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ABSTRACT

A well-studied example of natural climate variability is the impact of large freshwater input to the polar

oceans, simulating glacial melt release or an amplification of the hydrological cycle. Such forcing can reduce,

or entirely eliminate, the formation of deep water in the polar latitudes and thereby weaken the Atlantic

meridional overturning circulation (MOC). This study uses a series of idealized, eddy-permitting numerical

simulations to analyze the energetic constraints on the Atlantic Ocean’s response to anomalous freshwater

forcing. In this model, the changes inMOCare not correlatedwith the global input ofmechanical energy: both

kinetic energy and available potential energy (APE) increase with northern freshwater forcing, while the

MOC decreases. However, a regional analysis of APE density supports the notion that local maxima in APE

density control the response of theMOC to freshwater forcing perturbations. A coupling betweenAPE input

and changes in local density anomalies accounts for the difference in time scales between the recovery and

collapse of the MOC.

1. Introduction

The processes that drive ocean circulation, and par-

ticularly the ocean’s meridional overturning circulation

(MOC), remain a topic of debate. A key aspect of this

debate is the source of the global ocean mechanical

energy budget and can be illustrated using the ‘‘hori-

zontal convection’’ paradigm for the ocean overturning

circulation (Hughes and Griffiths 2008). In this para-

digm, one delineates the energetic contributions from

surface buoyancy forcing (which generates regions of

dense and less dense fluid) from the flow induced by

mechanical stresses on the boundary (predominantly

wind stresses and tidal motion).

It is now widely recognized that, as argued by Munk

and Wunsch (1998), the ocean’s stratification is only

equilibrated if the advective transport of density into the

ocean interior (i.e., the sinking of dense water into the

abyssal ocean) is balanced by downward turbulent dif-

fusion of buoyancy. In the limit approaching zero vertical

diffusion it is argued that the dissipation of this flow tends

to zero (Paparella and Young 2002), implying that

buoyancy forcing at a single level (i.e., the ocean surface)

contributes a negligible amount of mechanical energy

into the circulation (Wunsch and Ferrari 2004). Thus, it

has been inferred that the primary source of energy for

the ocean’s circulation is mechanical stresses (winds and

tides) on the ocean boundaries (Kuhlbrodt et al. 2007).

A contrary view to the ‘‘mechanically driven’’ argu-

ment has emerged in a series of recent studies (e.g.,
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Hughes et al. 2009; Tailleux 2009). If one defines the

mechanical energy to be the superposition of kinetic

energy (KE) and available potential energy (APE), then

it can be demonstrated that buoyancy forcing, even

when applied at a single surface, generates mechanical

energy through APE (Hughes et al. 2009). Numerical

oceanmodels (with finite vertical diffusion) indicate that

the energy from surface buoyancy forcing is likely to be

the same order of magnitude as wind stress (Saenz et al.

2012). Moreover, as described in Saenz et al. (2012),

there is a feedback between the power inputs from each

energy source that is facilitated by the Antarctic Cir-

cumpolar Current (ACC). The primary site of wind

power input occurs where ocean surface velocities are

aligned with wind stress, meaning that a disproportion-

ate amount of energy input is derived from the Southern

Ocean (e.g., Hughes and Wilson 2008). Energy input

from surface buoyancy forcing is maximized by in-

creasing the density of the densest waters, which is also

most likely to occur in the Southern Ocean (Saenz et al.

2012). Strengthening winds in the Southern Ocean di-

rectly increase wind power input, but also enlarge the

area of dense water exposed to strong buoyancy loss,

thereby enhancing surface buoyancy forcing power in-

put. Likewise, stronger buoyancy forcing directly in-

creases power input from surface buoyancy forcing, but

also increases ACC transport (e.g., Borowski et al. 2002;

Hogg 2010) thereby enhancing wind–current correla-

tions and resulting in greater wind power input.

Thus, there is evidence supporting the notion that, in

today’s ocean at least, surface buoyancy forcing con-

tributes a substantial fraction of the energy of the cir-

culation. The extent to which this result applies in the

limit of small vertical diffusion is currently unclear, but

there are some arguments that the results of Paparella

and Young (2002) may be overly restrictive (Scotti and

White 2011), and that dissipation is not dynamically

linked with the strength of the MOC (Gayen et al.

2013).

The extent to which mixing controls the overturning

circulation also depends upon the interhemispheric na-

ture of the overturning cell. By progressively lowering

vertical diffusivity in numerical simulations of ocean

circulation and extrapolating to the limit of zero diffu-

sivity, Toggweiler and Samuels (1998) suggest that an

upper overturning cell associated with the formation of

NorthAtlanticDeepWater (NADW) could exist, owing

to wind-driven upwelling in the latitudes of the Southern

Ocean. Thus, according to this extrapolation, it could be

possible to have an adiabatic pole-to-pole circulation

(Wolfe and Cessi 2011) with minimal energy input by

the wind only, provided that the northern and southern

parts of the basin share an outcropping isopycnal.

However, even in this hypothetical limit, buoyancy does

net work in the sinking branch of the NADW cell.

Of course, the purpose of these, at times, arcane ar-

guments is to foster a better understanding of how the

ocean circulation is likely to respond to future changes

in forcing. An example of how surface forcing may

modulate the global energy balance of the oceanic cir-

culation is the weakening or shutdown of the NADW

cell of the overturning circulation caused by freshwater

fluxes from (for example) glacial meltwater release. This

problem derives in part from paleoceanographic in-

ferences of overturning circulation variability on mil-

lennial time scales (Clark et al. 2002) and is also

important in projections of future climate states. Stan-

dard test cases to understand this problem using ocean

models are the so-called freshwater hosing experiments

(e.g., Rahmstorf 1995; Stouffer et al. 2006). In these

experiments, an amount of freshwater is introduced into

the northern Atlantic Ocean, ostensibly representing

the release of glacial meltwater or other changes in the

hydrological cycle. The freshwater perturbation leads

to a reduction of NADW formation resulting, in most

cases, in a cessation of the MOC. Northward heat trans-

port decreases, leading to large reductions in surface air

temperature in the Northern Hemisphere (Stouffer et al.

2006; Smith and Gregory 2009).

Under the right conditions, one can recover ele-

ments of the prediction of Stommel (1961) that al-

ternative equilibrium states, including one with no

NADW formation, can occur. For example, Stouffer et al.

(2006) use a range of models to demonstrate that small

temporary freshwater perturbations [;0.1 Sv (1 Sv [
106m3 s21)] lead to quick recovery, while large pertur-

bations (;1 Sv) generate sudden cessation of the MOC

with a more gradual return once the perturbation is

removed. Hawkins et al. (2011) generate bistability

in the fully coupled FAMOUS model and support the

indicator of Huisman et al. (2010) for the condition of

bistability—based on the sign of freshwater transport

by the MOC at the southern boundary of the Atlantic

Ocean, although it’s not clear that this indicator will

extend to eddy-permitting models (den Toom et al.

2013, manuscript submitted to J. Phys. Oceanogr.).

Thus, we contend that the arguments surrounding the

energy budget of the equilibrium ocean can be further

illuminated using transient cases such as the freshwater

hosing experiment. In particular, the widely acknowl-

edged variation of the MOC in response to pertur-

bations in surface buoyancy forcing implies that the

buoyancy forcing plays both a dynamical and an ener-

getic role in governing the circulation. In this paper we

take an idealized, eddy-permitting model of the pole-to-

pole ocean overturning circulation (see section 2), and
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apply perturbations to the surface buoyancy forcing in

the form of imposed freshwater flux anomalies. We in-

vestigate the dynamical response to several different

perturbations (section 3); however, we will concentrate

on reconciling these dynamics with an analysis of global

and regional energy budgets using the APE frame-

work (section 4). Our goal is to quantify the key en-

ergy sources associated with the response of the MOC

to changes in surface buoyancy forcing.

2. Model

We conduct a series of simulations in a sector con-

figuration mimicking the Atlantic Ocean, using the

Massachusetts Institute of Technology General Circu-

lation Model (MITgcm) in hydrostatic, Boussinesq

mode (Marshall et al. 1997). The domain is 408 in lon-

gitudinal extent and covers the latitudes 708S–708N.

With 1/48 resolution and square grid boxes (i.e., Mercator

projection) at all latitudes, the model can be consid-

ered as eddy permitting, and no explicit eddy param-

eterization scheme is used. Horizontal and vertical

viscosity/diffusion are minimized (with a biharmonic

lateral viscosity/diffusivity of 1011m4 s21 and a vertical

viscosity/diffusivity of 1025m2 s21). The vertical diffu-

sivity is amplified by a factor of 200 near the surface to

generate mixed layers of an appropriate depth. The

model uses a linear equation of state where the density

depends upon both temperature and salinity.

The model bathymetry is a simple box of maximum

depth 4000m with sloping sidewalls and a sloping bound-

ary in the south, as shown in Fig. 1a. The single point

of departure from rectangular geometry is a circumpolar

channel centered on 608Swith a simple sill of depth 1800m,

designed to represent the Southern Ocean and the Drake

Passage. The reference case is forced by constant, pre-

scribed wind stress (Fig. 1b), relaxation of sea surface

temperature to a constant, latitudinally symmetric profile

(Fig. 1c; restoring time scale of 60 days), and prescribed

freshwater fluxes (solid line in Fig. 1d), derived from the

freshwater forcing used in Huisman et al. (2012).

The reference case is run from initial conditions for

1680 years, by which stage key flowmetrics (circumpolar

transport, overturning streamfunctions, and bottom

density) and energy reservoirs (total kinetic and avail-

able potential energy) are very close to equilibrium. At

this time (designated year 0 in the subsequent analysis),

we branch off three cases with perturbed freshwater

FIG. 1. (a) Model bathymetry (range 0–4000 m, contour interval 500m), (b) zonal wind stress forcing as a function of latitude, (c) sea

surface temperature relaxation field, and (d) freshwater flux (evaporation minus precipitation) for four different experiments.
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profiles (shown in Fig. 1d). Case FW1 (heavy gray line)

is a standard ‘‘freshwater flooding’’ perturbation equiv-

alent to 0.5 Sv of freshwater flux (relative to the refer-

ence case) into the northern part of the domain but with

compensating fluxes at other latitudes so that the surface

integrated net freshwater forcing is zero. This salinity

compensation case represents the forcing that would be

experienced if freshwater flux anomalies were generated

by changes in the hydrological cycle, where there is no

net freshwater input to the ocean. Case FW2 (dashed

line) uses a 0.5 Sv freshwater perturbation, but with no

compensation at other latitudes, meaning that there is

a monotonic freshening of the model ocean. This case

represents the scenario expected from a glacial meltwater

input to the northern Atlantic Ocean. The freshening

trend is expected to generate a different partitioning

of energy between background and available potential

energy from the FW1 case where global-average salinity

is constant. The third case, FW3 (dash–dot line in Fig. 1d),

uses the same size perturbation as FW1 but the per-

turbation is located in the southern part of the domain.

Salinity compensation is used, as with FW1; this case

therefore represents an amplification of the hydrolog-

ical cycle that results in greater freshwater input at the

latitudes of the Antarctic Circumpolar Current.

Each perturbed case FW1–FW3 is run for 400 years,

during which time the behavior of the MOC is moni-

tored. Subsequently, we return to the reference fresh-

water forcing and integrate for another 400 years to

determine the recovery of the MOC after the earlier

imposed perturbations.

3. Dynamical response to freshwater perturbations

The state of the reference case at equilibrium is shown

in Fig. 2. Snapshots of surface density (relative to the

FIG. 2. Equilibrium state of the reference case. (a) Snapshot of sea surface density [plotted as the anomaly from the reference

density and using the same color scale as (c)], (b) snapshot of the absolute magnitude of the horizontal velocity (color scale ranging

from 0 to 2.4m s21), (c) zonal- and time-averaged density field as a function of height z, and (d) zonal- and time-averaged overturning

circulation evaluated on density surfaces and remapped into physical space. Averages are taken over the last 100 years of the

perturbation (i.e., years 300–400 in Fig. 3).
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reference density r0; Fig. 2a) and the magnitude of the

horizontal velocity (Fig. 2b) show the general character

of the surface circulation. Strong western boundary

currents in both hemispheres give rise to substantial

eastward jets and eddy generation in themidlatitudes. In

addition, this model supports a strongly eddying cir-

cumpolar current that shields the polar southern lati-

tudes from ocean heat/freshwater transport; as a result,

despite latitudinally symmetric SST relaxation and

freshwater fluxes, density in the southern region is sub-

stantially greater than in the north (Fig. 2a). Abyssal

density is thus positively correlated with Southern

Oceanmixed layer density (Fig. 2c), where the thickness

of the mixed layer is strongly controlled by the vertical

profile of the specified vertical diffusion.

The residual overturning streamfunction, that is, the

MOC calculated on density surfaces and interpolated

back into height coordinates (Wolfe and Cessi 2011),

averaged over years 300–400 of the simulation is shown

in Fig. 2d. Here, we see a dominant abyssal cell fed by

southern dense water formation. The overturning in the

Northern Hemisphere is large in magnitude, but shallow

in extent [a typical problem in these sector types of

models—see Jones et al. (2011), Munday et al. (2013),

and Shakespeare and Hogg (2012)]. A small fraction of

this northern overturning crosses the equator to upwell

in the Southern Ocean; this component of the over-

turning is consistent with the notion of an adiabatic pole-

to-pole circulation (Wolfe and Cessi 2011).

Figure 3 shows time series of the magnitude of the

primary current systems as a function of time for each

simulation. Here, the circumpolar transport TACC is the

total eastward volume transport through the circumpo-

lar channel; the northern overturning cN is the maxi-

mum value of the residual overturning streamfunction

north of 408N; southern upwelling cSO is the minimum

value of the residual overturning streamfunction aver-

aged between 208 and 308S; and the abyssal overturning

cS is the maximum of the residual overturning stream-

function south of 208S with density exceeding 3.0 kgm23

(relative to r0). Note that from year 400, the fresh-

water forcing returns to that of the reference state.

The structure of both the stratification and residual

overturning circulation for each of the perturbed cases

(averaged over years 300–400) is shown in Fig. 4.

Freshwater forcing anomalies in the northern part of

the basin with salinity compensation (FW1; heavy gray

line in Fig. 3) result in a near-immediate shutdown of the

northern overturning (Fig. 3b). The residual overturning

streamfunction drops from ;12 to ;4 Sv and is roughly

constant throughout the perturbation. Moreover, the

overturning cell is almost eliminated from the surface

layers (Figs. 4a,b), implying that the 4 Sv of overturning

may be amemory effect of the earlier forcing. Upwelling

in the Southern Ocean also decreases (Fig. 3c)—it

should be noted that shared isopycnal conditions for

adiabatic pole-to-pole overturning (Wolfe and Cessi

2011) are no longer satisfied. Circumpolar transport

(Fig. 3a) shows a moderate increase, while the abyssal

southern overturning remains fairly steady for the first

300 years after which a sudden pulse occurs in the years

300–400 (Fig. 3d).

A freshwater anomaly without compensation (FW2;

dashed line) has a broadly similar effect on the north-

ern overturning and abyssal circulation. However, the

southern upwelling is more persistent, and circumpolar

transport follows a near-linear trend throughout the

perturbation rising to almost double the reference value

after 400 years. In short, this effect appears to be influ-

enced by a steady buildup of the north–south salinity

gradient throughout the perturbation, which is only

weakly mixed across the circumpolar current and drives

a stronger circumpolar flow via the thermal wind relation.

Applying the perturbation (with salinity compensa-

tion) in the Southern Ocean (FW3; dash–dot line) results

in enhancement of the upper cell in both hemispheres

(Fig. 4f) because of the role of surface buoyancy forcing

in controlling the net upwelling in the Southern Ocean

[as predicted by Morrison et al. (2011), and as shown in

Fig. 3c]. The perturbation acts to increase the abyssal

overturning, while the circumpolar transport is rela-

tively unaffected.

In the FW1 and FW3 cases, the perturbed overturning

circulation returns to the original state within 300 years

once the forcing returns to the reference conditions. In

the FW2 case, the salt content has changed leading to

a different state than the reference state. For all three

cases, the model does not reach a new equilibrium

with a weak MOC circulation as could possibly exist

(Stommel 1961), despite the large forcing perturbations

applied. However, there is a significant asymmetry in the

rate of change of the overturning consistent with many

of the models in the intercomparison of Stouffer et al.

(2006); reductions in the upper overturning cell occur

within decades but take centuries to reestablish. The

circumpolar current appears to be governed by very

different mechanisms, with a more persistent transport

anomaly, which shows no signs of relaxing after the

perturbed forcing is removed.

The dynamical response of this model is broadly

consistent with previous simulations in eddying global

ocean models (Marsh et al. 2010; Weijer et al. 2012),

although the integration time is much longer here. The

northern overturning cell is strongly dependent on local

forcing, and if this overturning cell is shut down it di-

rectly influences the wind-driven upwelling in the
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Southern Hemisphere. Conversely, freshwater flux in

the Southern Ocean amplifies the upwelling in that re-

gion and enhances the northern overturning cell. The

abyssal southern overturning circulation is not strongly

influenced by the perturbations, although higher vari-

ability is present in some cases, and the circumpolar

current increases in all cases, due largely to amplification

in the meridional salinity gradient. While there is an

asymmetry in the response of the upper overturning cell,

none of these cases shows indications for the existence of

multiple equilibria.

4. Energetics

The simulations outlined above produce significant

responses in the ocean overturning circulation, providing

test cases to examine the nature of the power sources

driving changes in the overturning circulation. To achieve

this, we first examine the global energy balance, and

then proceed to look at regional variations in power

sources.

a. Global energy balance

Following Hughes et al. (2009), we define the global

mechanical energy budget to be the combination of ki-

netic energy andAPE.Kinetic energy (per unit mass)Ek

is defined to be

Ek 5
1

2V

ð
V
uiui dV , (1)

FIG. 3. Time series of transports in the four simulations. (a) Circumpolar transport,

(b) Northern Hemisphere overturning streamfunction, (c) rate of upwelling in the circumpolar

current latitudes, and (d) rate of formation of abyssal water in the southern part of the domain.

Perturbations to the freshwater forcing are switched on at year 0 (after 1680 years spinup) and

revert to the original forcing at year 400, indicated by the vertical dashed gray line.
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where V is the volume of the ocean, ui is the velocity in

component direction i and repeated indices imply sum-

mation. We write the kinetic energy tendency of the

ocean model as

dEk

dt
5Ft 2Fz2 � , (2)

where

Ft 5
1

V

ð
S
uiti dS (3)

is the power input from the wind stress (t1 5 tx, t25 ty)

and depends upon the correlation between wind stress

and ocean surface velocity;

Fz[
g

r0V

ð
V
rwdV (4)

is the conversion of energy between potential and ki-

netic energy; and

�[
1

V

ð
V
Kn

 
›ui
›xj

!2

dV2
1

V

ð
S
b

uitbi dSb , (5)

FIG. 4. (a),(c),(e) Zonal- and time-averaged density (kgm23; note different color scale to Fig. 2c) and

(b),(d),(f) overturning streamfunction (Sv) for the three simulations with freshwater forcing perturbations: FW1 in

(a),(b); FW2 in (c),(d); and FW3 in (e),(f). Averages are taken over the last 100 years of the perturbation (i.e., years

300–400 in Fig. 3).
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is the dissipation including that as a result of bottom

drag. Here, S is the ocean surface area, r0 is the refer-

ence density, w is the vertical component of velocity,Kn

is the model eddy viscosity, Sb is the surface area of the

ocean bottom, and tbi is stress as a result of quadratic

bottom drag.

Available potential energy Ea is defined to be the

difference between total gravitational potential energy

Ep and background potential energy Eb, calculated by

adiabatically resorting the global stratification to be

stably stratified and depending only upon height z. This

procedure involves attributing a vertical position z* for

each fluid parcel, which represents its location in the

resorted profile, describing a hypothetical reference

state [see Winters et al. (1995), for details], and leads to

Eb given by

Eb5
g

r0V

ð
V
rz*dV , (6)

describing the minimum PE of the system. The APE

(per unit mass) is then defined to be the difference be-

tween Ep and Eb,

Ea5
g

r0V

ð
V
r(z2 z*) dV . (7)

The APE tendency is

dEa

dt
5Fz1Fb 2Fd , (8)

where

Fb[
g

r0V

ð
S
(z2 z*)QdS (9)

is the power input by the surface buoyancy fluxesQ and

Fd 5
g

r0V

�
2

ð
V
Kr

dz*
dr

�
›r

›xi

�2

dV1

ð
V
Kr

›r

›z
dV

�
, (10)

the irreversible mixing and conversion of energy via

diffusion of a stable gradient, respectively, where Kr is

the model eddy diffusivity. The surface buoyancy power

input is composed of two terms, the first being the net

input of gravitational potential energy by surface fluxes,

Fb1 5
Ð
SzQdS while the second component is the con-

version of background to available potential energy by

surface buoyancy fluxes, Fb2 52
Ð
Sz*QdS. It should be

noted that when the system is in an equilibrium state

(i.e., when
Ð
SQdS5 0 in a time-averaged sense) then

Fb1 5 0, meaning that Fb 5Fb2 (Hughes et al. 2009).

However, in transient simulations such as those shown

here, the value of both buoyancy forcing components

Fb1 and Fb2 depends on the arbitrary definition of the

origin (as does Ep), while Ea and Fb are independent of

the reference frame. Specifically, if one elects to pre-

scribe the origin (z 5 0) at the ocean surface (as we do

here) we again find that Fb1 5 0, irrespective of net

surface buoyancy forcing. Thus, failing to break up po-

tential energy into available and background compo-

nents completely obscures the energetic role of surface

buoyancy forcing.

Figure 5 shows time series of energy, as well as power

input and conversion from the four simulations con-

ducted here. In the reference case (solid line), Ea (Fig.

5a) is an order ofmagnitude larger thanEk (Fig. 5b), and

FIG. 5. Global energy diagnostics for the four simulations de-

scribed here. (a) Available PE, (b) KE, (c) background PE, (d)

surface buoyancy forcing of APE, (e) wind stress forcing of the KE,

and (f) conversion from APE to KE by the resolved flow.
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both are steady showing that the system is in equilib-

rium.Here,Eb (Fig. 5c) is larger again, but (likeEp) is an

arbitrary quantity, as it depends on the definition of the

origin and is negative in these simulations; Eb is also

further from equilibrium because of the slow spinup of

the deep ocean stratification. Sources of energy include

power input from wind stress to Ek (Fig. 5e) and surface

buoyancy forcing input to Ea (Fig. 5d)—these terms are

the same order of magnitude (with APE input being just

under a factor of 2 larger). About 50% of the APE input

from surface buoyancy forcing is converted fromAPE to

kinetic energy in the equilibrium state (Fig. 5f). Thus,

the kinetic energy input is equally partitioned between

wind stress input and conversion from APE, consistent

with the results of Saenz et al. (2012), illustrating the

importance of buoyancy forcing in the mechanical en-

ergy budget.

All three freshwater perturbations applied here (Fig.

5) generate an increase in both APE and kinetic energy

(with a small decrease in the first decade of the pertur-

bation) that persists for at least 400 years after forcing is

adjusted back to the reference configuration. In the FW1

case, there is also an increase in surface APE production

(i.e., Fb), wind power input (i.e., Ft), and the rate of

conversion from APE to kinetic energy (i.e., Fz). These

increases in energy storage and production occur de-

spite the marked reduction in the northern overturning

streamfunction. The results imply that the global energy

balance is a poor indicator of the strength of theAtlantic

MOC. The total kinetic energy is most closely related to

circumpolar transport. Surface APE input, and hence

fromAPE to kinetic energy conversion are also likely to

be dominated by Southern Ocean processes. Thus, we

infer that a global analysis provides little insight into the

energetics of a collapsing MOC, motivating the appli-

cation of a regional energy analysis outlined in the fol-

lowing subsection.

The FW2 case, where freshwater fluxes are not com-

pensated elsewhere in the domain, shows several key

differences with respect to case FW1. First, surface APE

production and consequent conversion to kinetic energy

both reduce markedly, implying that reductions in the

northern APE production are no longer offset by APE

generation in the south. Second, kinetic energy increases

rapidly in concert with circumpolar transport (because

of a stronger thermal wind across the circumpolar

channel) resulting in enhanced wind power input. Fi-

nally, despite the reduced APE power input the APE

reservoir increases owing to subtle changes in the bal-

ance of terms controlling APE: the dissipation of APE

by mixing and diffusion (not shown) is reduced and

conversion of wind energy input to APE (which acts to

weaken the APE to KE conversion) occurs.

The FW3 case, in which the freshwater perturbation is

applied to the Southern Ocean, shows broadly similar

energetic responses to FW1. This occurs despite the

distinct dynamical response, most notably the strength-

ening of the northern overturning cell.

The interpretation of global energetics in this case is

obviously complicated by the fact that major currents

respond differently to forcing changes. The result is that

the global energy balance may be dominated by one

region or current, and thus global energy input does not

constrain the behavior of the overturning circulation.

An alternative approach is to examine the local energy

density. This exercise would be trivial for kinetic energy,

but finding the APE density is complicated by the fact

that the integrand in (7) is not positive definite. How-

ever, several recent papers have outlined ways in which

APEdensitymay be calculated, andwe proceed to apply

these new techniques to the current simulations in the

following section.

b. APE density

Recent attempts to outline the utility of APE density

(Holliday and McIntyre 1981) include Roullet and

Klein (2009), Molemaker and McWilliams (2010), and

Winters and Barkan (2012). Here, we follow the nota-

tion ofWinters and Barkan (2012), but note that each of

these three implementations are physically equivalent.

We define APE density Ea to be

Ea(x, y, z, t)[ (z2 z*)[r2 r(z, z*)]$ 0, (11)

where

r(z, z*)5
1

(z2 z*)

ðz
z
*

r(z0*) dz
0
* . (12)

The key point of this definition is that it allows us to

write

Ea 5
g

r0V

ð
V
Ea dV , (13)

and thereby to analyze the regional variations of APE

through a positive definite term.

We plot the zonally integratedAPE density (scaled by

g/r0) for the reference case, averaged over the last

100 years of the simulation in Fig. 6a. Only the upper

1500m of the ocean is shown, as APE density variations

below this level are minimal on this time scale. Note that

both dense water close to the surface (especially in the

Southern Ocean) and lighter tropical water at the base

of the thermocline (the latter of which sits higher in

the stratification after resorting) records a positive APE
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density. The APE is concentrated in the Southern

Ocean regions, with another maximum near the north-

ern boundary.

When the compensating northern freshwater pertur-

bation (FW1) is applied the difference in APE density

shows a strong hemispheric asymmetry (Fig. 6b). The

freshwater perturbation entirely eliminates the local

maximum of APE density in the northern part of the

basin (hence the absence of deep sinking in this simula-

tion). However, the compensating salinity anomalies in

the southern part of the basin result in enhanced APE

density in the dominant Southern Ocean region. The net

effect by t5 400 years is an increase in totalAPEof about

30% (Fig. 5a), an increase in ACC transport and kinetic

energy on the order of 50% (Figs. 3a and 5b) but a ces-

sation of northern overturning (Figs. 3b and 4b). It should

be noted that the circulation does not reach a new equi-

librium state after 400 years, and flow is still adjusting.

The APE density change from the last 100 years of

the noncompensating northern freshwater perturbation

(FW2) is shown in Fig. 6c. Note that the scale here is

triple the size of that for the FW1 case, despite a sub-

stantial decrease in the net power input from surface

buoyancy forcing (Fig. 5d). This case differs primarily

because of the net input of freshwater to the system,

which acts to inhibit the sinking of APE through mixing,

as well as enhanced wind power input reducing the APE

to kinetic energy conversion term.

The third perturbation case (FW3) where freshwater

forcing is applied at the latitudes of the circumpolar

current is shown in Fig. 6d. This perturbation acts to

simultaneously reduce APE density in the surface of the

southern midlatitudes while increasing APE density in

the polar latitudes of both hemispheres. The result is

a substantial increase in all power sources (Fig. 5) and

amplification of both overturning cells.

The distribution of APE throughout the domain

makes it clear that the first-order effect of freshwater

forcing is to reduce the near-surface APE density in the

region of freshwater forcing. This effect can be quanti-

fied by examining the latitudinal variations of the sur-

face buoyancy flux term, denoted fb below. That is, we

define

fb(y)5
g

r0V

ð
(z2 z*)(QT 1QS) dx5fb

T
1fb

S
, (14)

where QT is the surface buoyancy forcing from heat

fluxes and fbT (y) the power input to APE from this

process; QS is the surface buoyancy forcing from fresh-

water terms with power input fbS(y); andQT 1QS5Q.

This framework allows us to separate both the lat-

itudinal and heat/freshwater contributions to the APE

budget, as shown in Fig. 7. As expected, the total surface

buoyancy forcing input to APE (Fig. 7c) is negligible in

the northern part of the basin in the two northern

freshwater flooding cases (FW1 and FW2), while both

compensating cases (FW1 and FW3) have amplified

APE input south of the circumpolar current. There is

a clear correlation between local APE generation in

each case, APE density near the surface and the strength

of the corresponding overturning circulation cell, sup-

porting the notion that APE generation is an impor-

tant energetic control on the meridional overturning

circulation.

Figure 7 also shows that the rate generation of APE

by freshwater buoyancy fluxes fbS is a small fraction of

the total rate of generation of APE fb and is generally

negative (because of freshening in polar regions).

However, freshwater fluxes affect the dynamics of the

circulation and the rate of generation of APE. Even in

the northern part of the domain, where large freshwater

fluxes are applied in cases FW1 and FW2, the primary

FIG. 6. (a) Zonally integrated and time-averaged APE density

in the upper 1500m for the last 100 years of the reference case

[normalized by g/r0 to give units in 108 J (m kg)21]. Subsequent

panels show the difference in APE density between the perturbed

cases and the reference case for (b) FW1, (c) FW2, and (d) FW3.

Note the different color scale for each panel.
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reduction in local APE power input (when compared

with the reference case) comes not from greater ex-

traction of APE by freshwater contributions (Fig. 7b),

but from the decreased heat flux power input (Fig. 7a).

This occurs because the local APE production in (14)

depends upon the product of local buoyancy anomaly

(as measured by z2 z*) with buoyancy flux. Freshwater

fluxes act on both of these terms, directly increasing the

flux of buoyancy, but also progressively reducing z2 z*
as buoyancy increases. Figure 7 shows that the primary

difference in northern APE generation between the

control and FW1/FW2 cases is due to the reduction in

z2 z*, which acts to decrease APE production by

thermal processes (Fig. 7a).

The relative roles of heat and freshwater contribu-

tions are clarified by averaging surface buoyancy forcing

input over latitudes greater than 408N and plotting the

transient response to the perturbations over the first 80

years of the simulation in Fig. 8. When the perturbation

is switched on, the northern flooding cases (FW1 and

FW2) show an instantaneous decrease of the total APE

input to one-third of the reference case (Fig. 8c); this

reduction is achieved entirely through the flux of

buoyancy into the ocean by the imposed freshwater flux

(Fig. 8b). From this point forward, power input resulting

from both heat and freshwater approximately balance

each other, with both terms decaying toward zero after

20 years (Figs. 8a,b). Given that the freshwater part of

the buoyancy flux (i.e.,QS) is entirely constant over this

interval it is clear that the reduction in power input

from surface cooling is dominated by a reduction in the

(z2 z*) term, rather than a decrease in the heat flux

(which decreases by approximately a factor of 2; not

shown). Thus, the process leading to the shutdown of

the overturning circulation in this model is, initially an

extraction of APE due to freshening, followed by a

change in local density which minimizes the local value

of z2 z*. Because z’ z*, buoyancy extraction (either

thermal or haline) cannot substantially contribute the

generation of APE in this region [see (14)].

5. Discussion and conclusions

There has been considerable debate in recent years

regarding the mechanisms that control the meridional

overturning circulation in the oceans. There appears to

be no clear consensus in the field as to whether the

overturning circulation should be considered to be

driven by: (i) buoyancy from dense water formation in

the polar regions; (ii) wind and tidal forcing; or (iii) both.

FIG. 7. Zonally integrated surface buoyancy forcing power

input to APE as a function of latitude, averaged over the last

100 years of each case. (a) Contribution from heat fluxes, (b) con-

tribution from freshwater fluxes, and (c) total APE generation

(heat 1 freshwater).

FIG. 8. Surface buoyancy forcing of APE, integrated over the

region north of 408N for the first 80 years of the reference and

northern perturbed cases (FW1 and FW2). (a) Contribution from

heat fluxes, (b) contribution from freshwater fluxes, and (c) total

APE generation (heat 1 freshwater).
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If one defines the mechanical energy to be the combi-

nation of APE and kinetic energy, then from applying

these ideas to equilibrium simulations of the over-

turning, it seems clear that both surface buoyancy fluxes

and interior mixing (enhanced by winds and tides

through internal gravity waves) play important roles in

controlling the mechanical energy budget of the over-

turning circulation.

The primary question of interest addressed in the

present paper is how the ocean responds to changes in

surface buoyancy forcing. We use freshwater flux pertur-

bations of the northern polar ocean to attempt to shut

down the upper cell of the MOC, and analyze the results

in an energetics framework. Our simulations are highly

idealized, in the sense that we have a simple rectangular

domain with minimal topography that spans only 408 in
longitude.Weemploy idealized forcing (relaxation to SST

and prescribed freshwater fluxes) with no annual cycle

or variability. However, the model has the advantage of

being eddy permitting, running without explicit eddy pa-

rameterizations, being relatively well equilibrated and

possessing the primary features of the overturning circu-

lation: a (somewhat shallow) upper cell representing

NorthAtlanticDeepWater formation, a fraction of which

upwells in the Southern Ocean, and an abyssal cell rep-

resenting Antarctic Bottom Water circulation.

Freshwater forcing introduced in the northern part of

the domain efficiently reduces the strength of the upper

cell of the meridional overturning circulation, as it does

in a raft of previous simulations (e.g., Stouffer et al.

2006). For the parameter range investigated here, we do

not appear to be in the multiple equilibria regime

(Stommel 1961), but the model does possess a consid-

erable transient asymmetry, with a rapid shutdown of

the MOC (within decades) followed by a slow, multi-

centennial return once the original forcing is restored.

We also test the concept of a freshwater perturbation in

the southern part of the ocean basin, which acts to en-

hance the upper cell and particularly upwelling in the

Southern Ocean.

The global energy balance of these transient simula-

tions turns out to be particularly unilluminating. While

the meridional overturning weakens in both northern

freshwater hosing cases, most global energy metrics

are enhanced. The APE power input is greater in the

freshwater compensating (FW1) case because of stron-

ger Southern Ocean contributions. The circumpolar

transport increases in proportion to the thermal wind

induced by a meridional salinity gradient, resulting in

higher wind power input and an increase in kinetic en-

ergy, consistent with Saenz et al. (2012). The result is

that almost all terms in the global mechanical energy

budget are increased, while the upper overturning cell is

shut down, implying that global energetics are a poor

indicator of MOC strength.

A better understanding of the system can be obtained

using APE density (Holliday and McIntyre 1981;

Roullet and Klein 2009; Molemaker and McWilliams

2010; Winters and Barkan 2012). This is one of the first

applications of this technique to ocean models, and it is

particularly revealing. The APE density analysis shows

that freshwater input acts to reduce the local rate of

generation of APE. Moreover, it appears that surface

APE density is a good indicator of the strength of the

overturning cell associated with a given region (in both

northern and southern hemispheres), reinforcing the no-

tion of surface buoyancy forcing in providing energy for

the overturning circulation. These findings are consistent

with those of Saenko (2013) who uses the Lorenz ap-

proximation for APE to calculate the ocean’s energetics

response to increased CO2 in a global climate model.

The behavior of the idealized model used here also

clarifies the role of local APE production in governing

the temporal asymmetry of the response to surface

buoyancy perturbations. Local APE production is the

product of the buoyancy forcing (i.e., Q) and the local

buoyancy anomaly (as measured by z2 z*). Initially,

the freshwater perturbation acts directly to reduce Q,

but also progressively reduces the difference between

z and z*. For a large perturbation in Q the system may

reach a state where z’ z*, in which local APE input

from either thermal or freshwater forcing is negligible.

When the original forcing is reestablished, the system

takes centuries (on the overturning time scale) to build

up the density anomaly required to recreate the original

APE production. Thus, while the shutdown of the MOC

may be rapid, its reestablishment is necessarily slow.

The energetics of transient perturbations to the ocean’s

meridional overturning circulation is intrinsically linked

with the local APE production by surface buoyancy

forcing. As previously discussed, this result does not di-

minish the importance of the balance betweenmixing and

dense water production in governing the overturning

circulation, as proposed by Wunsch and Ferrari (2004).

But it does clarify themechanism by which future climate

states, under which surface buoyancy forcing is likely to

vary considerably, may generate abrupt responses in the

meridional overturning circulation.
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