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ABSTRACT

The Southern Ocean (SO) is vital to Earth’s climate system due to its dominant role in exchanging carbon

and heat between the ocean and atmosphere and transforming water masses. Evaluating the ability of fully

coupled climatemodels to accurately simulate SO circulation and properties is crucial for building confidence

in model projections and advancing model fidelity. By analyzing multiple biases collectively across large

model ensembles, physical mechanisms governing the diverse mean-state SO circulation found across models

can be identified. This analysis 1) assesses the ability of a large ensemble of models contributed to phase 5 of

the Coupled Model Intercomparison Project (CMIP5) to simulate observationally based metrics associated

with an accurate representation of theAntarctic Circumpolar Current (ACC), and 2) presents a framework by

which the quality of the simulation can be categorized andmechanisms governing the resulting circulation can

be deduced. Different combinations of biases in critical metrics including the magnitude and position of the

zonally averaged westerly wind stress maximum, wind-driven surface divergence, surface buoyancy fluxes,

and properties and transport of NorthAtlanticDeepWater entering the SOproduce distinctmean-stateACC

transports. Relative to CMIP3, the quality of the CMIP5 SO simulations has improved. Eight of the thirty-one

models simulate an ACC within observational uncertainty (2s) for approximately the right reasons; that is,

the models achieve accuracy in the surface wind stress forcing and the representation of the difference in the

meridional density across the current. Improved observations allow for a better assessment of the SO cir-

culation and its properties.

1. Introduction

The Southern Ocean (SO) plays a dominant role in

the uptake of excess planetary heat, accounting for

67%–98% of the observed increase in heat content of

the global ocean (Roemmich et al. 2015). Furthermore,

considering heat and carbon uptake in historical simu-

lations from coupled climate models contributed to

phase 5 of the Coupled Model Intercomparison Project

(CMIP5), the SO accounts for ;43% of the anthro-

pogenic CO2 uptake and ;75% of the excess heat

uptake by the ocean over the historical period (1861–

2005) (Frölicher et al. 2015). Given the key role it plays

in the planetary carbon and heat budgets, an accurate

simulation of SO circulation by fully coupled climate

and Earth system models (ESMs) is vital for building

confidence in model projections of future climate un-

der increased radiative forcing and advancing model

fidelity.

The SO is a dynamically complex region where deep

waters that have been isolated from the atmosphere for

hundreds of years are upwelled to the ocean surface as a

result of strong wind-driven surface divergence. The

surface forcing from the strong westerly wind stress,

properties of the upwelled water, and surface buoyancy

forcing result in the strong eastward Antarctic Circum-

polar Current (ACC), which wraps around theAntarctic

continent, transporting large amounts of heat and fresh-

water both zonally and meridionally (Tamsitt et al. 2016)
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and transforming global ocean water masses. The com-

plex horizontal and vertical circulation that exists in

the SO, coupled with the lack of historical observations

of SO properties and dynamics, has led to large disagree-

ments among coupled climate and ESMs with respect to

the simulation of physical and biogeochemical processes

in this region (Russell et al. 2006a; Sen Gupta et al. 2009;

Kuhlbrodt et al. 2012; Meijers et al. 2012; Bracegirdle

et al. 2013; Sallée et al. 2013a,b; Frölicher et al. 2015;

Russell et al. 2018).

For accurate future projections of global climate

change over the twenty-first century under increased

radiative forcing, it is crucial that a strong understanding

of the mean-state circulation and the mechanisms gov-

erning it across climate models is obtained. Russell et al.

(2006b) showed, using two coupled climate models that

were nearly identical except for distinct westerly wind

regimes over the SO, that the biases in the mean-state

representation of SO divergence directly impact the

amount of future oceanic heat and carbon storage under

increased radiative forcing. Thus, models with distinctly

different ocean circulation structures due to differing

patterns and magnitudes of surface wind forcing or

other physical properties, such as surface heat and fresh-

water fluxes or water mass structures, are expected to

respond differently in response to increasing atmospheric

greenhouse gas concentrations. In other words, errors in

the representation of the mean-state ocean circulation

across models will contribute to large uncertainties and

intermodel spread in the response to increased radiative

forcing.

Several previous studies have assessed various aspects

of SO mean-state circulation and associated properties

across various ensembles of CMIP5 models (Meijers

et al. 2012; Bracegirdle et al. 2013; Downes and Hogg

2013; Sallée et al. 2013a,b; Frölicher et al. 2015; Russell

et al. 2018), the majority of which are summarized in a

review paper by Meijers (2014). The assessment of in-

dividual biases is crucial; however, only by assessing

biases in key metrics in combination with one another

can a framework be built to aid in identifying and un-

derstanding the major contributors to a model’s ability

to achieve an accurate SO simulation. For example, it is

not enough just to know whether a model performs well

at simulating a certain physical process or property, but

it is crucial to be able to decipher whether its accurate

performance is right for the right reasons or if its accu-

racy is achieved through compensating errors, that is,

right for the wrong reasons. If a model has an inaccurate

simulation, it is important to understand the physical

mechanisms governing this divergence from realism.

A study by Russell et al. (2006a) analyzed physically

basedmetrics in combinationwithoneanother todetermine

what drives and determines the ACC in the preindustrial

control integrations of 18 CMIP3 models. The metrics in-

cluded the representation of the surfacewesterlywind stress

forcing, surface freshwater andheat fluxes, differences in the

meridional density, temperature, and salinity above the sill

depth of the Drake Passage (DP), and the properties of

North Atlantic Deep Water (NADW) export from the

Atlantic into the SO. Russell et al. (2006a) found that the

most important indicator for assessing the likely SO simu-

lation performance was the strength of the westerly wind

forcing over the open DP latitudes and the most significant

internal ocean contributor to the differing ACC structures

across models was the properties and transport of saline

NADW into the SO from the Atlantic. By assessing the

performance of multiple parameters in combination with

one another across an ensemble of models and categorizing

the models according to which criteria they failed to meet,

Russell et al. (2006a) was able to present plausible mecha-

nisms that helped to explain the intermodel differences in

the ability to simulate the ACC.

This study is motivated by the analysis and frame-

work presented by Russell et al. (2006a) in their as-

sessment of CMIP3 preindustrial control simulations.

Using more recent generation CMIP5 models and

updated observational estimates, this study assesses

the SO simulation in the historical experiments of 31

different CMIP5 models, with a particular focus on the

representation of the ACC transport. Importantly, this

study utilizes the updated estimate of the ACC trans-

port through the DP obtained from measurements

from the cDrake array (Chereskin et al. 2012;

Chidichimo et al. 2014; Donohue et al. 2016), which

was not available at the time of the CMIP3 assessment

or for early assessments of CMIP5 models. The high

temporal and spatial resolution measurements from

the cDrake experiment allowed strong near-bottom

currents in the DP to be resolved for the first time,

shifting the canonical benchmark for the ACC trans-

port from 134 Sv (1 Sv [ 106m3 s21) (Whitworth and

Peterson 1985; Cunningham et al. 2003) to 173.3 6
10.7 Sv (Donohue et al. 2016).

We evaluate key metrics associated with the ability to

accurately represent the ACC including the simulation

of surface wind stress, differences in the meridional

properties across the ACC, surface buoyancy fluxes,

temperature and salinity biases, and transport and

properties of NADW entering the SO. Given the sparse

nature of SO observed quantities such as those derived

from the pre-Argo era, we also analyze the results from

the Biogeochemical Southern Ocean State Estimate

(BSOSE), which incorporates modern in situ measure-

ments to provide a state estimate against which we can

additionally evaluate climate models.
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Using physical reasoning, we categorize the CMIP5

models based on their deficiencies in the simulation of

key observationally based metrics that influence the

ACC. The analysis across such a large ensemble pro-

vides us with a means to understand the diversity in the

ability to simulate the large-scale SO circulation. Fur-

thermore, using such a large model ensemble and a

large number of observational metrics provides an

important resource to the community and a compre-

hensive baseline of SO metrics against which the next

generation of CMIP6 simulations can be assessed for

model improvements.

2. Methods

a. Model data

Thirty-one CMIP5 models are chosen for use in this

study based on the availability of data provided from

each model’s ‘‘historical’’ simulation provided in the

Earth System Grid Federation (ESGF) CMIP5 data

archive. The historical simulation covers much of the

industrial period (;1860–2005) and is forced by ob-

served anthropogenic and natural sources of atmo-

spheric composition changes and time-evolving land

cover (Taylor et al. 2012). Only the first ensemble

member for each model’s historical simulation is ana-

lyzed. All model output presented is a 20-yr average of

monthly data from January 1986 to December 2005 of

the historical simulation. Table 1 lists the models and

contains additional details regarding their ocean com-

ponent. All calculations were performed on each

model’s native grid, or the grid on which the data were

reported at ESGF for isopycnal coordinate models. For

all models considered, the horizontal ocean grid is uni-

form south of 308S and thus no regridding is needed

prior to integration for transports or calculation of

zonal-mean fields.

Some of the models used in this analysis share the

same atmosphere and/or ocean components and/or

similar parameterizations and thus may contain similar

biases, and therefore should not be viewed as com-

pletely independent from one another (Knutti et al.

2010). Furthermore, eachmodel has differing times used

for their respective spinup simulations, resulting in

varying degrees of equilibrium reached by the time of

the branching of the historical simulation from its parent

preindustrial control integration (piControl). Given that

the historical simulation is on the order of ;156 years

(1850–2005), the integrations presented have ‘‘built in’’

deep ocean biases from their respective piControl and

spinup integrations since the historical period is much

too short for the deep ocean properties to differ much

from their initial states at the start of the historical

experiment. Furthermore, each modeling center per-

forms a different model spinup procedure before the

start of the piControl integration, using varying initial

conditions for their baseline climate state. The above-

mentioned caveats should be kept in mind when as-

sessing the differences among models in the simulated

properties at the end of the historical simulations rela-

tive to that observed.

b. Observational estimates

In situ temperature and salinity output from the

World Ocean Atlas 2013 (WOA13) product (Locarnini

et al. 2013; Zweng et al. 2013) is used to compute the

temperature, salinity, and potential density differences

across the SO against which the simulations are com-

pared. To be consistent with the time frame of the his-

torical simulations, the climatologies are computed from

the average of the 1985–94 and 1995–2004 decadal cli-

matologies provided by the WOA13 product. The

WOA13 in situ temperature is converted to potential

temperature prior to calculations.

When assessing the simulation of ocean surface heat

flux and surface freshwater flux in the CMIP5models, we

consider monthly output from two different reanalysis

products over the 1986 to 2005 period: the National

Centers for Environmental Prediction’s (NCEP) Climate

Forecast Reanalysis (CFSR) product (Saha et al. 2010)

and the European Centre for Medium-Range Weather

Forecasts’ (ECMWF) ERA-Interim global atmospheric

reanalysis (Dee et al. 2011). For the total ocean surface

heat flux, the following terms were combined: surface

sensible heat flux, surface latent heat flux, surface net

shortwave radiation, and surface net longwave radiation.

For the ocean surface freshwater flux, only precipitation

minus evaporation (PmE) is considered.

In addition to the CFSR and ERA-Interim reanalysis

products, we also analyzed NASA’s Modern-Era Ret-

rospective Analysis for Research and Applications

(MERRA) atmospheric reanalysis (Rienecker et al. 2011).

A third product was analyzed due to the large downward

trend in the wind stress magnitude found in the CFSR

reanalysis product from 1986 to 2005. The MERRA

product also exhibited a downward trend over the same

time period but of a lesser magnitude than that in CFSR.

The downward trends found in the MERRA and CFSR

data are inconsistent with documented strengthening of

the westerly wind stress over the SO found in other re-

analysis products and observational datasets (Swart and

Fyfe 2012).

Bracegirdle et al. (2013) use ERA-Interim as their

benchmark to assess the skill of CMIP5 models in their

simulation of Southern Hemisphere winds, citing in-

dications that ‘‘ERA-Interim is the most reliable of
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contemporary reanalyses’’ over the SO. More specifi-

cally, the detailed assessment of various reanalysis prod-

ucts and observations by Swart and Fyfe (2012) indicates

that ERA-Interim is a reliable product over the SO for

wind stress. Therefore, when assessing the skill of the

CMIP5 models in simulating parameters related to the

representation of the zonal wind stress forcing at the ocean

surface, we only compare the simulated values against

ERA-Interim.All reanalysis output was downloaded from

NASA’s Collaborative REAnalysis Technical Environ-

ment (CREATE) data system (Potter et al. 2018).

Ocean fields from the iteration 105 solution of the

BSOSE are also analyzed in this study (http://sose.ucsd.edu/

BSOSE_iter105_solution.html). BSOSE assimilates obser-

vations from profiling floats, shipboard data, underway

measurements, and satellites into a numerical model to

produce a state estimate for the SO from January 2008 to

December 2012 (Verdy and Mazloff 2017). No in situ data

from the cDrake array (Chereskin et al. 2012) are assimi-

lated into BSOSE. The SOSE is based on the MIT general

circulationmodel (MITgcm)with theBiogeochemistrywith

Light, Iron, Nutrients, and Gases (BLING) model im-

plemented (Galbraith et al. 2010). For additional details on

BSOSE see Verdy and Mazloff (2017). In this analysis we

present the time-averaged (monthly data fromJanuary 2008

to December 2012) fields from BSOSE at 1/38 resolution.

c. Calculation of volume transports

To compute volume transports associated with the ACC

and meridional transports across 328S in the Atlantic in

BSOSE, the time-averaged (January 2008–December 2012)

meridional and zonal velocities were used. For the CMIP5

TABLE 1. CMIP5models used in this study. The table includes the ocean component and its version, ocean horizontal resolution (longitude3
latitude), vertical coordinate with the number of layers/levels, and modeling center. The vertical coordinates are defined as follows: z,

traditional depth coordinates; s2, isopycnal vertical coordinates; z*, rescaled geopotential vertical coordinate for better representation of

free-surface variations (Adcroft and Campin 2004). The historical experiments are simulations from 1850 to 2005 forced by observed changes

in atmospheric composition due to anthropogenic and natural sources. These changes include anthropogenic and volcanic activity, solar

forcing, emissions or concentrations of short-lived species and natural and anthropogenic aerosols or their precursors, and land use change

(Taylor et al. 2012). (Expansions of acronyms are available online at http://www.ametsoc.org/PubsAcronymList.)

CMIP5 model Ocean component

Ocean resolution

(lon 3 lat)

Ocean vertical coordinate

and levels Modeling center

1 ACCESS1.0 MOM4.1 1.08 3 1.08 z* (50) CSIRO-BOM

2 ACCESS1.3 MOM4.1 1.08 3 1.08 z* (50) CSIRO-BOM

3 BCC_CSM1.1 MOM4-L40v1 1.08 3 1.08 z (40) BCC-CMA

4 BCC_CSM1.1(m) MOM4-L40v2 1.08 3 1.08 z (40) BCC-CMA

5 BNU-ESM MOM4.1 1.08 3 1.08 z* (50) BNU

6 CanESM2 NCOM 1.418 3 0.948 z (40) CCCma

7 CCSM4 POP2 1.118 3 0.548 z (60) NCAR

8 CESM1(CAM5) POP2 1.118 3 0.548 z (60) NSF-DOE-NCAR

9 CNRM-CM5 NEMO3.2 1.08 3 0.658 z (42) CNRM-CERFACS

10 CNRM-CM5.2 NEMO3.2 1.08 3 0.658 z (42) CNRM-CERFACS

11 CSIRO Mk3.6.0 MOM4.2 1.888 3 0.938 z* (31) CSIRO-QCCCE

12 FGOALS-g2 LICOM2 1.08 3 1.08 z (30) LASG/IAP

13 FGOALS-s2 LICOM2 1.08 3 1.08 z (30) LASG/IAP

14 GFDL-ESM2G GOLD 1.08 3 1.08 s2 (59 1 4) NOAA/GFDL

15 GFDL-ESM2M MOM4.1 1.08 3 1.08 z* (50) NOAA/GFDL

16 GFDL CM2.1 MOM4.0 1.08 3 1.08 z (50) NOAA/GFDL

17 GFDL CM3 MOM4.1 1.08 3 1.08 z* (50) NOAA/GFDL

18 GISS-E2-H-CC HYCOM 1.08 3 1.08 z 2 s2 (26) NASA/GISS

19 GISS-E2-R-CC Russell Ocean 1.258 3 1.08 z* (32) NASA/GISS

20 HadCM3 HadOM3 1.258 3 1.258 z (20) MOHC

21 HadGEM2-CC HadGOM1 1.08 3 1.08 z (40) MOHC

22 HadGEM2-ES HadGOM1 1.08 3 1.08 z (40) MOHC

23 IPSL-CM5A-LR NEMO3.2 1.988 3 1.308 z (31) IPSL

24 IPSL-CM5A-MR NEMO3.2 1.988 3 1.308 z (31) IPSL

25 IPSL-CM5B-LR NEMO3.2 1.988 3 1.308 z (31) IPSL

26 MIROC-ESM COCO3.4 1.48 3 1.48 z 2 s (44) JAMSTEC

27 MIROC-ESM-CHEM COCO3.4 1.48 3 1.48 z 2 s (44) JAMSTEC

28 MRI-CGCM3 MRI.COM3 1.08 3 0.58 z (50) MRI

29 MRI-ESM1 MRI.COM3 1.08 3 0.58 z (50) MRI

30 NorESM1-M MICOM 1.138 3 0.548 s2 (53) NCC

31 NorESM1-ME MICOM 1.138 3 0.548 s2 (53) NCC
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models, meridional and zonal mass transport data

(vmo, umo) time averaged from January 1986 to De-

cember 2005 of the historical experiment were used

(velocities were used if mass transport data were not

provided). Mass transport is preferred here for trans-

port calculations for the following reasons: 1) The vmo

diagnostic is defined as the velocity times mass sampled

at each time step, providing a better representation of

the true time-averaged flow; 2) this diagnostic auto-

matically accounts for any partial cells at the bottom of

the ocean due to topography and at the top due to each

model’s free surface layer; 3) vmo is computed on each

model’s native vertical coordinate, reducing analytical

errors from interpolating from nonstandard depth co-

ordinates (e.g., isopycnal coordinates) to the standard

depth coordinates that the output is reported on in the

CMIP5 archive; and 4) analytical errors associated with

the tracer grid points being located at different loca-

tions than the velocity grid points are minimized.

Meridional volume transports across 328S in the At-

lantic are calculated for BSOSE and the CMIP5 models

by using the reported temperature and salinity fields to

first bin the grid points closest to 328S into density classes
(su, s2, and s4) according to the layer definitions pro-

vided in Table 14 of Talley (2008). Each layer is further

subdivided into four equal sublayers to account for any

canceling within the layer. The transports through these

binned layers are then computed from the respective

meridional velocity or mass transport. If mass transport

is used, each layer is divided by a uniform density of

1035kgm23. Salt transport (kg s21) is computed by

multiplying each grid cell’s salinity by the volume

transport through the grid cell and summing through the

layer. Temperature transport (1 PWT 5 1015 J s21) in

each layer is calculated using meridional mass transport

(or velocity if mass transport is not provided), temper-

ature (8C), in situ density (kgm23), and specific heat

(J kg21 8C21). This quantity is referred to as temperature

transport as defined byHall and Bryden (1982) and used

by Talley (2003) and Talley (2008) rather than heat

transport (1 PW 5 1015 J s21) because mass is not con-

served in the individual layers.

d. Transport of the ACC through the Drake Passage

We consider the volume transport through the DP

to be representative of the strength of the ACC as in

Russell et al. (2006a) and Russell et al. (2018). For

each CMIP5model and BSOSE, the volume transport

is computed as the net transport time averaged

through the DP at the closest grid cell to 698W. The

flow through the DP provides an important observa-

tional metric due to the repeat measurements made in

this region over the last several decades.

Early observational estimates of the net transport

through the DP calculated using data from the In-

ternational Southern Ocean Study (ISOS) (Whitworth

et al. 1982; Whitworth 1983; Whitworth and Peterson

1985) yielded three separate estimates from a yearlong

deployment (1979–80) with an average value of 134 6
11.2 Sv (standard deviation of the yearlong transport).

The later occupation of the World Ocean Circulation

Experiment (WOCE) SR1b line between 1993 and 2000

yielded a net transport through the DP of 136 6 7.8 Sv

(Cunningham et al. 2003). Furthermore, combining re-

peat occupations of the DP region over the 1975–2000

time period, Cunningham et al. (2003) showed that

over this 25-yr period, the baroclinic transport of the

ACC above and relative to 3000 dbar demonstrated

long-term stability. These early studies did not have suf-

ficient spatial or temporal resolution required to re-

solve the strong near-bottom currents flowing through

the DP.

Recently, an improved estimate of the total transport

of the ACC through the DP has become available as a

result of the cDrake experiment carried out from 2007 to

2011 (Chereskin et al. 2012; Chidichimo et al. 2014;

Donohue et al. 2016). The flow through the DP was mea-

sured at high temporal and spatial resolution, resolving

strong near-bottom currents, which were not resolved in

earlier estimates, shifting the net transport estimate from

134Sv (Whitworth and Peterson 1985; Cunningham et al.

2003) to 173.3 6 10.7Sv (Donohue et al. 2016). This esti-

mate is the result of combining the 127.7 6 5.9Sv baro-

clinic transport (Chidichimo et al. 2014) and the 45.6 6
8.9Sv barotropic transport calculated from the cDrake

array (Donohue et al. 2016). Importantly, the baroclinic

component from ISOS (Whitworth and Peterson 1985),

SR1b (Cunningham et al. 2003), and cDrake (Chidichimo

et al. 2014) agree well.

The larger total transport from the cDrake experi-

ment (Donohue et al. 2016) relative to earlier estimates

is attributed to the depth-independent or barotropic

flow that was able to be resolved due to the large im-

provement in the temporal and spatial resolution of

sampling. Donohue et al. (2016) note that the lower

bound of their DP estimate is consistent with the max-

imum transport value of Cunningham et al.’s (2003)

error corrected DP estimate of 163 Sv, and agrees well

with two modern, independent ACC estimates (Firing

et al. 2011; Colin de Verdière and Ollitrault 2016).

Donohue et al. (2016) do not ascribe the increase to a

climatologically forced signal from increased westerly

winds based on supporting research using satellite al-

timetry records and model simulations by Hogg et al.

(2015) and Bishop et al. (2016). This lack of increase in

the ACC in response to the observed poleward shift and
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intensification of SO westerly wind stress is understood

through the theory of eddy saturation in which the ad-

ditional energy imparted by the wind stress has in-

creased the ocean eddy kinetic energy, opposing the

steepening of isopycnals (and thus the acceleration of

the ACC) expected from the increased wind forcing

(Hallberg and Gnanadesikan 2006; Böning et al.

2008; Meredith et al. 2012; Munday et al. 2013; Hogg

et al. 2015).

Prior to the cDrake experiment, the mean ACC

transport estimate of 134 Sv served as an observa-

tional metric to strive for in model simulations in-

cluding the CMIP5 models analyzed here. After the

CMIP5 models were developed, the results from the

cDrake experiment became available, providing a

much higher benchmark for the ACC flow. Given this

scenario, it is expected (and shown below) that most

of the CMIP5 models simulate a weak ACC com-

pared to the new cDrake value, which we use in this

study to assess the model’s performance. Given the

lack of evidence of any long-term trend in the ob-

served ACC flow through the DP as discussed above,

we do not find issue with comparing the 1986–2005

time average for the models with the cDrake estimate

from 2007–11.

3. Results

a. ACC transport

There is a wide range of ACC transports simulated by

the CMIP5 models, ranging from the exceptionally high

value of 246Sv simulated by GISS-E2-R-CC to the ex-

ceptionally weak transports of 88 and 94 Sv simulated

by the CNRM-CM5 and IPSL-CM5B-LR models, re-

spectively (Fig. 1, Table 2). Only 10 of the CMIP5

models have an ACC transport that lies within the un-

certainty (2s) of the Donohue et al. (2016) estimate.

BSOSE also has an ACC within the range of Donohue

et al. (2016). As noted previously, BSOSE does not as-

similate any in situ data from the cDrake array and thus

represents an independent estimate. Several models

cluster just below the range of observational uncertainty

(2s), falling outside by only a fewSverdrups (FGOALS-g2,

CESM1(CAM5), ACCESS1.0, GFDL CM2.1, and

CNRM-CM5.2). Overall, 3 models have a too strong

transport and 13 have much too weak transport. Rel-

ative to the CMIP3 generation of models (Russell et al.

2006a; Sen Gupta et al. 2009), the 31 models considered

here show improvement with respect to the strength of

the ACC.

We note the caveat here that the ACC transport

through the DP exhibits long-term variability (multi-

decadal or longer) for several of the models when

considering the entire historical period (not shown

here). This variability also appears in the piControl

integrations and the reason for this behavior likely

varies from model to model. For other models, the

ACC transport remains stationary, exhibiting no long-

term variability, throughout the entire period. Given

this behavior, the use of a single ensemble member and

only considering the 20-yr period at the end of the

historical simulation adds additional uncertainty to

the analysis. The five models that lie only outside of

the 2s range of the observed mean by ,10 Sv might

not be statistically different from the observed

ACC transport if more than one ensemble member

were used.

b. Surface forcing of the Southern Ocean

1) SURFACE MOMENTUM FORCING FROM WIND

STRESS

In CMIP3 models, the strength of the ACC in

piControl integrations generally scaled with the strength

of the Southern Hemisphere zonally averaged westerly

wind stress maximum (Russell et al. 2006a). Given this

strong relationship found in the previous generation

of climate models, we begin our examination of the

representation of key metrics associated with the ACC

in CMIP5 models by analyzing the structure of the

wind stress forcing over the SO. As our benchmark

for assessing the performance of the CMIP5 models,

we compare the model-simulated wind stress metrics

against the mean values from the ERA-Interim re-

analysis product over the 1986–2005 time period. As

discussed previously (see section 2), ERA-Interim is the

most reliable reanalysis product over the SO (Bracegirdle

and Marshall 2012; Swart and Fyfe 2012; Bracegirdle

et al. 2013).

For eachmetric, we consider a model to be consistent

with ERA-Interim if its mean value falls within 2s

(standard deviation of the annual means over the 1986–

2005 period) of the ERA-Interim mean value for the

metrics considered. We consider the following metrics

in our analysis: the strength and position of the zonally

averaged maximum westerly wind stress, integrated

zonal wind stress over the open DP latitudes, in-

tegrated westerly wind stress south of 308S, and in-

tegrated wind stress curl (WSC) over the open DP

latitudes (Table 2).

The CMIP5 models perform well in their ability to

accurately simulate the magnitude of the zonally aver-

aged westerly wind stress maximum over the SO, with 26

out of the 31models simulating amagnitudewithin 2s of

the ERA-Interim mean (Table 2, Fig. 2b). Relative to

ERA-Interim, four models simulate a much too weak
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zonally averaged westerly wind stress maximum and

only one model simulates a magnitude that is much too

strong (Table 2, Figs. 2a,c). The region with the largest

disagreement among CMIP5 models in their simulated

zonal wind stress is in the open latitudinal band of the

DP (Fig. 2). The total wind stress over this region differs

widely across models and is unsurprisingly significantly

correlated (r 5 0.94, p 5 3.0 3 10215) to the position

of the maximum wind stress. Models with their peak

wind stress shifted farther equatorward intuitively have

weaker surface forcing by the westerly winds over the

DP latitudes (Table 2). The magnitude of the zonally

averaged westerly wind stress maximum in BSOSE is

significantly weaker relative to that of ERA-Interim,

which is likely related to the different choice of bulk

formula used to compute wind stress. This disagreement

FIG. 1. Volume transport of the ACC through the Drake Passage (Sv). The transport as

observed from the cDrake experiment by Donohue et al. (2016) is plotted at the top with gray

shading corresponding to its associated 2s error. The CMIP5 transports are the January 1986–

December 2005 time-averaged net transport through the Drake Passage and their associated

2s standard deviation of annual values about the mean. The BSOSE transport is theDecember

2008–January 2012 time-averaged net transport through the Drake Passage and its associated

2s standard deviation of annual values about the mean. For comparison to transports in the

CMIP3 generation of models, the mean transports through the Drake Passage reported in

Table 1 of Russell et al. (2006a) from the last 20 years of eachmodel’s piControl integration and

themean transports reported in Table 3 of SenGupta et al. (2009) from the last 20 years of each

model’s twentieth-century control run are plotted above the CMIP5 results.
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TABLE 2. Parameters related to the strength of the ACC. The potential density (Dr), salinity (DS), and potential temperature (DT)
differences are the zonally and full-depth-averaged difference between 658 and 458S. The observational estimates of the differences

against which themodels are compared are calculated from theWOA13 product (averaged 1985–94 and 1995–2004 decadal climatologies)

(Locarnini et al. 2013; Zweng et al. 2013). The observational estimate for the surface wind stress parameters presented here is the ERA-

Interim monthly product averaged over the January 1986–December 2005 period with its associated interannual variability (standard

deviation of the annual means over the 20-yr period) (1s). The observedACC estimate is that reported byDonohue et al. (2016) based on

measurements from the cDrake array (Chereskin et al. 2012) over the 2007–11 period with its reported uncertainty (1s). Please see the

methods section for more details on how this estimate is obtained. Total tx and total wind stress curl are the integrals of the zonal wind

stress and its associated wind stress curl over the open Drake Passage latitudes (558–648S). All model values are the time-averaged data

from the last 20 years of the historical simulation (January 1986–December 2005). BSOSE values are computed from the time-averaged

data from January 2008 to December 2012 for the BSOSE iteration 105 solution. Given the lack of annual resolution in the WOA13

product and likely large uncertainty from the pre-Argo era, we do not attempt to provide an uncertainty for the property differences in the

three columns of the tablemarkedwith an asterisk (*). For BSOSE and the CMIP5models, mean values that are 2s above themean of the

observational metric are in bold, and values that lie 2s below are bold and italicized. Considering a window of error of 25% of the mean

WOA13 value for the density difference, values are in bold if the difference is too strong and bold and italicized if the difference is too

weak using this criterion. Please see the discussion section (section 4) for a description and discussion of the criteria used to determine

which category the CMIP5 models fall into.

Model ACC (Sv)

Max tx
(Nm22)

Total wind

stress curl

in DP

(106 Nm21)

Dr
(kgm23)*

DS
(psu)*

DT
(8C)*

Total tx
in DP

(1012 N)

Total

westerly

tx (10
12N)

Lat of max

tx (8S)

Observational estimate 173.3 6 10.7 0.1898 6 0.01 22.726 0.21 0.27 0.06 2.5 2.56 0.3 11 6 0.5 52.276 1.05

BSOSE 181 0.1505 22.01 0.26 0.06 2.6 2.1 8.5 52.22

Reasonable ACC for approximately the right reasons

CCSM4 169 0.2135 22.97 0.34 0.17 2.4 3.1 11 53.76

CanESM2 153 0.2080 22.91 0.32 0.17 2.2 2.5 12 50.86

HadGEM2-CC 178 0.1759 22.78 0.29 0.01 3.2 1.9 9.8 50.39

HadGEM2-ES 172 0.1844 22.85 0.30 0.02 3.1 2.1 10 50.66

MIROC-ESM 174 0.1796 22.49 0.28 0.11 2.1 1.1 11 46.73

MIROC-ESM-CHEM 175 0.1808 22.58 0.29 0.12 2.2 1.2 11 47.17

ACCESS1.3 184 0.2023 23.17 0.34 0.03 3.9 2.3 11 51.62

GFDL CM3 156 0.1817 22.43 0.27 20.04 3.2 2.2 10 50.89

Accurate simulation of key metrics but weak ACC

ACCESS1.0 146 0.1883 22.88 0.30 0.002 3.4 2.2 11 51.44

GFDL CM2.1 144 0.1825 22.70 0.23 20.01 2.6 2.2 10 51.14

FGOALS-s2 133 0.1988 23.13 0.23 0.04 2.6 1.6 11 49.35

NorESM1-M 127 0.1755 22.40 0.25 20.01 2.9 2.4 9.2 53.38

NorESM1-ME 126 0.1903 22.53 0.27 0.06 2.5 2.7 9.5 53.84

CSIROMk3.6.0 109 0.1996 22.85 0.25 0.13 1.6 1.8 11 49.15

Accurate wind stress forcing with errors in density gradient

HadCM3 242 0.1755 22.40 0.47 0.34 2.4 1.9 9.8 49.99

GISS-E2-H-CC 205 0.1640 22.43 0.40 0.18 2.8 2.1 9.7 51.19

CESM1(CAM5) 146 0.1896 22.68 0.36 0.19 2.3 2.7 10 53.42

GFDL-ESM2M 131 0.1704 22.44 0.19 20.05 2.4 2.1 9.6 51.45

GFDL-ESM2G 112 0.1722 22.48 0.15 20.12 3.1 2.3 9.8 52.13

MRI-CGCM3 116 0.1794 22.94 0.19 0.01 1.9 2.1 9.7 52.41

MRI-ESM1 112 0.1766 22.83 0.19 0.01 1.9 2.0 9.6 52.08

IPSL-CM5A-MR 108 0.1869 22.90 0.18 0.02 2.1 1.1 10 47.05

IPSL-CM5A-LR 102 0.1751 22.37 0.14 20.02 2.0 0.59 9.6 45.48

BNU-ESM 107 0.2097 23.02 0.13 20.01 1.4 1.5 11 49.04

Errors in wind stress forcing with accurate density gradient

BCC_CSM1.1(m) 171 0.2360 23.53 0.29 20.01 3.6 3.1 13 52.37

BCC_CSM1.1 157 0.2057 23.16 0.27 20.01 3.3 1.8 11 50.12

FGOALS-g2 147 0.1443 21.89 0.26 0.07 2.7 0.59 8.3 45.70

CNRM-CM5–2 142 0.1589 22.27 0.25 0.02 2.7 1.9 9.1 51.20

IPSL-CM5B-LR 94 0.1408 21.90 0.20 20.06 2.4 0.86 8.5 46.65

CNRM-CM5 88 0.1557 22.50 0.29 0.14 1.7 1.7 9.0 50.61

Errors in wind stress forcing and errors in density gradient

GISS-E2-R-CC 246 0.1668 22.23 0.38 20.11 5.2 2.0 10 49.97
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does not appear to be an issue of comparison of different

time periods between the two products.

While only a few models exhibit biases in the strength

of the zonally averaged maximum westerly wind stress,

the latitudinal position of the maximum is not well

represented formanymodels (Table 2, Fig. 2). Twelve of

the models have their peak zonally averaged westerly

wind stress biased equatorward relative to ERA-

Interim, with 11 out of the 12 having a position north

of 508S. None of the models exhibit a poleward bias.

The varied skill acrossmodels in representing both the

strength of the zonally averaged westerly wind stress

maximum and where it is located leads to very different

patterns of zonally integrated WSC across the SO

FIG. 2. The (left) zonally averaged zonal wind stress (Nm22) and (right) zonally integrated annual mean wind stress curl (Nm22) from the

ERA-Interim global atmospheric reanalysis (Dee et al. 2011) product time averaged over the January 1986–December 2005 time period (thick

black line), from January 2008 to December 2012 of iteration 105 of the BSOSE solution, and from the January 1986 toDecember 2005 of the

historical simulation for eachCMIP5model. The latitude band of theDrakePassage is indicated by the dark gray shading in each panel.Models

are separated by having (a)weak, (b) accurate, and (c) excessive simulated peak zonalwind stressmagnitude relative to theERA-Interimmean

and its associated interannual variability (2s) (standard deviation of annual means over the 20-yr period). The light gray shading about the

ERA-Interim mean represents the interannual variability (2s) of the zonally averaged zonal wind stress in the left panel or zonally integrated

wind stress curl in the right panel at each latitude.
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(Fig. 2). The pattern of WSC sets the amount of up-

welling and downwelling south and north of the westerly

wind stress maximum and thus has major influences on the

density gradients across the ACC. Relative to ERA-

Interim, four models exhibit too weak and three models

exhibit too strong integrated WSC over the open DP lati-

tudes. Interestingly, many models that exhibit significant

equatorward biases in the position of their zonally averaged

westerly wind stress maximum are still able to maintain a

strong meridional gradient in the zonal wind stress and thus

accurate Ekman suction over the open DP latitudes. With

the exception of CNRM-CM5, the models with a weak

zonally averaged westerly wind stress maximum tend to

have weak integrated WSC over the open DP latitudes

(Table 2, Fig. 2a).

Considering the overall relationships of the wind stress

metrics considered and the strength of the ACC, a rela-

tively weak and statistically insignificant relationship is

found between the ACC strength and the magnitude of

the zonally averaged westerly wind stress maximum (r5
0.10, p 5 0.58) (Fig. 3a). The correlations between the

ACC strength and the total westerly wind stress over the

open DP latitudes and the ACC and the total westerly

wind stress over the entire SO yield slightly larger but still

statistically insignificant positive correlations (r 5 0.24,

p 5 0.19 and r 5 0.26, p 5 0.16, respectively). The re-

lationship between ACC strength and the latitude of the

zonally averaged westerly wind stress maximum is also

statistically insignificant (r 5 0.10, p 5 0.59). Several

models have excessively strong ACC transports [.195Sv

(.2s)] in the absence of strong westerly wind stress.

Even with these outliers removed, the correlations do not

become exceptionally strong. These relatively weak cor-

relations indicate there must be other processes at play in

these models that compensate for the weak wind stress

biases, allowing a strong current to be maintained in the

presence of weakmechanical forcing at the ocean surface.

2) NET SURFACEHEATAND FRESHWATER FLUXES

The net surface heat flux at the ocean surface consists

mainly of radiative (net shortwave and longwave radia-

tion) and turbulent (latent and sensible) heat fluxes in

addition to those associatedwith the formation andmelt of

sea ice and to a lesser extent those associated with pre-

cipitation/evaporation and river runoff. Here we consider

the net surface heat flux, not the individual components.

This is reported in the CMIP5 archive as heat flux down-

ward at the ocean surface (hfds) from the ocean model

output that contains all the components that contribute to

the net flux of heat at the ocean surface. If the model re-

ported all of the individual terms instead of hfds, all the

terms were summed to obtain the net ocean surface heat

flux. The same is true for the net surface freshwater flux.

Themajority of theCMIP5models report a single variable,

water flux at the ocean surface (wfo), which contains all the

sources of freshwater at the surface, such as that from sea

ice formation/melt, river runoff, icebergs (if included in the

model), precipitation, and evaporation.

Freshwater and heat fluxes in the SO from observa-

tionally based products are highly uncertain and different

flux products can show quite different magnitudes and

patterns. Thus, the ERA and CFSR reanalysis products

presented should be taken as a ‘‘best guess’’ but not

necessarily an accurate estimate as direct observations

still remain too sparse to confirm these values. For this

reason, we do not assess the skill of the models in rep-

resenting the surface heat or freshwater fluxes relative to

either reanalysis product. Instead we simply highlight

here the disagreement among models in their zonally

averaged heat and freshwater fluxes across the SO.

In the reanalysis products, the zonally averaged (across all

basins) net surface heat flux shows the general structure of

ocean heat loss south of;638S, ocean heat gain from;638
to 438S, and ocean heat loss north of 438S (Fig. 4a). How-

ever, there are clear inconsistencies between the two dif-

ferent products throughout the entire SO. The surface heat

flux simulated by BSOSE is inconsistent with both of the

reanalysis products, with a wavier structure in the region of

heat gain, with an inflection in the pattern occurring be-

tween608 and558S likely a result of theMalvinasCurrent.A

large spread is found in the surface heat fluxes simulated by

theCMIP5models southof 558S, potentially associatedwith
the differing simulation of sea ice extent and surface radi-

ation balance.

A large disagreement in the surface freshwater fluxes

among CMIP5models is also seen south of 558S, supporting
the inference that this spread in both the heat and freshwater

fluxes is likely linked to diversity in the skill of the CMIP5

models in their representation of the seasonal sea ice extent

and the associated drift of and subsequent melt of sea ice

away from the coast (Figs. 4a,b). Large inconsistences

among CMIP5 models in their representation of the annual

mean Southern Hemisphere sea ice extent and its seasonal

amplitude have been documented in other studies (Shu et al.

2015; Ivanova et al. 2016). An assessment of parameters

related to the representation of Antarctic sea ice extent for

the 31 models considered in this study are summarized in

Table S1 in the online supplemental material.

Outside of the seasonal sea ice zone, where the

freshwater flux is governed by precipitation minus

evaporation (PmE), the CMIP5 models are generally

consistent with one another, with the two reanalysis

products falling within the model spread (Fig. 4b).

BSOSE shows a starkly different pattern of the zonally

averaged freshwater flux relative to the reanalysis data

and the CMIP5 models, even outside of the sea ice zone.
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Despite disagreements among the surface heat fluxes in

BSOSE and the CMIP5 models, a very consistent structure

of the zonally averaged upper 100-m temperature is found

among models (Fig. 4c). BSOSE simulated upper 100-m

temperature is nearly identical to the WOA13 product, as

expected given the assimilation of temperature data into

the state estimate. Much greater inconsistencies are seen in

the structure of the zonally averaged upper 100-m salinity

FIG. 3. ACC transport (Sv) and (a) zonally averagedmaximumwesterly wind stress, full-depth-averaged, zonally

averaged meridional (b) potential density, (c) potential temperature, and (d) salinity difference between 658 and
458S. Mean observed and modeled values correspond to the values reported in Table 2. The linear regression

considering only the CMIP5 models and the corresponding correlation coefficient and p value (29 degrees of

freedom) are displayed on each panel. The model groups correspond to the category that the models fall into in

Table 2 [see the discussion section (section 4) for details of model groupings].
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amongmodels (Fig. 4d).Again, BSOSE simulates the upper

100-m salinity in high agreement with theWOA13 product.

All CMIP5 models except the IPSL models generally un-

derestimate theupper 100-msalinitynorthof 558S, outsideof
theDP latitudinal band, particularly in the subtropical gyres.

The large deviations between models in their upper 100-m

salinity south of 558S are likely related to the large dis-

agreements in the surface freshwater fluxes found here

(Fig. 4b) combined with the differing properties of the

upwelled water, particularly NADW, within the ACC and

south of the DP.

c. Difference in meridional density across the ACC
and its structure

The meridional density gradient across the ACC is

important in setting and maintaining the strong eastward

flow of the current through thermal wind balance. A very

strong relationship (r 5 0.83, p 5 8.5 3 1029) exists be-

tween the density difference (Dr) across the current [full-
depth-averaged, zonally averaged difference in potential

density (referenced to the surface) from 658–458S] and the
ACC strength (Fig. 3b). We note here that the northward

extent of theACC is specific to eachmodel and varieswith

longitude, with notable northward excursions over part of

the Atlantic; however, 658–458S captures the majority of

the eastward flow across the models studied here and has

been used in previous studies when assessing properties

across the ACC (Russell et al. 2006a; Meijers et al. 2012).

When Dr is broken down into the contributing differ-

ences in temperature (DT) and salinity (DS) (Figs. 3c,d),
the relationship between the ACC and DT yields a ro-

bust statistically significant positive correlation (r 5 0.62,

FIG. 4. Thezonally averagedand time-averaged (a) surfaceheatflux, (b) surface freshwaterflux, (c)near-surfacepotential

temperature (8C; 0–100m average), and (d) near-surface salinity (psu; 0–100-m average). The CFSR and ERA-Interim

reanalysis products and theCMIP5model data are time averaged from January 1986 toDecember 2005. The January 2008–

December 2012 time period is averaged for the BSOSE Iteration 105 solution. TheWOA13 output is computed from the

average of the 1985–94 and 1995–2004 decadal climatologies provided in theWOA13 product (see the methods section).
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p 5 0.0002), while the correlation between the ACC and

DS exhibits a weaker and not statistically significant pos-

itive correlation (r 5 0.33, p 5 0.07). The properties

contributing to each model’s resulting Dr differ from

model to model (Table 2, Figs. 5a,b).

The CMIP5 models differ greatly in their ability to ac-

curately simulate Dr relative to that observed (Table 2).

The models exhibit a large intermodel spread in Dr,
ranging from 0.47kgm23 (HadCM3) to 0.13kgm23

(BNU-ESM). The uncertainty in Dr computed from the

WOA13 product from the average of the 1985–94 and

1995–2004 decadal climatologies is not well constrained.

Considering a window of 25% error (0.20–0.34kgm23)

relative to the WOA13 Dr (0.27kgm23), 20 CMIP5

models have a reasonable Dr, 4 have a too strong Dr, and
7 have a too weak Dr (Table 2).

Examining the structure of the salinity and temperature

differences (columns 6 and 7 of Table 2) that contribute to

the resulting Dr, we see a wide diversity across models

(Table 2, Figs. 5a,b). Unsurprisingly, all of the CMIP5

models show some degree of bias with respect to the full-

depth-averaged SO temperature and salinity structure rel-

ative to the WOA13 product (Figs. 5a,b). Several of the

models that have a Dr within 25% of the WOA13 value

have biases in DT and DS that compensate for one another.

For example, the CSIRO-Mk3.6.0 andCNRM-CM5models

exhibit differences in salinity that aremore than twiceas large

as theDS calculated from theWOA13 product, attributed to

both too saline and too fresh waters south and north of the

ACC, respectively. These largerDSmagnitudes are offset by

weak DT. Other models exhibit the opposite pattern, with

excessiveDT coupled with relatively weak DS [GFDLCM3,

ACCESS1.0, BCC_CSM1.1, BCC_CSM1.1(m)]. In some

cases, models fall at the upper or lower bounds of the 25%

Dr error window due to an excessive or weak difference in

one property yet a reasonable difference in the other

(CCSM4, CanESM2, IPSL-CM5B-LR, ACCESS1.3).

Of the four models that exhibit excessive Dr
(.0.34 kgm23), three are dominated by too strong DS
and one is dominated by an excessive DT. The HadCM3

and GISS-E2-R-CC models stand out in this group

(Figs. 5a,b). The HadCM3 model has a DS of 0.34 PSU

relative to the WOA13 value of 0.06 PSU, with this ex-

cessive difference clearly attributed to too saline waters

south of the ACC (Fig. 5a). The HadCM3 DT across the

ACC is well represented. The GISS-E2-R-CC model

has a DT of 5.28C relative to theWOA13 value of 2.58C,
with the major driver of this bias being a much too warm

ocean on the ACC’s northern edge (Fig. 5b).

Among the models with too weak Dr (,0.20 kgm23)

across the ACC, the contributions from biases in DT
and DS differ across models (Table 2). The main con-

tributor to the weak Dr in the GFDL-ESM2M and

GFDL-ESM2Gmodels appears to be fresh biases south

of theACC, resulting in aDS of opposite sign than found
inWOA13. The other models that exhibit weak Dr have
both weak DT and DS across the current. The BNU-

ESM model stands out in Fig. 5b due to the large warm

biases in the ocean south of the ACC, which likely ex-

plains the exceptionally low DT relative to WOA13.

d. Atlantic transports and properties

A major internal contributor to the resulting density

structure across theACC is the transport and properties of

the various water masses in the SO. Of particular impor-

tance is the simulation of the transport and properties of

NADW entering the SO. Russell et al. (2006a) provided

evidence that the most significant internal ocean contri-

bution to the variation in the simulation of SO mean cir-

culation in CMIP3 models is their ability to export salty

NADW into the SO. The structure of the meridional flow

observed in the South Atlantic across 328S consists of 1)

northward transport in the subducted thermocline (from

the surface to 26.40su) in which the northward surface

Ekman transport is embedded, 2) northward transport in

the lower thermocline (26.40su–26.90su), 3) northward

transport of Antarctic Intermediate Water (AAIW)

(26.90su–27.40su), 4) southward transport of North At-

lantic Deep Water (NADW)/Upper Circumpolar Deep

Water (UCDW) (27.40su–45.86s4), and 5) northward flow

of Antarctic Bottom Water (AABW) (.45.86s4) (Talley

2008) (FIG. 6). For our purposes we will refer to the

NADW/UCDW layer as NADW.

In the observed ocean, the southward-flowing NADW

layer is bounded by the 27.40su and 45.86s4 isopycnals

(Fig. 6), which are found on average at approximately

1300 and 3500m, respectively. The NADW layer is

clearly seen as a region of enhanced subsurface salinity

below the northward-flowing freshAAIW layer (Fig. 6a).

The CMIP5 models differ widely in their ability to ac-

curately simulate the salinity and density structure rela-

tive to that derived from the WOA13 product (Fig. 6a).

There is a clear disconnect between the 27.40su and

45.86s4 isopycnal bounds of the NADW in the observed

ocean and the isopycnals that bound the NADW trans-

port in the CMIP5 models and BSOSE as evidenced by

the juxtaposition of the region of enhanced subsurface

salinity and the 27.40su and 45.86s4 isopycnals (Fig. 6a).

This ‘‘mismatch’’ between the density classes in which

NADW is found in the observed ocean and those where

the southward flow associated with its transport is found

in the models is shown more clearly in the meridional

volume transports across 328S in Fig. 6b. The net south-

ward transport associated with the NADW occurs in

density classes below45.86s4 inBSOSEand in themajority

of the CMIP5 models, indicating that most models are
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FIG. 5. (a) Full-depth-averaged salinity (psu) in the Southern Ocean from the WOA13 climatological

mean (large panel at top left; computed from the average of the 1985–94 and 1995–2004 decadal

climatologies), and the difference between the simulated and observed salinity (psu) for the BSOSE Iter-

ation 105 solution (time averaged from January 2008 toDecember 2012), and for each CMIP5model (time

averaged from January 1986 to December 2005). The 658 and 458S latitudes from which the property

differences are calculated are contoured in black. Positive (from yellow to red) values indicate the model is

more saline than observed. Negative (blue) values indicate the model is fresher than observed. The

HadGEM2-CC, MIROC-ESM-CHEM, IPSL-CM5A-LR, MRI-CGCM3, and NorESM1-M models are

not shown; their salinity structure closely resembles the othermodels from their respectivemodeling centers

(HadGEM2-ES, MIROC-ESM, IPSL-CM5A-MR, MRI-ESM1, NorESM1-ME).
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FIG. 5b. As in (a), but for full-depth-averaged potential temperature (8C) in the Southern Ocean. Positive

(yellow to red) values indicate the model is warmer than observed. Negative (blue) values indicate the model

is colder than observed. The HadGEM2-CC, MIROC-ESM-CHEM, IPSL-CM5A-LR, MRI-CGCM3, and

NorESM1-Mmodels are not shown; their temperature structure closely resembles the other models from their

respective modeling centers (HadGEM2-ES, MIROC-ESM, IPSL-CM5A-MR, MRI-ESM1, NorESM1-ME).

15 SEPTEMBER 2019 BEADL ING ET AL . 5929



(a)

FIG. 6. (a) Salinity (psu) in the South Atlantic at 328S from the WOA13 climatological mean (shown at top left; computed from the

average of the 1985–94 and 1995–2004 decadal climatologies), time averaged from January 2008 to December 2012 for the BSOSE

iteration 105 solution, and time averaged from January 1986 to December 2005 for each CMIP5 model. The thick black contours overlaid

on each plot are the isopycnal layers that define the major flow regimes at this latitude as defined in Talley (2008) and labeled in the

WOA13 panel; subducted thermocline (ST; from the surface to 26.40su), lower thermocline (LT; 26.40su–26.90su), Antarctic In-

termediate Water (AAIW; 26.90su–27.40su), North Atlantic Deep Water (NADW; 27.40su–45.86s4), and Antarctic Bottom Water

(AABW;.45.86s4). Salinity contours (thin white lines) are drawn at intervals of 0.2. The HadGEM2-CC, MIROC-ESM-CHEM, IPSL-

CM5A-LR,MRI-CGCM3, and NorESM1-Mmodels are not shown; their salinity structure closely resembles the other models from their

respective modeling centers (HadGEM2-ES, MIROC-ESM, IPSL-CM5A-MR, MRI-ESM1, NorESM1-ME).
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FIG. 6b. Volume transport (Sv) across 328S in the Atlantic in density layers based on the definitions in Talley (2008) time averaged from

January 2008 to December for the BSOSE iteration 105 solution and from January 1986 to December 2005 for each CMIP5 model. The

empty boxes are the transport for each layer reported by Talley (2008). The blue bars are the modeled transport in each density layer, and

the smaller red bars are equal subdivisions within each density layer. For the Talley transports, the reported Ekman transport has been

added into the reported surface layer transport. The gray shading indicates the location of the southward flowing deep water (27.40su–

45.86s4) according to Talley (2008). The gray hatching indicates where net southward flow between the northward flowing AAIW and

AABW is found in each model, corresponding to the ‘‘model specific’’ NADW in Table 3. For each model, the transports were calculated

across the grid cell line closest to 328S; values were not interpolated. Positive values are northward transport (Sv). The HadGEM2-CC,

MIROC-ESM-CHEM, IPSL-CM5A-LR, MRI-CGCM3, and NorESM1-M models are not shown; their transport structure closely

resembles the other models from their respective modeling centers (HadGEM2-ES, MIROC-ESM, IPSL-CM5A-MR, MRI-ESM1,

NorESM1-ME).
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producing too dense NADW likely due to this water

mass being much too saline (Fig. 6a, Fig. S1a). The

upper-bounding isopycnal of the southward-flowing

NADW layer corresponds generally to that observed

in most models (27.40su). The IPSL-CM5B-LR model

stands out relative to the other models with regard to

its lack of a visible subsurface salinity maximum and

extremely low net southward transports associated

with its NADW (Fig. 6).

The volume, salt, and temperature transports for

the net flow within the Talley (2008) NADW bounds

(27.40su–45.86s4) and for the net transport within the

model ‘‘specific’’ NADW bounds are summarized in

Table 3. The IPSL-CM5B-LRmodel is excluded from the

following summary due to its exceptionally weakNADW

(21.84Sv) and associated properties. The CMIP5 mod-

els simulate a large range of NADW transports from

211.2 Sv (CNRM-CM5) to 226.9 Sv (FGOALS-g2).

TABLE 3. Parameters related to the transport of NADW at 328S. Both the transports within the density layers defined by Talley (2008)

(net transport bounded by the 27.40su and 45.86s4 isopycnals) and within each model’s ‘‘specific’’ NADW layer are listed. The ‘‘model

specific’’ NADW transports (values in parentheses) are defined in the layers where net southward flow between the northward flowing

AAIWandAABW is found in eachmodel (see Fig. 6b). Temperature transport values for the NADW layer are calculated as temperature

transport (PWT) as defined originally by Hall and Bryden (1982) and used in the transport estimates by Talley (2003) and Talley (2008)

(see methods section). The AMOC value listed in the table is the maximum of the meridional overturning streamfunction in latitude–

depth space in the Atlantic. The observational estimate reference for this parameter spans the range of values determined from hy-

drographic measurements and inverse estimates reported by Lumpkin and Speer (2007) and Talley (2003) and direct measurements from

the Rapid Climate Change (RAPID) mooring array (Smeed et al. 2018). NP indicates that neither the meridional overturning stream-

function data nor ocean basin mask was provided in the ESGF archive. NA indicates not applicable; BSOSE only extends to ;308S. All

CMIP5 values are time averaged from January 1986 toDecember 2005 of the historical simulation. BSOSE values are time averaged from

January 2008 to December 2012 for the BSOSE iteration 105 solution.

Model ACC (Sv) AMOC (Sv)

Talley

NADW (Sv)

Talley NADW

salinity

Talley

NADW

salt export

(kg s21)

Talley NADW

temperature

export (PWT)

Observational estimate 173.3 6 10.7 13–23 217.6 6 8.13 34.77 2613 6 283 20.20

BSOSE 181 NA 27.3 (211.1) 34.76 (34.84) 2252 (2386) 20.10 (20.14)

GISS-E2-R-CC 246 27.2 218.3 (218.3) 34.95 (34.95) 2641 (2641) 20.41 (20.41)

HadCM3 242 NP 27.4 (214.0) 34.79 (34.81) 2260 (2491) 20.15 (20.25)

GISS-E2-H-CC 205 NP 214.9 (217.8) 34.59 (34.55) 2516 (2614) 20.18 (20.22)

ACCESS1.3 184 20.2 214.9 (221.4) 34.85 (34.84) 2522 (2746) 20.27 (20.32)

HadGEM2-CC 178 20.0 220.8 (221.9) 34.91 (34.91) 2727 (2767) 20.35 (20.36)

MIROC-ESM-CHEM 175 15.0 211.2 (215.2) 34.91 (34.93) 2394 (2534) 20.23 (20.28)

MIROC-ESM 174 15.5 211.2 (214.8) 34.91 (34.93) 2392 (2518) 20.24 (20.28)

HadGEM2-ES 172 19.1 220.3 (220.9) 34.90 (34.90) 2709 (2732) 20.35 (20.36)

BCC_CSM1.1(m) 171 23.3 221.5 (222.8) 34.82 (34.83) 2750 (2797) 20.45 (20.46)

CCSM4 169 23.0 27.2 (218.3) 34.78 (34.95) 2254 (2640) 20.13 (20.26)

BCC_CSM1.1 157 17.2 215.7 (218.4) 34.78 (34.71) 2550 (2642) 20.38 (20.41)

GFDL CM3 156 26.2 219.6 (219.7) 35.00 (35.01) 2689 (2694) 20.49 (20.49)

CanESM2 153 17.8 211.0 (215.6) 34.97 (34.90) 2386 (2547) 20.23 (20.30)

FGOALS-g2 147 28.8 215.3 (226.9) 35.14 (35.24) 2540 (2949) 20.29 (20.50)

CESM1(CAM5) 146 23.7 210.9 (219.0) 34.88 (34.97) 2382 (2668) 20.19 (20.29)

ACCESS1.0 146 19.9 216.2 (219.6) 34.83 (34.81) 2567 (2684) 20.29 (20.32)

GFDL CM2.1 144 23.9 222.7 (221.3) 34.97 (34.95) 2796 (2747) 20.42 (20.42)

CNRM-CM5.2 142 15.7 215.6 (215.6) 34.89 (34.89) 2544 (2544) 20.23 (20.23)

FGOALS-s2 133 19.9 23.8 (221.0) 34.85 (35.11) 2136 (2741) 20.09 (20.39)

GFDL-ESM2M 131 23.7 219.3 (220.0) 34.96 (34.97) 2677 (2702) 20.39 (20.40)

NorESM1-M 127 31.3 218.6 (223.3) 35.08 (35.08) 2657 (2823) 20.40 (20.47)

NorESM1-ME 126 29.9 218.7 (223.1) 35.05 (35.07) 2660 (2815) 20.37 (20.44)

MRI-CGCM3 116 15.1 212.5 (213.8) 34.82 (34.83) 2436 (2481) 20.21 (20.22)

GFDL-ESM2G 112 19.8 213.0 (219.8) 34.95 (35.01) 2457 (2696) 20.22 (20.31)

MRI-ESM1 112 15.2 212.1 (213.3) 34.82 (34.82) 2422 (2465) 20.21 (20.22)

CSIRO Mk3.6.0 109 21.9 29.9 (219.8) 34.93 (35.01) 2348 (2695) 20.21 (20.34)

IPSL-CM5A-MR 108 NP 212.0 (214.9) 34.83 (34.89) 2420 (2520) 20.18 (20.21)

BNU-ESM 107 NP 225.2 (225.2) 34.80 (34.80) 2880 (2880) 20.49 (20.49)

IPSL-CM5A-LR 102 NP 23.4 (211.8) 34.69 (34.78) 2120 (2413) 20.06 (20.13)

IPSL-CM5B-LR 94 NP 21.43 (21.84) 34.63 (34.66) 250 (264) 20.02 (20.02)

CNRM-CM5 88 13.5 29.5 (211.2) 34.77 (34.74) 2332 (2388) 20.17 (20.20)
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BSOSE simulates a NADW transport on the low end of

the Talley (2008) estimate and one of the lowest trans-

ports relative to the CMIP5 models related to errors

beyond the scope this study. All but six of the CMIP5

models (GISS-E2-R-CC, CCSM4, GFDL CM3, CESM-

CAM5, NorESM1-M, NorESM1-ME) have NADW

transports across 328S that are.80% of their maximum

Atlantic meridional overturning circulation (AMOC)

value. Thus, the majority of the NADW formed in the

high-latitude North Atlantic is exported into the SO

contributing to the properties here.

The salt transport associated with NADW at 328S
shows considerable spread among models, with trans-

ports from 2388kg s21 (CNRM-CM5) to 2949kg s21

(FGOALS-g2).While Talley (2008) does not report a salt

transport estimate, we use the volume transport and the

average salinity reported for theNADWlayer inTable 10

of Talley (2008) as a crude estimate of the ‘‘observed’’ salt

transport and its associated range. BSOSE,while appearing

to have a salinity structure consistent with that observed

at 328S (Fig. 6a), has a relatively weak NADW volume

transport, resulting in a salt transport of only2386kgs21, a

value lower than that simulated by any of the CMIP5

models (with the exception of IPSL-CM5B-LR).

The temperature transports associated with the

southward NADW flow across 328S also show a wide

spread among CMIP5 models, with a simulated range

from 20.13 PWT (IPSL-CM5A-LR) to 20.50 PWT

(FGOALS-g2). Despite being able to accurately simu-

late the volume transport of NADW, the overwhelming

majority of the CMIP5 models simulate a temperature

transport greater than the Talley (2008) NADW temper-

ature transport of 20.20 PWT due to the warm biases in

their deep waters, which are often associated with model

drift. In addition, some models (e.g., CNRM-CM5), de-

spite their exceptionally weak NADW volume transport,

are able to achieve accurate temperature transports due to

these excessive warm biases.

4. Discussion

a. Metrics

By considering various observationally based metrics

related to the ACC transport in combination with one

another, the CMIP5models can be categorized based on

common deficiencies in their representation of their SO

mean state. This approach can aid in building a frame-

work to understand why a model’s ACC transport does

or does not diverge from reality. Using physical rea-

soning, we group models by assessing how well their

simulation passes the following tests of what we consider

to be the most important observationally based metrics:

1) Accurate push of the ACC at the ocean surface: Is

the peak wind stress magnitude within 2s of the

ERA-Interim mean?

2) Accurate pull via surface divergence: Is the inte-

grated WSC over the open Drake Passage latitudes

within 2s of the ERA-Interim mean?

3) Accurate full-depth zonally averaged density differ-

ence across the ACC: Is the full-depth-averaged and

zonally averaged density difference across the ACC

(Dr, 658–458S) within 25% of the difference com-

puted from the WOA13 data?

1) REASONABLE ACC FOR APPROXIMATELY THE

RIGHT REASONS

The eight models that fall into this category (Table 2)

have an ACC strength within the observational un-

certainty (2s) and achieve accuracy1 in all three metrics:

1) accurate push of the ACC at the ocean surface, 2)

accurate pull via surface divergence, and 3) accu-

rate Dr across the ACC. We have chosen to keep

ACCESS1.3 within this group despite it having an in-

tegrated WSC over the DP that is just above the

2s uncertainty of the ERA-Interim mean given that it

achieves accuracy in all of the other metrics in Table 2

and that its ACC is above (but still within 2s of) the

Donohue et al. (2016) mean ACC. Thus, it makes

physical sense that with a slightly larger WSC over the

DP, theACC transport should be slightly larger than the

mean transport observed. Another caveat we note re-

garding the models in this group is that the GFDL CM3

model has a significant climate drift present in its sim-

ulation (Griffies et al. 2011). This leads to enhanced

warming both north and south of the ACC, likely linked

to a known extreme warm bias in its abyssal waters

(particularly evidenced by the large NADW heat

transport in Table 3), which warms the upper ocean as

these waters are pulled to the surface. The drift results

in a slight positive trend in the ACC over the 1986–2005

period (not shown here), increasing by;5Sv from 1986

to 2005, explaining why the interannual standard de-

viation over this time period is larger for this model

(Fig. 1).

We emphasize here that while all of the models in this

group meet the requirement to have their Dr across the

ACC within 25% of the difference computed from the

WOA13 data, this accuracy is commonly achieved by

compensating errors between DT and DS across the

current (Table 2, columns 4–6). While the compensation

1Herewe define accuracy as within 2s of themean observational

value.
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provides for a density difference that supports an accu-

rate ACCmagnitude, such details in the structure of the

errors may become important when considering other

climatologically important processes such as heat and

carbon fluxes given that these errors are often the

symptom of inaccuracies in other processes including

the representation of surface fluxes, water mass forma-

tion, and/or water mass transport into the SO. We pro-

vide examples of compensating errors among this group

in section 4b of the discussion.

2) ACCURATE SIMULATION OF METRICS BUT

WEAK ACC

Themodels that fall into this category (Table 2) achieve

accuracy in all three metrics described above but simulate

an ACC strength below the range of observational un-

certainty (2s). Thesemodels haveACC transports ranging

from an extremely low value of 109Sv (CSIRO Mk3.6.0)

to 146Sv (ACCESS1.0). There is a clear separation in this

group between models that only fall outside of the obser-

vational uncertainty by a few Sverdrups (Fig. 1) and those

that have a much too weak ACC.

Given the accuracy in the wind stress forcing and

Dr across the ACC, the models in this category should

have an ACC within the observational uncertainty;

however, the fact that three of the models (NorESM1-M,

NorESM1-ME, CSIRO Mk3.6.0) produce exceptionally

weak transports suggests that other model errors may be

at fault. Sources of such errors may include choices in the

magnitude and scheme for parameterizing unresolved

mixing. It is well known that the ACC simulation in cli-

mate models is very sensitive to the parameterization of

eddy-induced transports (Danabasoglu and McWilliams

1995). For CMIP3 generation models, a large number of

models used an implementation of Gent andMcWilliams

(1990) with a fixed eddy-induced transport coefficient k

(m2 s21), allowing the impact of the choice of coefficients

used in the simulation to be diagnosed (Kuhlbrodt

et al. 2012).

Such an analysis on the CMIP5 generation of models

is nontrivial given the more sophisticated eddy param-

eterization schemes used, with only a small number

of models employing fixed k values [CanESM2 (k 5
1000m2s21), FGOALS-g2 (k 5 500m2s21), FGOALS-s2

(k 5 500m2 s21), MIROC-ESM (k 5 700m2 s21), and

MIROC-ESM-CHEM (k 5 700m2 s21)]. The major-

ity of CMIP5 models employ eddy parameterization

schemes with k values that vary in both space (hori-

zontally and vertically) and time, preventing an analysis

of the impacts of the eddy-induced transport without

detailed knowledge of the exact implementation of

the parameterization scheme in each simulation.

While we do not attempt to identify the impact of the

eddy-induced transports on the resultingACC, we do note

that there does not seem to be any discernible patterns

between groups with respect to commonalities in the

parameterization schemes and k values used. For exam-

ple, even among the eight models in group 1 (Table 2),

three have fixed k values (CanESM2, MIROC-ESM,

MIROC-ESM-CHEM; see values listed above), and the

other five have varying k from GFDL CM3’s k range

of 100–600m2 s21 to CCSM4’s much larger k range of

300–3000m2 s21.

In addition to the impacts of the choice and imple-

mentation of the eddy-parameterization schemes dis-

cussed above, the models may achieve accuracy in all

three metrics yet have a weaker ACC due to errors

stemming from interactions of the ACCwith the bottom

topography. Such interactions impact local density gra-

dients and exert a drag force on the large-scale flow.

3) ACCURATE WIND STRESS FORCING WITH

ERRORS IN Dr

This category contains the greatest number of models

relative to the other groups (Table 2). These models

achieve accuracy in their wind stress forcing, yet either

have a too strong (3 models) or too weak (7 models)

Dr across the ACC. The HadCM3 model has an exces-

sive Dr across the ACC, attributed to a much too large

DS (0.34 psu compared to 0.06 psu from WOA13). This

model has much too saline waters throughout the whole

water column south of the DP (Fig. 5a). The HadCM3

model only has 20 grid cells from the surface to the

bottom of the ocean (Table 1), and thus this model may

have issues with vertical diffusion as a result of such

coarse vertical resolution. The other two models in this

category also exhibit excessiveDSwith close to observed
DT across the ACC. The combination of accuracy in

wind stress forcing with a too strongDr should lead to an
excessive ACC strength relative to the Donohue et al.

(2016) estimate. This is true for HadCM3 and GISS-E2-

H-CC; however, this is not the case for CESM1(CAM5),

which actually has an ACC just below the observational

uncertainty (2s) (Table 2, Fig. 1).

Themodels that have a too weakDr all exhibit weaker
than observed DS combined with a too weak DT as well

(except for GFDL-ESM2M and GFDL-ESM2G). The

GFDL-ESM2M and GFDL-ESM2G models are too

fresh within and south of the ACC, yielding a DS in the

opposite direction than observed. However, their tem-

perature structure across the ACC yields a slightly

stronger than observedDT in the case ofGFDL-ESM2G

(too cold south of the DP) and close to observed in the

case of GFDL-ESM2M (too warm everywhere, but DT
remains close to observed). Most of the other models in

this group exhibit both too fresh and too warm waters
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within and south of the ACC. The BNU-ESM model in

particular, has large warm biases within and south of the

ACC coupled with too fresh waters in these regions as

well, resulting in the weakest Dr across the ACC out of

all the models considered (Fig. 5). The combination of

accurate wind stress forcing with a weak Dr should

yield a weaker ACC than that observed. This is the case

for all of the models in this group, yielding ACC trans-

ports from 107Sv (BNU-ESM) to 131 Sv (GFDL-

ESM2M).

4) ERRORS IN WIND STRESS FORCING BUT

ACCURATE Dr

The models in this category have an accurate

Dr across the ACC but exhibit errors in their simulation

of the key wind stress metrics: accurate push of the ACC

at the ocean surface or accurate pull via surface di-

vergence. Two models in this category [BCC_CSM1.1

and BCC_CSM1.1(m)] have excessive wind stress forc-

ing with regard to one or both of the wind stress metrics.

The BCC_CSM1.1(m) model has a too strong zonally

averaged westerly wind stress maximum and too strong

integrated WSC over the DP latitudes. The BCC_

CSM1.1 model only has a too strong integrated WSC

over the DP. In neither of these models does the ex-

cessive wind stress forcing lead to an excessive ACC

transport, with both model’s ACC transport falling well

within the observational uncertainty (2s).

Three of the models in this category have both a too

weak zonally averaged westerly wind stress maximum

and too weak integrated WSC over the DP latitudes.

The CNRM-CM5 model only has a too weak zonally

averaged westerly wind stress maximum, while its in-

tegratedWSC over the DP is accurately represented. As

expected, weaker forcing by the overlying wind stress

leads to a weaker than observed ACC transport. The

FGOALS-g2 model has an ACC with a mean that just

falls outside the lower bound of the observational un-

certainty (2s).

5) ERRORS IN WIND STRESS FORCING AND

ERRORS IN Dr

The onlymodel that falls into this category is theGISS-

E2-R-CC model. This model, despite its relatively weak

wind stress forcing in both metrics (at the low end of the

2s uncertainty for the peak wind stress magnitude, and

below the 2s uncertainty for the integratedWSCover the

DP), simulates an excessively strong Dr and exception-

ally large ACC transport. This model also has an equa-

torward bias in its zonally averaged westerly wind stress

maximum. The Dr in this model is clearly driven by an

excessive DT across the ACC (5.28 compared to 2.58C

from WOA13). This model has exceptionally warm

temperatures throughout the water column within and

north of the ACC (Fig. 5b) and colder than observed

temperatures south of the ACC. The DS across the ACC

is relatively strong but in the opposite direction, with too

freshwater south of theDP and slightly too salty water on

theACC’s northern edge. Given the relatively weakwind

stress forcing, the fact that this model gets such a strong

thermally driven Dr across the ACC indicates there must

be errors associated with the buoyancy forcing of the

current. Furthermore, documented errors associated with

the parameterized mixing implemented in the GISS-E2-

R-CCmodel (Schmidt et al. 2014) likely contribute to the

exceptionally strong ACC.

b. Sources of errors in the meridional density
difference across the ACC

In most cases, models achieve accuracy in Dr across the

ACC as a result of compensating errors between biases in

DT and DS (Table 2, groups 1, 2, and 4). For example, the

CanESM2model, which falls into group 1, has a DS that is

more than twice the magnitude of that from the WOA13

product. However, a slightly weaker DT across the ACC

relative to WOA13 partially compensates for the salinity,

producing a Dr on the upper end, but within 25% error of

the WOA13 value. The ACCESS1.3 and GFDL CM3

models provide examples of the opposite scenario, with

strongDT across theACC compensated by slightly weaker

DS. In the case of GFDL CM3, the DS is actually opposite

in sign, with the full-depth-averaged and zonally averaged

salinity greater on the northern edge of the ACC.

If a model achieves accuracy in the wind stress forcing

at the ocean surface yet has an inaccurate Dr (group 3),

or if a model achieves an accurate Dr in the absence of

accurate wind stress forcing (group 4), this is suggestive

of inaccuracies in the horizontal and/or vertical buoy-

ancy fluxes within the SO. The temperature and salinity

structure of the SO in the region of the ACC is influ-

enced by a number of factors that differ widely

from model to model, including but not limited to rep-

resentation of the annual mean and seasonal Antarctic

sea ice extent (Shu et al. 2015; Ivanova et al. 2016;

Table S1), local surface heat and freshwater fluxes

(Figs. 4a,b), the injection of warm and saline water from

the subtropical gyres adjacent to the ACC, and the

properties and location in the water column of NADW

as it is exported into the SO (Table 3, Fig. 6).

In the observed ocean, the NADW that is exported

southward from the Atlantic into the region of the ACC

is bothwarm and salty relative to the rest of the deep and

abyssal ocean (Fig. S1). Thus, the amount of NADW

entering the SO, its properties, and its vertical location

in the water column exert a strong influence on the
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density structure across the ACC. NADW that is dense

enough to traverse the SO below the effective sill depth

of the DP latitudinal band (where a net meridional

geostrophic flow can be maintained) and upwell directly

to the upper ocean south of theDP provides a significant

source of saline waters on the ACC’s southern edge

(Talley 2013; Warren 1990). A strong DS is obtained in

the upper ocean across the ACC with NADW/CDW

flanking the current’s southern boundary and fresh in-

termediate and mode waters dominating the boundary

of the ACC to the north (Fig. S1a).

Models that simulate exceptionally weak or too fresh

NADW transport into the SO cannot maintain a strong

density gradient across the ACC even if this water were

dense enough to cross the ACC below the sill depth and

upwell south of theDP. Six of the CMIP5models exhibit

very weak NADW transports (,14Sv) across 328S
(Table 3, Fig. 6b). Consistent with their weak NADW

salt transport, theMRI-CGCM3,MRI-ESM1, and IPSL

models are all associated with too fresh waters south of

the ACC (Fig. 5a, Fig. S1a). Excluding the HadCM3

model, whose errors will be addressed later, the models

with weak NADW transports are associated with ex-

ceptionally weak ACC transports, ranging from 88 to

116 Sv. While the majority of the CMIP5 models have

too salty NADW, several of the models are too fresh.

Similarly, it is common for amodel’s NADW to bemuch

too warm (Fig. S1b), resulting in exceptionally large

temperature transports when coupled with a strong

southward flow (Table 3).

Exactly how these biases in the NADW’s temperature

and salinity impact the density structure, and thus the

geostrophic flow, depends on the location of the NADW

in the water column and where (and if) it upwells to the

upper ocean. Several models exhibit strong NADW

transports but with no or very little net southward flow in

the densest class of NADW (45.80s4–45.86s4; Fig. 6b);

thus, their NADW is biased too light relative to obser-

vations. Unsurprisingly, these models all show large

NADW temperature biases (Fig. S1b), an error that has

an increasingly important impact on density with in-

creasing depth. Too light NADW can impact the density

gradient in two ways; 1) not providing enough (or any)

NADW dense enough to traverse the sill-depth as

mentioned above, and 2) sitting too high in the water

column such that it mixes with and degrades the cold,

fresh signature of the intermediate and mode waters on

the ACC’s northern edge.

The representation of Antarctic sea ice extent is an-

other important process that influences the density

structure across the ACC by impacting the surface heat

and freshwater fluxes across the SO. The formation of

sea ice near the Antarctic coast increases the salinity of

the water column south of the DP via brine rejection.

The drift and subsequent melt of the sea ice in the sur-

face Ekman layer provides a source of cold, fresh water

that gets entrained in the intermediate and mode layers,

influencing the salinity structure within and on the

ACC’s northern edge. In fact, the salinity and temper-

ature averaged over the upper 1500m of the ocean

(where the majority of the ACC flow is concentrated) at

458S is significantly correlated with the annual sea ice

extent across models (r520.41, p5 0.02 and r520.42,

p 5 0.02; scatterplots not shown here). Generally, the

larger the annual sea ice extent, the colder and fresher

the intermediate and mode waters on northern sector of

the ACC.

Only 4 out of the 31 models in this study accurately

represent the annual sea ice extent, with the over-

whelming majority having too little sea ice extent

(Table S1). Too little sea ice extent is a common feature

across CMIP5 models (Shu et al. 2015; Ivanova et al.

2016), likely attributable to too warm surface layers.

Recent work suggests that the thermal structure of the

ocean, which strongly influences the sea ice represen-

tation in this region, may be caused by atmospheric

model net surface flux biases linked to model cloud er-

rors (Hyder et al. 2018). The GISS-E2-R-CC andGFDL

models have among the smallest annual sea ice extents,

with maximum sea ice extents limited to the regions

south of the DP (Shu et al. 2015). All of these models

yield a too fresh water column on the ACC’s southern

edge (Fig. S1a).

The BNU-ESM model has one of the largest Ant-

arctic sea ice extent biases out of all the CMIP5 models

(Ji et al. 2014; Shu et al. 2015; Table S1). This model

exhibits a thick fresh layer in its upper ocean and some

of the warmest subsurface temperatures on the ACC’s

southern edge (Fig. S1a, Fig. 5b), resulting in an ex-

ceptionally weak density difference and ACC flow

(107Sv; Table 2). The HadCM3 model has a very large

density difference across the ACC attributed to its ex-

cessive difference in salinity across the current (Table 2).

The pattern of the bias in subsurface salinity and the fact

that this model has weak NADW suggest that the en-

hanced salinity south of the ACC may actually be re-

lated to excessive brine rejection via sea ice formation

near the Antarctic coast.

As highlighted by Russell et al. (2006a), the hori-

zontal flux of warm and saline subtropical waters from

the southward flowing western boundary currents

over- or underinjecting into the upper ocean can sig-

nificantly influence the buoyancy forcing across the

ACC. This is driven by the combination of a weak or

strong bias in the zonally averaged westerly wind stress

maximum and a significant equatorward shift in its
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latitudinal position that impacts the strength of the

subtropical gyre western boundary currents. Further-

more, an equatorward biased position of the zonally

averaged westerly wind stress maximum shifts the

position of the zeroWSC boundary northward, placing

regions of Ekman pumping over warmer and saltier

subtropical waters. Thus, more salt and heat are in-

corporated into the northward flowing intermediate

and mode water layers on the ACC’s northern edge.

The pattern of the zonally integratedWSC over the SO

suggests this may be an issue for several of the CMIP5

models (Fig. 2).

5. Summary and conclusions

The quality of the simulation of the mean ACC

transport in climate models is an emergent feature of a

large number of other physical processes and properties.

An ACC transport that is ‘‘right for the right reasons’’ is

hard to achieve due to the accuracy required in the

simulated atmosphere, ocean, and sea ice components

along with coupling between the domains. Owing to the

complex nature of the SO circulation coupled with the

lack of long-term, high-resolution observations over

the historical period, this region has been an area that

climate models have struggled to accurately represent

(Meijers et al. 2012; Bracegirdle et al. 2013; Downes and

Hogg 2013; Sallée et al. 2013a; Sallée et al. 2013b;

Frölicher et al. 2015; Russell et al. 2018). Given the

dominant role that the SO plays in the global carbon and

heat budget and in the anthropogenic heat and carbon

uptake relative to the other ocean basins (Frölicher et al.
2015; Roemmich et al. 2015), inaccuracies in the repre-

sentation of SO processes and properties in themean-state

are likely to propagate into significant errors associated

with a model’s response to increased radiative forcing as-

sociated with global warming.

Relative to CMIP3, there have been significant model

improvements in the simulation of the ACC and pa-

rameters associated with its flow. Considering the im-

proved DP transport estimate of 173.3 6 10.7 Sv

(Donohue et al. 2016), which was not available at the

time of the assessment of CMIP3 models, only 2 of the

18 CMIP3 models considered by Russell et al. (2006a)

simulate an ACC transport that falls solidly within ob-

servational uncertainty (2s). Similarly, the analysis of

CMIP3 models by Sen Gupta et al. (2009) also yields

only two models that would fall within today’s obser-

vational uncertainty (2s). In the analysis presented here,

10 out of the 31 models simulate a transport within

observational uncertainty (2s). Among the CMIP5

models, there are only two models that exhibit extreme

biases (.7s outside of observational uncertainty) in

their ACC strength as opposed to the large fraction of

CMIP3 models that exhibited extreme biases (Fig. 1).

Two other important metrics considered by Russell

et al. (2006a), the latitude of the maximum zonal-mean

westerly wind stress over the SO and its magnitude,

show clear improvements in CMIP5. Of the models

analyzed by Russell et al. (2006a), 14 of the 18 models

have their maximum wind stress located equatorward of

508S compared to only 11 out of the 31 CMIP5 models

considered here. Furthermore, using the ERA-Interim

analysis as our observational benchmark, a greater

fraction of the CMIP5 models achieve a reasonable

(within 2s of the ERA-Interim mean) magnitude of the

maximum zonal wind stress compared to that found in

the analysis of CMIP3 models. Additional metrics re-

lated to the surface wind stress forcing considered in this

study are within the uncertainty (2s) of the ERA-

Interim mean for the majority of the CMIP5 models.

The CMIP5 models seem to be achieving accuracy in

two key metrics that impact ACC strength: the ‘‘push’’

of the current at the ocean surface and the ‘‘pull’’ of

dense isopycnals to the upper ocean via surface di-

vergence over the open DP latitudes.

Eight of the CMIP5 models achieve a ‘‘reasonable

ACC for approximately the right reasons,’’ meaning that

they simulate an accurate ACC transport, accurate sur-

face wind stress forcing, and a reasonable full-depth-

averaged, zonally averaged density difference across the

current. The models that fall into this category can be

found at the top ofTable 2. In the analysis byRussell et al.

(2006a), only two models fell into the category of ‘‘about

right for the present-day climate scenario,’’ one of which

was the GFDL CM2.1 model, which also participated in

CMIP5. The GFDL CM2.1 model in our CMIP5 analysis

falls into the ‘‘accurate simulation of key metrics but

weak ACC’’ category. The only reason it fell into the

category it did in the CMIP3 analysis is that the bench-

mark for transport through the DP at the time of as-

sessment was 134Sv (Cunningham et al. 2003), compared

to the updated value of 173Sv determined from the high

spatial and temporal resolution observations from the

cDrake array (Donohue et al. 2016), which were not

known at the time.As interpreted in detail in themethods

section (section 2d), while the baroclinic transport esti-

mates of the ACC from the early ISOS measurements in

the late 1970s and 1980s (Whitworth and Peterson 1985),

WOCE SR1b (1993–2000; Cunningham et al. 2003), and

cDrake (2007–11; Chidichimo et al. 2014) agree re-

markably well, the increased total transport is ascribed

to the cDrake array’s ability to resolve the depth-

independent or barotropic component. These starkly

different transport estimates provide two very different

benchmarks for ACC transport whose uncertainties
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barely overlap, highlighting the role that observational

uncertainty plays when assessing the performance of

climate models.

The full-depth-averaged, zonally averaged difference

in density generally sets the ACC’s strength, and many

models are able to achieve reasonable density differ-

ences. However, the detailed look at the structure of the

errors in the various parameters considered in our

analysis reveals that even among models that achieve a

reasonable density difference and thus a reasonable

ACC, this is often from compensating errors in the

temperature and salinity structure. Furthermore, many

models have quite large errors in their density structure

across the ACC even when their surface wind stress

forcing is accurately represented or achieve an accurate

density difference in the absence of accurate wind stress

forcing. We have highlighted many examples among the

CMIP5 models of various processes and biases that di-

rectly impact the density structure including represen-

tation of surface freshwater and heat fluxes, transport

and properties of NADWexported into the SO from the

Atlantic, inaccurate representations of Antarctic sea ice

extent, and equatorward biased winds that impact the

properties of the intermediate and mode waters that

flank the ACC’s northern edge.

By analyzing such a large suite of CMIP5models and a

large number of observationally based metrics known to

impact the ACC, this study provides a useful resource to

the community regarding the historical simulation of the

SO. More importantly, by quantifying biases across a

large number of parameters in combination with one

another, we have provided a framework that aids in

identifying and understanding the major contributors

to a model’s ability to accurately represent the SO cir-

culation. Using physical reasoning, the CMIP5 models

have been categorized according to their ability to ac-

curately represent key metrics associated with the ACC.

The various categories of the mean state SO presented

here likely have large implications for how these models

respond under increased radiative forcing. The buoy-

ancy errors that have been highlighted here, while some

compensate and allow for a reasonableACC, likely have

major implications for ocean mixing and thus the fluxes

of heat and carbon within the SO. Quantifying and un-

derstanding these impacts is the subject of an ongoing

study. The comprehensive assessment of SO metrics

presented here provides a solid baseline against which

the next generation of CMIP6 simulations can be eval-

uated for model improvements.
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