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a b s t r a c t 

The sensitivity of the Antarctic Circumpolar Current (ACC) transport to surface buoyancy conditions in 

the North Atlantic is investigated using a sector configuration of an ocean general circulation model. We 

find that the sensitivity of the ACC transport is significantly weaker than previous studies. We attribute 

this difference to the different depth of the simulated Atlantic Meridional Overturning Circulation. Be- 

cause a fast restoring buoyancy boundary condition is used that strongly constrains the surface buoyancy 

structure at the Southern Ocean surface, the ACC transport is determined by the isopycnal slope that 

is coupled to the overturning circulation in the Southern Ocean. By changing the surface buoyancy in 

the North Atlantic, the shared buoyancy contour between the North Atlantic and the Southern Ocean is 

varied, and consequently the strength of the overturning circulation is modified. For different depth of 

the simulated overturning circulation, the response of the ACC transport to changes in the strength of 

the overturning circulation varies substantially. This is illustrated in two conceptual models based on the 

residual-mean theory of overturning circulation. Our results imply that the sensitivity of the ACC trans- 

port to surface forcing in the North Atlantic could vary substantially in different models depending on 

the simulated vertical structure of the overturning circulation. 

© 2017 Elsevier Ltd. All rights reserved. 
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1. Introduction 

The Antarctic Circumpolar Current (ACC) is the world’s largest

current system. Driven at least partly by the Southern hemisphere

westerly wind, the ACC is associated with strongly titled surfaces

of constant density, i.e., isopycnals. Through the tilting isopycnals,

deep water upwells and ventilates at the Southern Ocean surface

(e.g., Marshall and Speer, 2012; Talley, 2013 ), providing an effective

connection between the surface and deep ocean. Consequently,

the ACC is uniquely important for global water mass formation

(e.g., Talley, 2013; Lamy et al., 2015 ), air–sea exchanges and re-

distribution of heat, fresh water, and anthropogenic carbon (e.g.,

Toggweiler and Russell, 2008; Ito et al., 2010; Tamsitt et al., 2016 ),

and thus for the global climate system. 

The ACC is an important part of the global ocean overturning

circulation (e.g., Marshall and Speer, 2012; Talley, 2013 ). In a two-

dimensional zonally-integrated view, the global ocean overturning

circulation is composed of an upper overturning circulation cell,

which is due to the Atlantic Meridional Overturning Circulation

(AMOC) and is associated with sinking of the North Atlantic Deep
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ater (NADW) in the high-latitude North Atlantic, and a lower

verturning circulation cell, which is associated with the Antarctic

ottom Water (AABW) formation ( Lumpkin and Speer, 2007 ).

hrough the ACC, the two overturning circulation cells are coupled

o each other, forming a complex three-dimensional structure of

he global ocean overturning circulation ( Talley, 2013; Ferrari et al.,

014 ). 

In the pycnocline model by Gnanadesikan (1999) , the global py-

nocline depth and T ACC are linked to processes in the Southern

cean including surface wind forcing and meso-scale eddies and

lso to processes outside of the Southern Ocean including deep

ater formation in the high-latitude North Atlantic and global di-

pycnal diffusivity. Recent studies using eddy-rich models find that

he ACC is largely in an eddy saturated state (e.g., Munday et al.,

013; Bishop et al., 2016 ), in which additional power input from

 stronger wind forcing can be balanced by an intensification of

ddies without changing the mean circumpolar flow ( Hogg, 2010 ).

onsistent with those eddy-rich simulations, no significant rela-

ionship between the ACC transport with changes in the magnitude

r position of the wind stress is identified in the Coupled Model

ntercomparison Project (CMIP) Phase 5 (e.g., Meijers et al., 2012;

ownes and Hogg, 2013 ). In contrast to the relative insensitivity

f T ACC to local processes in the Southern Ocean, the remote ef-
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ects have been suggested to have noticeable influence on the ACC

 Munday et al., 2011; Fu ̌ckar and Vallis, 2007 ). Using an ocean gen-

ral circulation model (OGCM) with an idealized setup, Fu ̌ckar and

allis (2007) found that T ACC varies substantially in response to

hanges in the surface buoyancy conditions in the North Atlantic,

mplying a great sensitivity of the T ACC to the NADW formation. 

The strong sensitivity of the ACC transport to the NADW

ormation in Fu ̌ckar and Vallis (2007) appears to contradict with

ome studies using coupled comprehensive climate models (e.g.,

ang et al., 2011 ). By analyzing multiple model simulations

rom the CMIP 3, which predict consistent weakening of the

MOC in response to anthropogenic activities in the 21st century,

ang et al. (2011) concluded that changes in the AMOC have

ery minor influence on the ACC transport. The conclusion of

ang et al. (2011) is consistent with some recent studies that em-

hasize the critical role played by the Southern Ocean processes in

etermining the global deep ocean stratification ( Nikurashin and

allis, 2011; Wolfe and Cessi, 2010; Sun et al., 2016 ) and global

cean overturning circulation ( Ferrari et al., 2014 ). However, the

omplexity of the comprehensive climate models makes it hard to

ompare directly with Fu ̌ckar and Vallis (2007) . In particular, the

ntensification and poleward shift of the westerly wind over the

outhern Ocean in Wang et al. (2011) might have counteracted the

nfluence of the AMOC on the ACC transport. 

In this study, we revisit the influence of the North Atlantic

urface buoyancy conditions on the ACC transport using an OGCM

n an idealized configuration. A series of numerical simulations are

erformed. Two conceptual models are used to interpret the sim-

lation results. We find that the sensitivity of the ACC transport

o North Atlantic surface buoyancy conditions strongly depends on

he simulated vertical structure of the AMOC. 

. Model and results 

.1. Model setup 

We employ the Massachusetts Institute of Technology General

irculation Model (MITgcm; Marshall et al., 1997 ) to integrate

he hydrostatic primitive equations. The model has a flat-bottom

ectangular geometry with a reentrant channel to the south

 Fig. 1 (a)). The semi-enclosed basin represents an idealized At-

antic Ocean, and the reentrant channel represents the Southern

cean. The model has 25 vertical levels, of which the thickness

anges from 10 m at the surface to 250 m at the ocean bottom.

he domain is 2800 m deep, 3200 km wide in the zonal direction,

nd 80 0 0 km long in the meridional direction. This is half as

eep, half as wide, and half as long as the Atlantic in the real

cean in order to perform sufficient amount of simulations on

imited computing resources. A submarine sill of 2060 m depth is

laced in the reentrant channel to represent the Drake passage.

his submarine sill also provides the bottom form stress that

alances the momentum input into the ACC from surface wind

orcing ( Munk and Palmén, 1951 ). Consistent with the Cartesian

rid, a beta plane is adopted and the Coriolis parameter varies

inearly in the meridional direction, i.e., f (y ) = f 0 + βy, with

f 0 = −8 × 10 −5 s −1 , β = 2 . 0 × 10 −11 m 

−1 s −1 , and y is a Cartesian

oordinate that corresponds to latitude. 

The horizontal resolution of the model is 80 km. The unre-

olved mesoscale eddies are represented by the advective form

f the Gent and McWilliams (GM) parameterization ( Gent and

cwilliams, 1990 ) and Redi isopycnal mixing ( Redi, 1982 ) with

qual mixing coefficient K GM 

= 488 m 

2 / s following Wolfe and

essi (2011) . The GM parameterization is implemented using

he boundary-value problem scheme of Ferrari et al. (2010) that

arameterizes the diabatic component of eddy flux at the sur-

ace layer of ocean where eddy motions become horizontal.
he diabatic eddy flux in the surface mixed layer is ignored

n Fu ̌ckar and Vallis (2007) , and this has been suggested by

olfe and Cessi (2010) to lead to a large residual-mean flow in

he Southern Ocean. 

The density of seawater is linearly dependent on temperature

ith a constant thermal expansion coefficient 2 . 0 × 10 −4 K 

−1 .

he seawater salinity is kept at 35 g/kg. We adopt a constant

ackground vertical diffusivity of 2 × 10 −5 m 

2 / s to diffuse the tem-

erature vertically. This small vertical diffusivity is used because

e are focusing on the upper overturning circulation cell, which

s located above the bottom topography and can be considered

o be approximately adiabatic (e.g., Wolfe and Cessi, 2011 ). The

ower overturning circulation, which is associated with the export

f AABW, is not well-resolved in this model. The momentum is

issipated via Laplacian viscosity, biharmonic viscosity, vertical

iscosity, and bottom drag with coefficients A h = 1 . 0 × 10 4 m 

2 / s ,

 4 = 5 . 0 × 10 12 m 

2 / s , A v = 3 . 0 × 10 −3 m 

2 / s , and r = 4 . 1 × 10 −6 s −1 ,

espectively. Convection is handled by the K-Profile Parameter-

zation (KPP) scheme ( Large et al., 1994 ). Therefore, the actual

ertical diffusivity and viscosity can be different from the back-

round value depending on the state of hydrostatic stability. 

The wind stress forcing is symmetric with respect to the equa-

or ( y = 40 0 0 km) and is uniform in the zonal direction ( Fig. 1 (b)).

he surface temperature is relaxed to a profile ( T s ( y )) that is

xpressed as 

 s (y ) = T 0 (y ) + δT e 
−20(y/L y −1) 2 , (1)

here T 0 ( y ) is the symmetric reference temperature profile and is

iven in Fig. 1 (c), L y is the meridional width of the basin, and δT 

ontrols how much warmer the surface ocean in the North Atlantic

s than the Southern Ocean. The relaxation time scale is 10 days

nd is close to that concluded by Haney (1971) from observations.

ecause of this fast-restoring boundary condition, the surface den-

ity is essentially specified in the Southern Ocean (see Figs. 1 (c)

nd 2 ) and the ACC transport is determined by the isopycnal slope,

hich is coupled to the overturning circulation based on the

esidual-mean theory in Marshall and Radko (2003) . Previous

tudies have shown that the AMOC strength scales linearly with

he shared surface density range between the Southern Ocean and

he North Atlantic ( Nikurashin and Vallis, 2012; Wolfe and Cessi,

011 ). Therefore, by changing the surface density in the North

tlantic and keeping the surface density largely unchanged in the

outhern Ocean, the strength of the AMOC is varied. Throughout

his study except for Section 4 , we have kept the other processes

nchanged, including surface wind forcing, eddy diffusivity, and

iapycnal diffusivity. 

Accordingly, δT determines the shared density range between

he Southern Ocean and the North Atlantic, and consequently

t controls the intensity of the AMOC ( Wolfe and Cessi, 2011;

ikurashin and Vallis, 2012 ). At δT = 0 ◦C , the temperature forc-

ng is symmetric with respect to the equator. By increasing δT ,

he shared density between the Southern Ocean and the North

tlantic is reduced such that the AMOC is weakened (see Fig. 2,

olfe and Cessi, 2011; Nikurashin and Vallis, 2012 ), along with

 slight increase in the lower overturning circulation cell due to

he contraction of the upper cell (cf. Jansen and Nadeau, 2016 ).

eyond δT ≈ 5 °C, there is no shared density between the North

tlantic and the Southern Ocean, and the pole-to-pole overturning

irculation disappears. 

.2. Simulation results 

A series of simulations are performed to test the sensitivity of

 ACC to the surface buoyancy condition in the North Atlantic, which

s achieved by varying δT systematically. Each simulation is initi-

ted from a motionless state and is run for over 3500 years until
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Fig. 1. (a) Bathymetry of the basin. The black thick line indicates the idealized continents. The gray thick line indicates the submarine sill that represents the Drake passage. 

The gray arrow indicates the direction of the ACC. (b) Surface wind stress forcing ( τ ( y )) which is symmetric about the equator ( y = 40 0 0 km) in the meridional and uniform 

in the zonal direction. (c) Profile of the symmetric reference temperature ( T 0 ( y ); blue solid line) in Eq. (1) . The zonal-mean surface temperature at δT = 0 . 5 ◦C ( T sf ) is plotted 

as red dashed line for comparison. The northern boundary of the reentrant channel is plotted in each panel as gray dotted lines. The zero position of τ and T are plotted in 

panels (b) and (c) as gray dash–dotted lines. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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approximate equilibrium, at which the linear trend of T ACC over

the last 100 years is less than 1 Sv/century (1 Sv = 10 6 m 

3 /s). The

last 50 years of each simulation is used for the following analysis. 

The residual-mean overturning circulation streamfunction is

defined as: 

ψ(y, θ ) = 

1 

t 0 

∫ t 0 

0 

∫ L x 

0 

∫ ζ (x,y,θ ,t) 

−H 

v r d z d x d t, (2)

where x and z are Cartesian coordinates that correspond to

longitude and depth, t is time, H is the depth of the basin, L x 
is the zonal width of the basin, t 0 = 50 years, θ is potential

temperature, ζ ( x, y, θ , t ) represents the height of isotherms θ ,

and v r is the residual velocity that includes both Eulerian-mean

velocity and eddy bolus velocity due to the GM parameterization.

Fig. 2 shows two examples of the residual-mean overturning

circulation streamfunction that are remapped to height coordinate

using the zonal-mean time-mean depth of each isotherm 

ζ (y, θ ) = 

1 

t 0 

∫ t 0 

0 

1 

L x 

∫ L x 

0 

ζ (x, y, θ, t) d z d x d t, (3)

for δT = 1 ◦C and δT = 4 ◦C , respectively. The clockwise pole-to-

pole overturning circulation is an idealized representation of

the AMOC. It is substantially reduced at δT = 4 ◦C compared to

δT = 1 ◦C as expected. The lower overturning circulation cell is not

well resolved because of the low diapycnal diffusivity used in our

model. 

The intensity of the pole-to-pole overturning circulation ( ψ i )

is defined as the maximum streamfunction that connects the

Southern Ocean and the North Atlantic, i.e., the minimum of

the maximum streamfunction at each latitude below the surface

wind-driven gyre: 

ψ i = min { max { ψ(y, θ < 3 

◦C) , θ} , y } 
for 1200 km < y < 7000 km , (4)

where the operator max { f ( μ1 , μ2 ), μ2 } and min { f ( μ1 , μ2 ), μ2 }

represent the maximum and minimum of the function f ( μ1 ,

μ2 ) with respect to the dimension μ2 for a constant μ1 . This

is defined for θ < 3 °C in order to exclude the wind-driven gyre

circulation. Because the isopycnal slope is more relevant to local
verturning circulation as discussed in Section 3 , we also define

he intensity of the Southern Ocean residual-mean overturning

irculation ( ψ s ) as 

 s = max { ψ(L s , θ ) } , (5)

here L s = 1200 km represents the northern boundary of the reen-

rant Southern Ocean. Variations of ψ i and ψ s with respect to δT 

re given in Fig. 3 (a). At δT = 5 ◦C, ψ s is reduced to around 1.2 Sv

lthough the pole-to-pole overturning circulation disappears as the

hared density range between the North Atlantic and the Southern

cean is reduced to zero. The difference between the locally

efined ψ s and the pole-to-pole overturning circulation is due to

 local clockwise overturning circulation between y = 1200 km

nd y = 20 0 0 km ( Fig. 2 ). This local overturning circulation is a

emanent of the wind-driven overturning circulation (sometimes

alled “Deacon cell”). It is likely due to the constant eddy thick-

ess diffusivity adopted in our model, which might underestimate

he effect of eddies in compensating the wind-driven overturning

irculation (cf. Gent and Danabasoglu, 2011; Gent, 2016 ). 

The circumpolar transport of the ACC with respect to changes

n ψ s is plotted in Fig. 3 (b). From δT = 0 . 5 ◦C to δT = 5 . 0 ◦C , ψ s

ecreases from 2.6 Sv to 1.2 Sv and T ACC increases from 62 Sv

o 76 Sv. In comparison, T ACC increases from 25 Sv to 125 Sv in

u ̌ckar and Vallis (2007 , their Fig. 3 ) for a similar change of the

emperature forcing. To exclude the possibly geometrical influence

ue to the different size of model domain, we will normalize the

CC transport in the following discussions with a reference ACC

ransport (see details below). 

Wolfe and Cessi (2010) attributed the large sensitivity of T ACC 

bserved in Fu ̌ckar and Vallis (2007) to their strong residual-mean

verturning circulation in the Southern Ocean. However, the

agnitude of the residual-mean overturning circulation in our

imulation (see Fig. 3 (a)) is actually close to or even larger than

u ̌ckar and Vallis (2007 , their Fig. 2 ). Therefore, the strong sensitiv-

ty of T ACC to the North Atlantic surface forcing in Fu ̌ckar and Val-

is (2007) cannot be explained by the magnitude of the residual-

ean overturning circulation in the Southern Ocean. As seen in

ig. 2 , the clockwise pole-to-pole overturning circulation is limited

o the upper 1 km in both cases of Fig. 2 . In comparison, the
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Fig. 2. Residual-mean overturning circulation streamfunction (color shading) ψ( y, 

θ ) remapped to height coordinate at δT = 1 ◦C (a) and δT = 4 ◦C (b), plotted in units 

of Sv. The gray solid lines represent the mean depth of isotherms that is defined 

by Eq. (3) and labeled in unit of °C. Five isotherms from panel (a) are plotted in 

panel (b) as green dashed lines to show the change of isopycnal slope. The north- 

ern boundary of the reentrant Southern Ocean is plotted as gray dotted lines. (For 

interpretation of the references to color in this figure legend, the reader is referred 

to the web version of this article.) 
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MOC in Fu ̌ckar and Vallis (2007) reaches around 2500 m in their

ymmetric forcing case (corresponding to δT = 0 ◦C in our study)

nd then shoals upward substantially to a shallower depth as the

urface temperature increases in the North Atlantic (their Fig. 2 ).

herefore, the different sensitivity of the ACC transport is likely

elated to the different vertical structure of the overturning circu-

ation as explained in the next section using conceptual models. 

. Conceptual models 

In this section, we develop a 2.5-layer conceptual model and

 continuously stratified conceptual model of the Southern Ocean

irculation based on the residual-mean theory of Marshall and

adko (2003) in order to understand the influence of the over-

urning circulation structure on the ACC transport. The 2.5-layer

onceptual model can be considered to be a generalization of the

ycnocline model of Gnanadesikan (1999) . A similar multi-layer

eneralization of Gnanadesikan (1999) is developed for the Atlantic

asin by Marshall and Zanna (2014) . Different from Marshall and

adko (2003) , in which the overturning circulation is part of the

olution, we specify the overturning circulation streamfunction as

n input for our conceptual model in order to discuss the response

f the ACC transport to variations in the overturning circulation. In
he conceptual models of this section, we use a shifted coordinate

 y s = y − L s ) for analytical convenience. The subscript for y s is

ropped in the discussion hereafter for notation conciseness,

.e., the origin of the y axis is at the northern boundary of the

outhern Ocean in this section. 

.1. 2.5-layer conceptual model 

In this section, a 2.5-layer conceptual model is developed that

ncludes two active layers ( ρ1 and ρ2 ) and a motionless abyssal

ayer ( ρ3 ) as shown in the schematic Fig. 4 . The three layers, which

re separated by two pycnoclines, respectively, represent interme-

iate water, deep water, and bottom water from top to bottom.

he stratification across the two pycnoclines is, respectively, noted

s g ′ 1 and g ′ 2 , where g ′ 1 = g(ρ2 − ρ1 ) /ρ0 , g ′ 2 = g(ρ3 − ρ2 ) /ρ0 , and

0 is the reference density. The two active layers outcrop through

he surface mixed layer in the Southern Ocean. For simplicity, we

eep the outcropping position of the two pycnoclines y = −L 1 and

 = −L 2 unchanged, i.e., we assume L 1 and L 2 to be constant. In

he continuously stratified model, we will relax the assumption of

onstant L 1 and L 2 . 

The AMOC is carried by the top two layers. Following

arshall and Radko (2003) , we define the residual-mean over-

urning circulation streamfunction for our layer model as 

ψ 1 = 

∫ L x 

0 

∫ 0 

−h 1 

v d zd x = ψ 

+ 
1 + ψ 

∗
1 , (6) 

nd ψ 2 = 

∫ L x 

0 

∫ 0 

−h 2 

v d zd x = ψ 

+ 
2 + ψ 

∗
2 . 

here 

 

+ 
1 ≡ L x 

∫ 0 

−h 1 

v dz, ψ 

∗
1 ≡ L x v ′ 1 h 

′ 
1 
, (7) 

 

+ 
2 ≡ L x 

∫ 0 

−h 2 

v dz, and ψ 

∗
2 ≡ L x v ′ 2 h 

′ 
2 
. 

Here, the overbar means zonal average, primes represent

eviations from zonal average, ψ 

+ represent the Eulerian-mean

verturning circulation, ψ 

∗ represents the eddy-driven overturning

irculation, v is meridional velocity, h denotes pycnocline depth,

 = ψ 

+ + ψ 

∗ represents the residual-mean overturning circula-

ion streamfunction associated with the two pycnoclines, and L x 
s the longitudinal width of the Southern Ocean. The subscripts 1

nd 2 indicate the layer each variable refers to (see Fig. 4 ). Phys-

cally, ψ 1 and ψ 2 represent the net meridional volume transport

bove the upper and lower pycnoclines, respectively. Because the

ottom layer is assumed to be motionless and we also assume

he circulation to be adiabatic below the surface mixed layer, we

hould obtain 

ψ 1 = 	, (8) 

nd ψ 2 = 0 , 

here 	 is a constant that defines the intensity of the AMOC

nd represents the effects of North Atlantic surface buoyancy

onditions in our conceptual model. 

In the Southern Ocean, the Eulerian zonal-mean momentum

alance in steady state within the reentrant Southern Ocean is 

f 0 v = 

∂F 

∂z 
, with F = 

τ0 

ρ0 

at z = 0 , (9)

here the nonlinear Reynolds terms and horizontal frictional

orces have been neglected ( Marshall and Radko, 2003 ), F rep-

esents vertical momentum flux, and τ 0 represents surface wind

tress. For analytical simplicity, τ 0 and f 0 are assumed to be

onstant. The pressure gradient force is not present due to the

bsence of meridional boundaries in the Southern Ocean. The
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Fig. 3. (a) Variation of the magnitude of the AMOC ( ψ i ) and Southern Ocean overturning circulation ( ψ s ) with changes in δT . (b) Variation of the ACC transport T ACC with 

respect to the decrease of ψ s . The x -axis is reversed because ψ s decreases with δT . 

Fig. 4. Schematic of the 2.5-layer model. A mixed layer (dash–dotted line) of depth 

h m is included that carries the Ekman transport (green arrow) in the Southern 

Ocean. The density of the three layers are ρ1 , ρ2 , and ρ3 from top to bottom. The 

three layers are separated by two pycnoclines that are indicated as blue lines. The 

two pycnoclines outcrop at surface in the Southern Ocean at y = −L 1 and y = −L 2 , 

respectively. The depth of the two pycnoclines are z = −h 1 and z = −h 2 , respec- 

tively. The northern boundary of the Southern Ocean is represented by the gray 

dotted line ( y = 0 ). The thin gray sinusoidal line indicates the sea surface. The solid 

black line represents the bottom topography and the idealized Antarctica conti- 

nent. The AMOC is carried by the top two layers and are represented by the thick 

gray lines with arrows indicating the directions of the overturning circulation. The 

streamfunction for the top pycnocline is noted as ψ 1 , and the streamfunction for 

the bottom pycocline is noted as ψ 2 . Only the southern hemisphere is plotted here. 

(For interpretation of the references to color in this figure legend, the reader is re- 

ferred to the web version of this article.) 
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balance in Eq. (9) is valid as long as it is above the submarine

sill. Vertical integration of Eq. (9) gives the expression of the

Eulerian-mean overturning circulation streamfunction ( ψ 

+ ) 

ψ 

+ | z = L x 

∫ 0 

z 

v dz = − τ0 L x 

ρ0 f 0 
, for − h m 

> z > −h s , (10)

if the vertical momentum flux below the surface mixed layer

is also neglected. Here, h s is the depth of the submarine sill at
he Drake passage, and h m 

is the depth of surface mixed layer.

herefore, we can express ψ 

+ 
1 

and ψ 

+ 
2 

as 

 

+ 
1 = ψ 

+ 
2 = − τ0 L x 

ρ0 f 0 
, (11)

.e., the Eulerian-mean overturning circulation streamfunction

s given by the surface Ekman transport that is driven by the

esterly wind over the Southern Ocean. 

Following Gnanadesikan (1999) , we can parameterize the

ddy-driven overturning circulation ( ψ 

∗
1 

and ψ 

∗
2 

) in Eq. (7) as 

ψ 

∗
1 = L x K GM 

s 1 , 

nd ψ 

∗
2 = L x K GM 

s 2 , (12)

here s 1 and s 2 are respectively the slope of the upper and lower

ycnocline, and K GM 

is the GM thickness diffusivity, which is

ssumed to be constant in this section. This assumption (constant

 GM 

) is relaxed in Section 4.2 , where we discuss the potential

nfluence of a more realistic representation of K GM 

on the results. 

Combining Eqs. (6), (8), (11) , and (12) , we have the expression

or the residual-mean overturning circulation associated with the

wo pycnoclines 

ψ 1 = − τ0 L x 

ρ0 f 0 
+ L x K GM 

s 1 = 	, (13)

nd ψ 2 = − τ0 L x 

ρ0 f 0 
+ L x K GM 

s 2 = 0 . 

From Eq. (13) , we obtain the expression for the slope of the

wo pycnoclines as 

s 1 (	) = s 2 + 

	

L x K GM 

, 

nd s 2 = 

τ0 

ρ0 f 0 K GM 

. (14)

The parentheses in s 1 ( 	) means that s 1 is subject to changes

ith respect to variations in 	 . Because we keep the wind stress

orcing ( τ 0 ) and eddy effect ( K GM 

) constant, s 2 is also constant

ere. This implies an invariant depth of the lower pycnocline ( h 2 ),

.e., h 2 is constant with respect to 	 ( Fig. 4 ), which is relaxed in

he continuously stratified model in the next section. 



S. Sun, J. Liu / Ocean Modelling 118 (2017) 118–129 123 

 

c

a

w

h  

 

t

T

 

T  

F  

h  

T

�  

w

h  

a

�

w

 

f

w  

s

w

�

r  

o  

o

�

i  

m  

t  

t  

c  

Fig. 5. Plot of �T ACC ( 	)/ T ACC (0) with respect to two nondimensional parameters r g 
and r h at � = 0 . 4 . The nondimensional parameter r g represents the shape of strati- 

fication, and r h defines the structure of the overturning circulation. A larger r g rep- 

resents a stronger stratification in the mid-depth compared to the abyss. A larger r h 
indicates that the overturning circulation has a deeper structure. 
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From thermal wind balance, the zonal velocity at each layer

an be expressed as 

u 1 = u 2 −
g ′ 1 
f 0 

∂h 1 (	) 

∂y 
, (15) 

nd u 2 = −g ′ 2 
f 0 

∂h 2 

∂y 
, 

here 

 1 (	) = −L 1 s 1 (	) and h 2 = −L 2 s 2 . (16)

Integrating Eq. (15) with respect to latitude and depth, we have

he circumpolar transport of the ACC as 

 ACC (	) = 

∫ 0 

−L s 

[∫ −h 1 

−h 2 

u 2 dz + 

∫ 0 

−h 1 

u 1 dz 

]
dy 

= − 1 

2 f 0 

[
g ′ 1 h 

2 
1 (	) + g ′ 2 h 

2 
2 

]
. (17) 

To obtain s Eq. (16) and (17) , the assumption of h m 

� h 1 is used.

his assumption is true in both simulations and the real ocean.

or example in the real ocean, h m 

is normally of order 100 m, but

 1 is at around 10 0 0 m. Because h 2 is constant here, changes in

 ACC can only be caused by variations in h 1 , i.e., 

T ACC (	) ≡ T ACC (	) − T ACC (0) ≈ − 1 

f 0 
g ′ 1 h 1 (0)�h 1 (	) , (18)

here the changes are evaluated with respect to 	 = 0 , 

 1 (0) = −L 1 s 1 (0) = −L 1 s 2 , (19)

nd 

h 1 (	) = h 1 (	) − h 1 (0) = −L 1 [ s 1 (	) − s 1 (0) ] = − L 1 	

L x K GM 

, 

(20) 

hich is obtained by combining Eq. (14) and Eq. (16) . 

Hereafter, the parentheses in h (0) and �h ( 	) will be dropped

or conciseness. Dividing Eq. (18) by T ACC (0), we have 

�T ACC (	) 

T ACC (0) 
≈ 2 g ′ 1 h 1 �h 1 

g ′ 
1 

h 

2 
1 

+ g ′ 
2 

h 

2 
2 

= 

2 h 1 �h 1 

h 

2 
1 

+ h 

2 
2 
/r g 

, (21) 

here r g ≡ g ′ 
1 
/g ′ 

2 
is usually larger than 1 and defines the vertical

tructure of ocean density stratification in our 2.5-layer model. 

Substituting Eq. (20) into Eq. (21) , we have 

�T ACC (	) 

T ACC (0) 
≈ − 2 h 1 L 1 	/L x 

K GM 

[
h 

2 
1 

+ h 

2 
2 
/r g 

] . (22) 

Substituting L 1 from Eq. (19) into Eq. (22) , we have 

�T ACC (	) 

T ACC (0) 
≈ 2 h 

2 
1 	 ρ0 f 0 

τ0 L x 

[ 
h 

2 
1 

+ 

h 2 
2 

r g 

] = −� �, (23) 

here h 1 is evaluated at 	 = 0 , 

 ≡ 2 

1 + 

1 
r g r 2 h 

(24) 

epresents the sensitivity of the ACC transport to the intensity of

verturning circulation, r h = h 1 /h 2 represents the vertical structure

f the overturning circulation, and 

≡ 	/ψ 

+ (25) 

s the residual-mean overturning circulation streamfunction nor-

alized by the wind-driven overturning circulation streamfunction

hat is defined in Eq. (11) . The negative sign in Eq. (23) indicates

hat the ACC transport decreases for a stronger overturning cir-

ulation consistent with Fig. 3 (b). The variable � is a simplified
epresentation of the North Atlantic surface buoyancy forcing in

ur conceptual model. For a larger r h , the upper pycnocline is

eeper and the ACC transport is more sensitive to the changes in

he overturning circulation intensity and thus is more sensitive to

urface forcing in the North Atlantic. 

For parameters relevant to our MITgcm simulations at

T = 0 . 5 ◦C in Section 2 , 	/L x = 0 . 5 m 

2 / s , f 0 = 8 × 10 −5 s −1 ,

0 = 0 . 1 N / m 

2 
, and ρ0 = 10 0 0 kg / m 

3 
, the dependence of the

elative change of circumpolar transport of the ACC ( �T ACC / T ACC )

n these two non-dimensional parameters r g and r h is presented

n Fig. 5 . With slight change of the structure of the overturning

irculation, the response of T ACC to changes in the overturning

irculation intensity can be substantially different. As an example,

f we take T ACC (0) = 100 Sv , r g = 2 . 0 , and 	/L x = 0 . 5 m 

2 / s (cor-

esponding to ∼ 10 Sv in the real ocean), T ACC ( 	) can be 81 Sv at

 h = 0 . 4 but is only 60 Sv at r h = 0 . 7 . 

.2. Continuous stratification 

In the 2.5-layer conceptual model above, we use two py-

noclines to represent the upper overturning circulation cell.

y warming the surface North Atlantic in our simulations, the

verturning circulation structure is shifted to warmer temper-

tures (see Fig. 6 ). As a result, the depth associated with the

ero-streamfunction (i.e., h 2 in our 2.5-layer model) becomes

hallower as δT increases, although there is no significant change

n the depth and potential temperature that is associated with the

aximum overturning circulation streamfunction. This appears to

ccount for the reduced sensitivity of the ACC transport to AMOC

ntensity for higher δT ( Fig. 3 (b)), which cannot be resolved by our

implified 2.5-layer conceptual model. Therefore, in order to make

etter comparison with our MITgcm simulations, we extend the

.5-layer model to continuous stratification. Although the concep-

ual model below is presented in terms of density, we present our

gures on potential temperature coordinate (e.g., Figs. 7 and 8 ) for

etter comparison with the MITgcm simulations. 
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In the Southern Ocean, we specify the surface density structure

( ρs ( y )) similar to the MITgcm simulations. The flow is assumed to

be adiabatic again. With the surface wind stress forcing ( τ ( y )) and

the GM diffusivity ( K GM 

) specified, the residual-mean overturning

circulation streamfunction ( ψ( ρ)) in continuous stratification can

be expressed as ( Marshall and Radko, 2003; Nikurashin and Vallis,

2011 ) 

ψ(ρ) /L x = K GM 

s (ρ, y ) − τ (y ) 

ρ0 f (y ) 
, (26)

where both the wind stress forcing ( τ ) and isopycnal slope ( s )

vary with latitude. This is the continuously stratified version of Eq.

(13) . The isopycnal slope can be calculated from Eq. (26) as 

s (ρ, y ) = 

[
φ(ρ) + 

τ (y ) 

ρ0 f (y ) 

]
/K GM 

, (27)

where φ(ρ) = 	(ρ) /L x . Then the depth of each isopycnal can be

found by integrating Eq. (27) as 

z(ρ, y ) = 

∫ y 

y s (ρ) 
s (ρ, y ′ ) dy ′ = 

∫ y 

y s (ρ) 

[
φ(ρ) + 

τ (y ′ ) 
ρ0 f (y ′ ) 

]
/K GM 

dy ′ , 

(28)

which can be inverted to give the density structure ρ( y, z ) (see

Figs. 5 and 6 of Marshall and Radko (2003) for examples). Here,

y s ( ρ) represents the outcropping latitude of each isopycnal ( ρ) at

the Southern Ocean surface. Applying the thermal wind balance

by assuming the bottom to be motionless, we can calculate the

ACC transport as 

T ACC = 

∫ 0 

−L s 

∫ 0 

−H 

∫ z 

−H 

g 

f (y ) ρ0 

∂ρ(y, z ′ ) 
∂y 

d z ′ d z d y, (29)

where L s is the meridional width of the reentrant channel, H is

the depth of the ocean, and −L s ≤ y ≤ 0 defines the range of the

Southern Ocean as in Fig. 4 . From Eqs. (28) and (29) , we can see

that the ACC transport is a function of only the residual-mean

overturning circulation if we keep the wind stress forcing ( τ ( y ))

and eddy thickness diffusivity ( K GM 

) constant. The potential influ-

ence of wind stress forcing and eddy thickness diffusivity on the

result is discussed in Section 4.1 . 

For simplicity, we adopt a form of surface density that linearly

depends on y in the Southern Ocean, i.e., 

ρs (y ) = −�ρ
y 

L s 
+ ρr , for − L s ≤ y ≤ 0 , (30)

where 

ρs (0) = ρr , (31)

and �ρ represents the density contrast across the Southern Ocean.

The surface wind stress forcing is taken to be linear as well that

resembles Fig. 1 (b) in the Southern Ocean, 

τ (y ) = τ0 (y/L s + 1) , for − L s ≤ y ≤ 0 , (32)

where 

τ0 = 0 . 1 N / m 

2 
. (33)

The residual-mean overturning circulation streamfunction is as-

sumed to be 

ψ(ρ) = L x φ(ρ) = L x φ0 M ( χ(ρ) ) exp 

(
−λξ (ρ) 2 

)
, (34)

where 

ξ (ρ) = 

ρ − ρd 

ρl1 − ρl2 

, (35)

χ(ρ) = 

ρ − ρl2 

ρ − ρ
, (36)
l1 l2 c  
nd 

(χ ) = − tanh (5(χ − 1)) × tanh (5 χ) (37)

or 

l1 ≤ ρ ≤ ρl2 . (38)

he function M ( χ ) is to ensure that ψ disappears for density out-

ide of the density range defined by Eq. (38) , and its form would

ot affect the result qualitatively. Here, ρl1 = ρs (0) is the lightest

sopycnal associated with the overturning circulation, ρl2 = ρs (−L )

s the densest isopycnal associated with the overturning circula-

ion, φ0 sets the magnitude of overturning circulation streamfunc-

ion, λ sets the spread of the streamfunction in density space (see

ig. 8 (a) for examples), 

d = ρl1 + r # h [ ρl2 − ρl1 ] , (39)

here r # 
h 

is a nondimensional number (similar to r h in Section 3.1 )

hat controls the position of maximum streamfunction in the

ensity space (see Fig. 7 (a) for examples). A larger λ means

maller spread of the overturning circulation in the density space

 Fig. 8 (a)), and a larger r # 
h 

means that the overturning circulation

s associated with denser isopycnals ( Fig. 7 (a)). The two nondimen-

ional parameters λ and r # 
h 

together control the vertical structure

f the overturning circulation streamfunction in density space. We

ote that the forms of ρs ( y ), τ y , and ψ( ρ) are chosen for illustra-

ive purpose and will not affect our results qualitatively. 

Consistent with the 2.5-layer conceptual model, we define the

ntensity of the overturning circulation ( φm 

) as 

m 

= ψ m 

/L x = max { ψ(ρ) } /L x , for ρl1 ≤ ρ ≤ ρl2 , (40)

hich represents the AMOC intensity and parameterizes the

nfluence of the North Atlantic surface buoyancy condition on the

verturning circulation intensity. Associated with the maximum

treamfunction ψ m 

, we also define a normalized AMOC intensity

s 

m 

= ψ m 

/ψ 

+ , (41)

here 

 

+ = − τ0 L x 

ρ0 f 0 
. (42)

ow we explore the dependence of the ACC transport on the

verturning circulation intensity ( φm 

) and structure ( r # 
h 

) with

onstant wind stress forcing and eddy thickness diffusivity. In

ig. 7 (b), we plot the relative changes in the ACC transport with

espect to changes in both φm 

and r # 
h 

. The relative change in T ACC 

s defined as 

 = 

T ACC | φm 
− T ACC | φm =0 

T ACC | φm =0 

, (43)

here T ACC | φm =0 represents the ACC transport at φm 

= 0 and is

 constant. This is similar to the definition in Eq. (21) . Fig. 7 (b)

hows that variations of the ACC transport in response to changes

n the overturning circulation intensity are strongly sensitive to

he vertical structure of the overturning circulation, which is

ontrolled by r # 
h 

. For a larger r # 
h 
, variations in φm 

are associated

ith changes in the overturning circulation on denser isopycnals,

hich means that changes in φm 

can affect the zonal-velocity

istribution over a larger depth range and result in a bigger change

n the ACC transport. 

The sensitivity of the ACC transport can also be affected by

, which sets the spread of streamfunction on density space. In

ig. 8 (a), we plot the overturning circulation streamfunction for

ifferent λ to resemble the changes in the overturning circulation

n Fig. 6 . The response of the ACC transport to AMOC intensity

hanges is plotted in Fig. 8 (b), in which the sensitivity of the
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Fig. 6. Residual-mean overturning circulation at the northern edge of the reentrant Southern Ocean on depth coordinate (a) and θ coordinate (b). For clarity, only 4 runs 

are plotted. 

Fig. 7. (a) Residual-mean overturning circulation streamfunction defined by Eq. (34) for different r # 
h 

at φ0 = 0 . 5 and λ = 10 . Larger r # 
h 

means that the overturning circulation 

is associated with higher density or lower potential temperature. The overturning circulation is only defined between −3 °C and 0 °C here. The result would not change if 

a different potential temperature range is used. (b) Normalized changes in the ACC transport (normalized by the ACC transport at ψ = 0 ) with respect to changes in the 

normalized AMOC intensity ( Eq. (42) ) predicted by the continuously stratified conceptual model. Each line corresponds to a line in Panel (a) of the same color. The wind 

stress forcing and K GM are doubled at r # 
h 

= 0 . 3 and shown as blue squares and circles, respectively. This is discussed in Section 4.1 . (For interpretation of the references to 

color in this figure legend, the reader is referred to the web version of this article.) 
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CC transport to AMOC intensity is higher for smaller λ, which

orresponds to a larger spread of the streamfunction in the density

pace. This explains the reduced sensitivity of the ACC transport

n our MITgcm simulations for higher δT (compare Figs. 3 (b) and 6

ith Fig. 8 ). 

. Discussion 

.1. Magnitude of wind stress forcing and K GM 

The 2.5-layer model in Section 3.1 ( Eq. (23) ) suggests that the

esponse of the ACC transport to changes in the North Atlantic

urface forcing is independent of the wind stress forcing ( τ ) and

ddy thickness diffusivity ( K GM 

). We now test whether this is true

n the continuously stratified conceptual model and the MITgcm

imulations. 
In the continuously stratified model, we double the wind stress

orcing ( τ × 2) and eddy thickness diffusivity ( K GM 

× 2) but keep

he overturning circulation structure (controlled by λ and r # 
h 

)

nchanged ( r # 
h 

= 0 . 3 in Fig. 7 (a)). Although the intensity of the

CC and AMOC varies substantially in response to changes in

he τ and K GM 

(not shown), we find that the response of the

ormalized ACC transport to changes in the AMOC intensity is

hown to be independent of the wind stress forcing and eddies

 Fig. 7 (b)), consistent with the 2.5-layer conceptual model. 

However, this is not true in the MITgcm simulations because

ariations in the wind stress forcing and eddies could change

he structure of the overturning circulation (e.g., Marshall et al.,

017 ). Using the same model setup as Section 2 , another 3 sets of

imulations are performed with increased wind stress forcing in

he Southern Ocean. Each set of simulations contains 4 runs with

T = 1 ◦C, 2 °C, 3 °C, and 4 °C, respectively. We show that the sen-

itivity of the ACC transport to the AMOC intensity increases with
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Fig. 8. (a) Residual-mean overturning circulation streamfunction defined by Eq. (34) for different λ at φ0 = 0 . 5 and r # 
h 

= 0 . 4 . This resembles the changes in the overturning 

circulation streamfunction in Fig. 6 (b). Lower λ means that the overturning circulation is associated with more isotherms/isopycnals. (b) Normalized changes in the ACC 

transport with respect to the AMOC intensity normalized by the Eulerian-mean overturning circulation as predicted by the continuously stratified conceptual model. Each 

line corresponds to a line in Panel (a) of the same color. 

Fig. 9. (a) Variation of the ACC transport with the AMOC intensity at the northern edge of the Southern Ocean in the MITgcm simulations. The ACC transport is referenced 

to and then normalized by the ACC transport at δT = 4 ◦C. The AMOC intensity is normalized by ψ 

+ = − τ0 L x 
ρ0 f 0 

, i.e., � = ψ s /ψ 

+ , where ψ s is defined in Eq. (5) . From left 

to right, the four points in each set of simulation corresponds to δT = 4 ◦C, 3 °C, 2 °C, and 1 °C. Here, “τ × n ” means that the wind stress forcing is multiplied by n in the 

Southern Ocean (“τ × 1” represents the simulations discussed in Section 2 ), and “20 km” refers to the simulation at 20 km resolution that is discussed in Section 4.3 . (b) 

Normalized overturning circulation streamfunction at the northern edge of the reentrant Southern Ocean on θ coordinate at δT = 1 ◦C. (c) Normalized overturning circulation 

streamfunction at the northern edge of the reentrant Southern Ocean on depth coordinate at δT = 1 ◦C. The result is not significantly different for other choices of δT . 
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wind stress forcing ( Fig. 9 (a)) while the AMOC is shifted to colder

potential temperature ( Fig. 9 (b)) and deeper depth ( Fig. 9 (c)) in

the Southern Ocean, i.e., the overturning circulation structure

changes with wind stress forcing. This increased sensitivity with

wind can be reproduced by our continuously stratified conceptual

model if the changes in the overturning circulation structure is

considered such as by increasing r # 
h 

( Fig. 7 ). 

We note that the conceptual models are developed just to

interpret the influence of the AMOC structure on the ACC trans-

port variations and thus should not be considered as complete

models for the ACC or the overturning circulation in the Southern

Ocean. To make a complete conceptual model, the influence of

surface forcing on the intensity and structure of the overturning

circulation needs to be parameterized. Therefore, in order to use

our conceptual models to interpret model results, such as the dif-

ferent sensitivity at different wind stress forcing, the overturning

circulation structure should be adjusted along with the model sim-

ulations such that they are dynamically in concert with each other.
.2. State-dependent K GM 

In the conceptual model above, a constant GM thickness dif-

usivity is used. In this section, we relax this assumption and

ake it proportional to the isopycnal slope as suggested by

isbeck et al. (1997) , i.e., 

 GM 

= k | s | , (44)

here k is a positive scaling constant. As a result, the isopycnal

lope in Eq. (14) becomes 

s 2 = −
√ 

τ0 

ρ0 | f 0 | k , (45)

nd s 1 = −
√ 

s 2 
2 

− 	

L x k 
. 
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The change in h 1 with 	 in Eq. (20) can be expressed as 

h 1 (	) = −L 1 [ s 1 (	) − s 2 (0) ] (46) 

= 

h 1 (0) 

s 2 

[ √ 

s 2 
2 

−
√ (

s 2 
2 

− 	

L x k 

)] 

= −h 1 (0) 
[ 

1 −
√ 

( 1 − �) 

] 
, 

here � is the nondimensional residual-mean overturning circu-

ation intensity that is defined in Eq. (25) . Substitute Eq. (46) into

q. (21) and we have 

�T ACC (	) 

T ACC 

≈ − −2 h 

2 
1 

h 

2 
1 

+ h 

2 
2 
/r g 

[ 
1 −

√ 

( 1 − �) 

] 
, (47) 

here the parenthesis in h 1 (0) is dropped again for conciseness.

or the upper overturning circulation cell discussed in this paper,

 < � < 1. Thus, we would obtain by Taylor expansion 

�T ACC (	) 

T ACC 

≈ −1 

2 

� �, (48) 

here � is defined in Eq. (24) and the terms of order O(�2 ) and

igher are dropped. Therefore, for a more realistic representation

f K GM 

that evolves with the model states, the sensitivity of the

CC transport to the overturning circulation is reduced by 50%.

imilar results can be obtained for our continuously stratified

onceptual model (not shown). This implies that the ACC sen-

itivity to the overturning circulation could also be reduced in

GCM simulations if the eddy is resolved or parameterized with a

ore realistic scheme (cf. Gent and Danabasoglu, 2011 ), as is also

videnced by the next section. 

It is suggested by previous model studies that the eddy thick-

ess diffusivity has a vertical structure that peaks at the top and

ottom of the water column (e.g., Fig. 7 of Abernathey et al., 2013 ).

his depth dependence of the eddy diffusivity is not resolved in

ur parameterization of the eddy thickness diffusivity, and it

as been shown to have noticeable influences on the structure

nd magnitude of the overturning circulation ( Chapman and

allée, 2017 ). Future studies should employ more realistic rep-

esentations of the eddy diffusivity. However, the discussion in

his section suggests that a different parameterization of the eddy

iffusivity would not change our results qualitatively. 

.3. Model resolution 

Previous studies suggested that the ACC and the Southern

cean overturning circulation can behave differently in response

o surface forcing perturbations in models from coarse resolution

o eddy-resolving resolution (e.g., Munday et al., 2013; Morrison

nd Hogg, 2013; Abernathey et al., 2011 ). Using an ocean basin

imilar to this study, Munday et al. (2013) showed that the ACC

eaches eddy saturation when the model resolution is 1/2 ° and

ner, consistent with Morrison and Hogg (2013) . Here, the in-

uence of model resolution on our results is tested with a set

f experiments at 20 km resolution. The resolution of 20 km is

hosen to represent the scenario with eddy saturation while it

ould not require too much computing resources. 

In the 20 km resolution experiments, the GM thickness diffusiv-

ty is 20 m 

2 / s that represents an adiabatic sub-grid scale closure

or the turbulent dissipation of potential temperature (cf. Munday

t al., 2013; Roberts and Marshall, 1998 ). We also have a smaller

iharmonic viscosity ( A 4 ) of 1 . 0 × 10 12 m 

2 / s compared to the

oarse-resolution simulations in Section 2 to damp the sub-grid

oise close to the boundary and a small harmonic viscosity ( A h ) of

.0 × 10 2 m 

2 /s (cf. Griffies and Hallberg, 20 0 0 ). The other parame-

ers and model geometry follow the coarse-resolution model setup.
The model is spun up from rest and run for 500 years at

T = 1 ◦C . At the end of the 500 years, another three experiments

re branched out with δT as 2 °C, 3 °C, and 4 °C. These four ex-

eriments are continued for another 500 years. Because eddies

re permitted at this resolution that could enhance the Southern

cean ventilation (e.g. Kamenkovich et al., 2017 ), it takes shorter

ime for the deep ocean to reach equilibrium (cf. Wolfe and

essi, 2011 ). At the end of each simulation, the trend of ACC

ransport is less than 1 Sv/Century. 

Different from the coarse-resolution runs, in which the changes

n potential temperature space are consistent with changes in the

epth space when the wind stress forcing increases, the over-

urning circulation in the 20 km-resolution simulations is shifted

o warmer isotherms but deeper depth ( Fig. 9 ). This discrepancy

s due to the much smaller meridional temperature gradient in

he Southern Ocean in the 20 km-resolution simulations (the

emperature contrast across the Southern Ocean is reduced by

 °C; not shown), which results from the higher eddy activity that

nhances meridional heat flux across the ACC. 

In the continuously stratified conceptual model, a fixed surface

ensity structure is assumed at the Southern Ocean surface,

hich is not true when comparing the 20 km-resolution simu-

ations to the coarse resolution runs. Therefore, the overturning

irculation in depth space is a better indicator than that in the

otential temperature space for comparing sensitivity of the ACC

o the AMOC intensity here. Fig. 9 (c) implies that the sensitivity

f the ACC transport is at least larger than the simulation in

ection 2 (“τ × 1” in Fig. 9 ) because the overturning circula-

ion is located at a deeper depth. However, the sensitivity in the

0 km-resolution simulations is significantly smaller than expected

 Fig. 9 (a)). This is due to the higher eddy activity in the 20 km-

esolution simulations that is more efficient in compensating the

hanges in the overturning circulation. Thus, a smaller change in

he isopycnal slope is expected for increasing δT at this resolution

ompared to the coarse ones, consistent with what is concluded

rom the conceptual models that use a state-dependent eddy

hickness diffusivity ( Section 4.2 ). This implies that the sensitivity

f the ACC to the surface conditions in the North Atlantic could be

ven smaller if the eddy is fully resolved. 

. Summary 

The sensitivity of the circumpolar transport of the ACC to the

orth Atlantic surface buoyancy conditions is explored in a sector

onfiguration of an ocean general circulation model. Because a fast

estoring buoyancy boundary condition, which strongly constrains

he surface buoyancy structure at the Southern Ocean surface,

s used in this study, the ACC transport is determined by the

sopycnal slope that is coupled to the overturning circulation.

y changing the surface buoyancy in the North Atlantic, the

hared buoyancy contour between the North Atlantic and the

outhern Ocean is varied, and consequently the strength of the

verturning circulation is modified. We find that the sensitivity

n our simulations is substantially weaker than previous study by

u ̌ckar and Vallis (2007) . We propose that the different sensitivity

elies on the different vertical structure of the simulated AMOC.

or different depth of the simulated overturning circulation, the

esponse of the ACC transport to changes in the strength of the

verturning circulation varies substantially. 

The results are interpreted using a 2.5-layer conceptual model

nd a continuously stratified conceptual model based on the

esidual-mean theory of the overturning circulation ( Marshall and

adko, 2003 ). We show that the sensitivity depends on the vertical

tructure of the overturning circulation. Conceptually, this is true

ecause a deeper change in the overturning circulation can affect

ore isopycnals by changing their slope, which leads to larger
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changes in the circumpolar transport of the ACC. The wind stress

forcing and eddies can affect this sensitivity by modifying the

structure of the overturning circulation. 

Considering that the structure of the overturning circulation

varies substantially among different climate models especially in

simulations of the LGM (e.g., Otto-Bliesner et al., 2007; Muglia and

Schmittner, 2015 ), the sensitivity of the ACC transport is expected

to vary significantly among different climate models. This has im-

plication for discussions regarding the response of the ACC in sim-

ulations of the future climate change or paleo-climate variations. 

The above analyses are based on coarse resolution model

simulations, in which the mesoscale eddies are parameterized. We

test the influence of model resolutions on the result by performing

a set of eddy-permitting simulations and find that the sensitivity

is smaller due to the higher eddy activity at this resolution. This

implies that the sensitivity of the ACC transport to North Atlantic

surface forcing is likely to be low in the real world, considering

that the influence of the North Atlantic surface forcing on the ACC

transport relies on changes in the isopycnal slope, which has been

shown to be rather insensitive to external forcing perturbations

in both observations ( Böning et al., 2008 ) and model simulations

( Gent and Danabasoglu, 2011 ). 

In this study, we have focused on the upper overturning circu-

lation cell that is assumed to be separated from the lower AABW

overturning circulation cell. However, in the real ocean, the two

overturning circulation cells are coupled to each other, forming

a complex three-dimensional structure of the global overturning

circulation ( Talley, 2013 ). It is possible that the North Atlantic

surface condition could impose a larger influence on the ACC

through changes in the AABW overturning circulation, which has

been shown to be able to significantly impact the ACC transport

( Gent et al., 2001 ), than what is concluded in this paper. Future

studies should address this by running a more complex model

that resolves the three-dimensional structure of the overturning

circulation. 
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