ is too far south 
in boreal winter such that it dilutes the subtropical salty 
surface water. In contrast to the surface, however, below 
the intermediate depth of ~800 m, all the models exhibit 
a salty bias. The spatial pattern of the bias in AAIW 
can also be seen in Figs. 2 and 3, which shows the total 
and bias of salinity in individual model. The bias pat-
terns are similar no matter in the view of annual mean 
or late winter mean and it is more reasonable to plot 
the bias of late winter since AAIW is primarily formed 
within winter mixed layer. The salty bias is seen to exist 
in a larger area across Atlantic in many models, extend-
ing from 50°S to 30°N. Furthermore, the total salinity in 
Fig.  2 shows that all CMIP5 models exhibited a limited 

Fig. 1  Vertical profiles of zonal mean salinity (psu) along 34°S 
across the Atlantic in the CMIP5 models
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AAIW equatorward extension relative to the observation. 
This feature is also similar in the Pacific (not shown). 
The reduced equatorward penetration of AAIW has been 
suggested to be caused by the too diffusive nature of the 
models (Sloyan and Kamenkovich 2007). Also, the simu-
lated AAIW cores are mostly located at a shallower depth 
with a greater salinity than the observation, especially 
north of 30°S. Since AAIW is an important component 
of AMOC, this common salty bias may also contribute 
to the biased freshwater transport, and in turn stability of 
the AMOC in these models.

The AAIW bias can also be seen more clearly in the T–S 
diagram. As a dominant water mass across south hemi-
sphere, the AAIW has its unique watermass properties. 
Figure  4 shows the T–S diagram among different models 
and observation of South Atlantic. For the observation, 
AAIW is characterized by the salinity minimum water with 
a typical salinity of 34.2–34.4 psu with the core falling in 
the density range of 1027.2–1027.3 kg m−3 (e.g. Piola and 
Georgi 1982; Talley 1996). This salinity minimum feature 
is distinctive from its upper and lower water. In contrast, in 
the models, the salinity minimum is not as sharp as in the 
observation. The vague AAIW core is consistent with the 
small vertical gradient in Fig. 1. Moreover, model AAIWs 
have a common bias that is characterized by a saltier and 
warmer AAIW. It is tempting to speculate that the salty 

bias is compensated by the warm bias. This is, however, 
not always the case, because most models are on the lighter 
isopycnals, suggesting a dominance of the warm bias over 
the salty bias. This warm and salty bias increases north-
ward in many models (Fig. 3). In contrast, these models do 
not show a significant common AAIW bias in the Pacific 
sector with little bias in the ensemble mean (not shown), 
implying the zonal variation of model AAIW bias. The 
question here is: what caused the bias in the South Atlantic 
AAIW?

4  Potential causes of the model AAIW bias

We further analyze the models to explore the potential 
causes of the AAIW bias. In particular, we focus on the 
potential roles of the surface climate bias, the subsurface 
biases through the inter-basin exchange and from the North 
Atlantic.

4.1  The role of surface climate bias

We first examine if the AAIW bias is caused by the bias 
in the surface climate in the coupled models. AAIW 
density surface outcrops near Antarctic polar front zone 
(APFZ). Sverdrup et  al. (1942) firstly proposed that 

Fig. 2  Annual zonal mean distribution of salinity (shading) and potential density (contour) in the Atlantic in WOA13 and CMIP5 models
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AAIW is formed by circumpolar subduction or along-
isopycnal transport along the APFZ, supported by the 
circumpolar presence of AAIW. If this is true in model, 
AAIW bias may be tracked back to the surface climate 
bias far south. However, the model net precipitation 
shows a wet bias near the APFZ, as seen in the ensemble 
mean in Fig. 5, which causes a fresh APFZ in most mod-
els (Fig.  3). For many models, the fresh bias dominates 
almost the entire South Atlantic and the maximum fresh 
bias is located in the tropical South Atlantic, because of 
the southward shift in the Atlantic ITCZ in the model, 
which is a part of the tropical bias in climate models (Liu 
et  al. 2014; Harrison et  al. 2014). The fresh bias in the 
mid- and high latitude, is distinguished from the tropi-
cal bias, reflecting the excessive rainfall in the Southern 
Ocean storm track. The freshening surface water between 
30°S and 40°S (Fig. 5d) in South Atlantic will subduct as 
the South Atlantic Subtropical Mode Water (SASTMW) 
and ventilate the thermocline water northward, leading a 
fresh thermocline bias at 34°S (Liu et  al. 2015). Impor-
tant here is that this fresh surface and thermocline bias 
in the upper 500 m across the South Atlantic and South-
ern Ocean is in contrast to the overall salty bias at the 
intermediate depth in the South Atlantic. Therefore, the 

AAIW bias cannot be caused by the Southern Ocean sur-
face climate bias.

To further detect the role of the common atmospheric 
deficiency and the resultant surface climate bias on set-
ting the subsurface and intermediate water bias, we ana-
lyze the results from CORE-II experiments (Griffies et al. 
2009; Danabasoglu et  al. 2014). In CORE-II, the atmos-
pheric deficiency and therefore the ocean surface climate 
bias is absent. However, the vertical salinity (temperature) 
distribution of Atlantic in CORE-II (Fig.  6) shows that 
the intermediate salty (warm) bias still exists although the 
surface bias is diminished. This further confirms that the 
AAIW bias is not caused mainly by the biases in surface 
salinity and temperature. This point is also consistent with 
the IPCC AR4 results (Liu et  al. 2014) which shows the 
same fresh bias in the AAIW regardless of the surface flux 
adjustment in the model.

Moreover, the AAIW bias cannot even be related to the 
ocean upper 300  m. We compare a series of PB experi-
ments with no PB experiment (control, CIAF) under IAF 
forcing using POP2. The CIAF shows a consistent salinity 
and temperature bias pattern (Fig. 8b) similar to CORE-II 
results (Fig.  6) and its vertical salinity profile along 34°S 
resembles the CMIP5 multi-model mean in intermediate 

Fig. 3  Late winter zonal mean bias distribution of salinity (shading) and potential density (contour) in CMIP5 models
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depth (Fig. 1, POP2). In our PB experiments, global ocean 
salinity and temperature from surface to 100, 200 and 
300  m were restored (with a restoring time of 90  days) 
towards their respective monthly climatology in the obser-
vation, but with no substantial improvement in intermedi-
ate bias (not shown), which implies it is not the surface 
and mixed layer (one less than 300 m) oceanic process that 
causes AAIW bias.

4.2  The role of inter‑basin exchange

The bias in the Atlantic AAIW can be affected locally 
within the Atlantic sector, it can also be caused remotely 
by inter-basin exchanges with the upstream Pacific in 
the Drake Passage (McCartney 1977; Talley 1996) and 
the downstream Indian Ocean through the leakage of the 

Agulhas Current (e.g. Rintoul 1991; Gordon et  al. 1992; 
Weijer et  al. 1999; Beal et  al. 2011). McCartney (1977) 
suggested that AAIW is primarily a by-product of SAMW, 
formed in a deep convective mixed layer in the southeast 
Pacific Ocean off southern Chile, feeding into the Pacific 
Ocean via the Drake Passage to the southwest Atlantic. 
Therefore the bias in modeling the mixed layer in south-
east Pacific could lead to the bias of South Atlantic AAIW. 
Here, we find that the mixed layer in the southeast Pacific 
in CMIP5 models is indeed much shallower than the obser-
vation (not shown). This is consistent with Danabasoglu 
et  al. (2012) which indicated that the winter mixed layer 
around the ACC region seems to be shallower than the 
observation in both the coupled model CCSM4 and ocean 
alone model POP2. Gordon et  al. (1992) also reported a 
significant interoceanic exchange of the intermediate water 

(a) (b)

(c) (d)

Fig. 4  AAIW T–S diagram in observation and CMIP5 models in different latitudes across the South Atlantic
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between the South Atlantic and Indian oceans through the 
South Atlantic Current, Agulhas Retroflection and Ben-
guela Current. Furthermore, several studies revealed that 
the overestimation of the inter-basin exchange could cause 
too salty South Atlantic and too fresh Indian Ocean due to 
the lack of spatial resolution to properly represent the iner-
tial dynamics of the Agulhas retroflection and ring shed-
ding process (Weijer and van Sebille 2014).

To investigate the role of inter-basin exchange, here in 
our sensitivity experiments, ocean temperature and salin-
ity are restored in two regions from the surface to 5000 m 
depth: the downstream region of 20°–50°S and 20°–100°E, 
and the upstream region of 40°–70°S and 50°–110°W. The 
former includes part of Indian Ocean and Agulhas Current 
system while the latter includes the southeastern Pacific 
and Drake Passage. As such, the inter-basin areas are 
restored towards the observation completely. In the follow-
ing we refer to the experiment as PB_SIOD.

The PB_SIOD result shows that the inter-basin exchange 
bias plays a minor role in the South Atlantic AAIW bias. 
There is a slight decrease in the salinity of intermediate 

water and a significant increase in the salinity of the ther-
mocline water in South Atlantic (Fig.  8c). Both the salt 
intermediate bias around 40°S and fresh thermocline bias 
from 30°S–50°S of the South Atlantic in the upper 500 m 
(SA500m, short for this fresh bias region) in CIAF is cor-
rected mainly by the southeastern Pacific Ocean through 
Drake Passage while the Indian ocean has no significant 
contribution, as demonstrated in further PB experiment for 
upstream region and downstream region, respectively (not 
shown). The bias in SA500m may contribute to the AMOC 
stability bias, a point to be returned later.

4.3  The role of North Atlantic

Since the salty bias in the AAIW appears to intensify all 
the way to the intermediate depth of the subtropical North 
Atlantic, one may also speculate that the bias may also be 
contributed by the North Atlantic formation of intermedi-
ate water. In observation, the AAIW salinity minimum ter-
minates in the North Atlantic between 20°–25°N (Fig. 7a), 
where it meets the Mediterranean Water in the eastern 

(a) (b)

(c) (d)

Fig. 5  Annual mean net precipitation (m/year) and surface salinity (psu) in observation (a, c) and their bias in multi-model mean (b, d). Two 
bottom panels (c, d) are overlaid by surface currents
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Fig. 6  Annual zonal mean bias distribution of salinity (shading) and potential temperature (contour) in the Atlantic in CORE-II models com-
pared to WOA13

(a) (b)

(c) (d)

Fig. 7  Late winter zonal mean distribution of potential density and salinity in observation (a) and multi-model mean (b) and its mean bias (c) 
across the Atlantic. Also shown are the model MOC and the multi-model mean potential temperature bias (d)
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Atlantic (Talley 1996). But in models, the confluence of 
these two watermasses locates more south, implying an 
enhanced Mediterranean Water penetration (Figs.  2, 7b). 
The multi-model mean bias across Atlantic in late winter 
shows that both intermediate salty and warm bias have their 
maxima located in the North Atlantic ~15°N where the 
salty bias and warm bias compensate each other, leading 
to the near zero deviation in potential density (Fig. 7c, d). 
The bias calculation is also applied to each single model, 
in which the bias distribution is similar to the multi-model 
mean results (Fig.  3). With the depth getting deeper and 
deeper, the bias reaches further and further southward (not 
shown). It seems that the salty and warm bias originates 
from the eastern subtropical North Atlantic, especially near 
the Strait of Gibraltar and spread to the south. Moreover, 
the combination of fresh bias in the Mediterranean Sea 
with salty bias in the Atlantic could indicate too much 
exchange across Gibraltar Strait.

Consistent with the CMIP5 results, CIAF shows cor-
responding salty and warm bias maxima in northeastern 
Atlantic outside Gibraltar Strait. It should be mentioned 
here that there exists another bias maxima locating 
in tropical Atlantic upper 300  m which may due to the 

surface forcing error, but it has little to do with interme-
diate water bias as demonstrated in surface PB experi-
ments described in Sect. 4.1. To clarify the role of North 
Atlantic, we carry out another PB experiment similar 
to PB_SIOD except that the restoring region is located 
from 20° to 40°N and from 30° to 10°W, namely PB_Gib 
hereafter, such that the water from the Mediterranean Sea 
is restored towards the observation. Surprisingly, there 
seems to be no relation between the North and South 
Atlantic salty bias in POP2. Figure  8d plots the differ-
ence between PB_Gib and CIAF. The freshening inter-
mediate water in PB_Gib is confined locally in the sub-
tropical North Atlantic, with no clearly south of equator. 
This muted effect of North Atlantic may be caused by the 
dominant northward flow in the AAIW across the equa-
tor in the subsurface North Brazil Current (not shown), 
which prevents the southward penetration of North Atlan-
tic intermediate water. Therefore, the salty and warm bias 
maximum in the northeastern Atlantic outside Gibral-
tar Strait is more likely a regional phenomenon caused 
by excessive exchange between Mediterranean Sea and 
Atlantic resulting in the salty subtropical North Atlantic, 
with little impact on the bias in the South Atlantic AAIW.

(a) (b)

(c) (d)

Fig. 8  Zonal mean distribution of salinity (shading) and potential 
temperature (contour) in CIAF (a) and its bias (b) across the Atlantic. 
The two bottom panels plot the salinity and potential temperature bias 

distribution compared with CIAF in two PB experiments: PB_SIOD 
(c) and PB_Gib (d)
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5  The role of AAIW bias on the fresh water 
transport along 34°S in Atlantic

Previous studies suggested that the overturning freshwater 
transport across ~34°S (Movs) may serve as a diagnostic 
indicator of the AMOC stability that is associated with 
the salt-transport feedback (e.g. Rahmstorf 1996; de Vries 
and Weber 2005; Drijfhout et  al. 2011; Liu et  al. 2014). 
Present-day observations show an exporting of freshwater 
with the Movs in the range of −0.34 and −0.1 Sv, favoring 
a bistable AMOC. In many CGCMs, however, the AMOC 
freshwater transport is import, opposite to the observa-
tion. This may imply a monostable AMOC, and therefore 
an overstabilization bias in the models. Here we calcu-
late Movs in these 11 CMIP5 models following Drijfhout 
et  al. (2011) (Table  1), all models except CMCC-CESM 
and IPSL-CM5A-LR show a positive Movs (slightly nega-
tive values for MIROC-ESM and MPI-ESM-P), favoring a 
monostable AMOC. These two exceptions both have little 
salty bias in surface compared with the fresh surface bias 
in other models (Fig. 1). This highlights the role of surface 
climate bias in altering the AMOC stability as suggested by 
Liu et al. (2014).

Our POP2 experiments further show that weakened 
freshwater export Movs in the CIAF is contributed by the 
biases in the model ocean in both the upper and intermedi-
ate ocean in the Southern Ocean region. The contribution 
of the upper ocean inter-basin exchange can be seen in the 
enhanced freshwater export Movs from the control simu-
lation CIAF (−0.077 Sv) to the PB experiment PB_SIOD 
(−0.098  Sv) in which the inter-basin exchanges are cor-
rected towards the observation. The reduced AMOC fresh-
water export in CIAF seems to be caused partially by the 
fresh bias in the upper 500 m of the South Atlantic (defined 
as the region SA500m), because it can lead to a fresh return 
flow of AMOC, reducing the freshwater export. This is 
confirmed by an additional PB experiment in which ocean 
temperature and salinity are restored towards the obser-
vation in exactly the SA500m region (experiment PB_
SA500m, Fig.  9b), in which Movs export is increased to 
−0.097 Sv, almost the same as in PB_SIOD.

The further enhancement of the AMOC freshwater 
export from the intermediate depth of Southern Ocean is 
seen in another PB sensitivity experiment, in which the PB 
region is extended to 1200 m in the Southern Ocean (PB_
SO1200m) and the Movs is further enhanced to −0.13 Sv, 
falling into the range of the observations. Both PB_
SO1200m and PB_SA500m experiments show a correct of 
the fresh bias in the upper ocean (Fig.  9b, c), while PB_
SO1200m further shows a correction of the salty bias in the 
AAIW depth along ACC down to 1000 m at 30°S (Fig. 9c). 
The difference of Movs between PB_SO1200m and PB_
SA500m can be contributed to the role of AAIW in AMOC 
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freshwater transport. To examine which depth of Southern 
Ocean water contributes most to the change of the total 
freshwater transport by AMOC, we firstly decompose the 
Movs change into three parts: ∫∫vΔSdxdz, ∫∫SΔvdxdz and 
∫∫ΔvΔSdxdz. Our calculation (Table 2) shows that the sec-
ond part that represents the ΔMovs induced by perturbation 
current on mean salinity is the biggest contributor. Actu-
ally in PB_SO1200m, the AMOC is about 1  Sv stronger 
than that in PB_SA500m or CIAF (Fig. 9c) in upper 800 m, 
which will import more salty thermocline water into the 
Atlantic Basin, or, equivalently, export more freshwater 
out of the Atlantic Basin. This is further confirmed by the 
calculation of the freshwater transport (FWT) into three 
components in the depth ranges of the thermocline water 
(0–600  m), intermediate water (600–1200  m) and deep 
water (1200–4000  m), respectively (Table  2). Compared 
with those in deeper layers, surface and thermocline waters 
(and their bias) have a larger contribution to FWT (and its 
bias) across 34°S. This larger contribution of surface and 
thermocline waters is consistent with results from Liu and 
Liu (2013) and Liu et  al. (2014). Corresponding with the 
decomposition analysis, these results show that AAIW bias 
could contribute to the deficient AMOC freshwater export 
mainly by its impact of the bias on the strength of AMOC 
return flow. Therefore, we speculate that both upper ocean 
bias and AAIW bias could contribute to the overstabiliza-
tion of AMOC in climate models.

6  Conclusion

This study examines the simulations of AAIW in current 
climate models and furthermore the possible mechanisms 
of the model bias in Atlantic AAIW. In general, the CMIP5 
models show a salty and warm AAIW, especially north 
of 30°S with its core located on a lighter density surface. 
Both salinity and temperature biases increase northward 
and reach their maxima in the North Atlantic outside the 

Gibraltar Strait where the AAIW meets the Mediterra-
nean Water. The AAIW bias further induces a reduction of 
AMOC freshwater export from the South Atlantic, mainly 
by the impact of the AAIW bias on the strength of AMOC 
return flow. Therefore, in addition to the surface climate 
bias, especially in the tropics (Liu et al. 2014), ocean model 
bias in AAIW also appears to contribute to the reduced 
AMOC freshwater export, and in turn, potentially an over-
stabilization of AMOC in current climate models.

Three hypotheses are tested on the cause of the AAIW 
bias: (1) the surface climate bias near APFZ, (2) the inter-
ocean exchange and (3) the North Atlantic impact. These 
hypotheses are tested with CORE-II experiments and a 
series of PB experiments in POP2. It is found that the 
AAIW bias is caused neither by the surface bias nor the 
North Atlantic bias, although is weakly affected by the 
inter-basin exchange. This leaves the only possibility that 
the salty and warm AAIW is caused mainly by the poor 
representation of ocean interior dynamics and mixing pro-
cesses locally in the AAIW region. This hypothesis needs 
to be tested by model simulations using different param-
eterization regarding these processes which will be our 
future studies due to the current computation limitation. 
Here, we recommend that much further work is needed to 
identify, and then correct, ocean model dynamic processes 
for this AAIW bias.
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