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ABSTRACT

This study examines the validity of the net freshwater transport DMov as a stability indicator of the Atlantic

meridional overturning circulation (AMOC) in a low-resolution version of the NCAR Community Climate

SystemModel, version 3 (CCSM3). It is shown that the sign of DMov indicates the monostability or bistability

of theAMOC,which is based on a hypothesis that a collapsedAMOC induces a zero net freshwater transport.

In CCSM3, this hypothesis is satisfied in that the collapsedAMOC,with a nonzero strength, induces a zero net

freshwater transport DMov across the Atlantic basin by generating equivalent freshwater export MovS and

freshwater importMovN at the southern and northern boundaries, respectively. Because of the satisfaction of

the hypothesis, DMov is consistent with a generalized indicator L for a slowly evolving AMOC, both of which

correctly monitor the AMOC stability.

1. Introduction

The interaction between the freshwater cycle and the

Atlantic meridional overturning circulation (AMOC)

has been discussed for many years (e.g., Stommel 1961;

Bryan 1986; Rahmstorf et al. 2005; Manabe and Stouffer

1988). Recent work has suggested that the key deter-

mination of the stability of the AMOC to changes in the

freshwater flux depends on whether the AMOC salinifies

or freshens the Atlantic (Rahmstorf 1996). A diagnostic

indicator, initially the AMOC freshwater transport in

the South Atlantic MovS (Rahmstorf 1996; de Vries and

Weber 2005; Drijfhout et al. 2010), and later the net

AMOC freshwater transport DMov (Dijkstra 2007;

Huisman et al. 2010; Liu and Liu 2013, hereafter LL13),

was developed to assess the AMOC stability in the

equilibrium state. Essentially, these indicators are based

on a hypothesis derived from the boxmodel ofRahmstorf

(1996): a collapsed AMOC induces a zero net freshwater

transport (MovS or DMov 5 0) because of the absence of

mass transport. So for an active AMOC, the sign ofMovS

(or DMov) directly denotes the potential change of the

AMOC-induced freshwater transport if the circulation

shuts down. A positive (negative) MovS or DMov indi-

cates a potential freshwater loss (accumulation) in the

Atlantic basin, which is associated with a basin-scale

saltwater (freshwater)-advection feedback and then

a monostable (bistable) AMOC. One critical issue is

that this hypothesis from the box model is always as-

sumed to be satisfied in all the climate models, yet pre-

vious studies have not examined the validity of this

idealized hypothesis before the application of MovS

(DMov) (e.g., Hawkins et al. 2011; Weaver et al. 2012;

LL13). Liu et al. (2013) have shown that this idealized

hypothesis may not be valid for some coupled general

circulation models (CGCMs), in which the collapsed

AMOChas aminor strength of 3–4Sv (1Sv[ 106m3 s21)

and induces a nonzero MovS (DMov) across the Atlantic

basin. As a result, the sign ofMovS (DMov) from an active

AMOC is not reliable indicator of the AMOC stability.

Therefore, it is important to verify this idealized hy-

pothesis before using the stability indicator.
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In this paper, we reexamine the stability indicator of

the AMOC by performing experiments using both a di-

pole freshwater correction to modulate the AMOC

stability and a freshwater hosing to test the AMOC

stability. In section 3, we demonstrate that the hypoth-

esis is valid in the Community Climate System Model,

version 3 (CCSM3), under the present-day climate, but

for a very different reason from the box model. In sec-

tion 4, we further show that, with the hypothesis satis-

fied, the conventional indicator of net freshwater

transport DMov becomes consistent with a generalized

indicator L that applies to a slowly evolving AMOC,

both correctly indicating the AMOC stability.

2. Model and experiments

The CGCM used in this study is the low-resolution

National Center for Atmospheric Research (NCAR)

CCSM3 (Yeager et al. 2006). The atmosphere compo-

nent is the Community Atmospheric Model, version 3

(CAM3), with T31 spectral truncation (approximately

3.758 resolution). The land component is the Commu-

nity Land Model, version 3 (CLM3), including dynamic

vegetation. The ocean and sea ice component are the

Parallel Ocean Program (POP) and the Community Sea

Ice Model, version 5 (CSIM5), respectively. The ocean

model adopts a nominal 38 horizontal resolution grid

with finer resolutions toward Greenland and 25 vertical

levels in the ocean known as the x3ocn grid. The sea ice

model has the same horizontal resolution as the ocean.

The experimental design generally followed LL13.

The control run (A) was adopted from a control run in

the perpetual AD 1990 scenario, between years 780 and

980, with year 780 redenoted as year 0 in run A. From

this control run, we applied a dipole freshwater flux

correction to modulate the ocean stratification and the

AMOC strength, which alters the freshwater transport

and, in turn, the AMOC stability in the model (de Vries

andWeber 2005; LL13). In particular, starting from year

100 in run A, four sensitivity experiments, runs B, C, D,

and E, were conducted, in which an east–west dipole of

anomalous freshwater flux is added and subtracted east

and west of 158W, respectively, over the 178–348S belt in

the South Atlantic subtropical gyre, with an increasing

strength of 60.15, 60.25, 60.29, and 60.35 Sv (Fig. 1).

The AMOC stability in the equilibrium state of runs

A, B, and C was further tested with three parallel fresh-

water hosing experiments (runs A-H, B-H, and C-H), in

which a 100-yr pulse of 1.0-Sv freshwater flux was uni-

formly distributed into the North Atlantic (508–708N;

see Fig. 1) from year 100 in run A and from year 1100 in

runs B and C. Details of the experimental designs are

shown in Table 1.

3. The generalized hypothesis

First, we examined the validity of the ideal hypothesis

in CCSM3 by investigating the response of the AMOC

and the AMOC-induced freshwater transport to the

dipole freshwater forcing. The AMOC strength c is

defined as the maximum in the streamfunction of the

circulation below 500m in the North Atlantic basin. The

AMOC-induced freshwater transport is defined as

Mov(f)5 (21/S0)

ð0
2H

hy(f, z)ifhs(f, z)i2 S0gdz ,

where y is the velocity normal to the section (for further

details, see LL13) and s is the salinity. The vertical in-

tegration at the section is from the sea bottom z52H to

the sea surface z 5 0. The angular and curly brackets

indicate the along-section mean and integration, re-

spectively. The reference salinity S0 5 34.7 psu andMov

is a function of latitude f. Across the Atlantic basin, the

AMOC induces freshwater transports either at the

southern boundary (MovS; ;348S) or at the northern

boundary (MovN; ;808N). As a result, the AMOC-

induced freshwater transport across the Atlantic basin is

FIG. 1. The Atlantic map showing the regions of dipole pertur-

bations and freshwater hosing. An east–west dipole of anomalous

freshwater flux is added over the 178–348S belt in the SouthAtlantic

subtropical gyre. The anomalous freshwater flux is negative west of

158Wbut positive east of 158W(see Table 1 for further details). The

hosing region is the 508–708N belt within the Atlantic basin.

970 JOURNAL OF CL IMATE VOLUME 27



defined as DMov 5 MovS 2 MovN. Figure 2 shows that

as the freshwater forcing intensifies, the strength of the

AMOC generally decreases over the first 400 hundred

years, with the decreasing magnitude roughly pro-

portional to the magnitude of the freshwater forcing.

This quasilinear response, however, changes dramat-

ically at the final equilibrium state. The AMOC tends

to recover to around 14 Sv in the cases of weak dipole

forcing (runs B and C) but collapses to approximately

7 Sv in the cases of strong dipole forcing (runs D

and E). This response is consistent with results shown

by Cimatoribus et al. (2012). In run D, the AMOC

weakens gradually, reaching a quasi-steady collapsed

state of 7.3 Sv after 700 yr. In run E, the AMOC

strengthens in the initial 100 yr and then rapidly

weakens (within 200 yr) to a steady collapsed state of

6.7 Sv at year 400 (Fig. 2a). It is worth noting that as

the AMOC collapses in runs D and E, the freshwater

export in the south, MovS, approaches the freshwater

import from the north, MovN (Fig. 2c), such that the

net freshwater transport across the Atlantic basin (or

transport divergence) almost vanishes (DMov ’ 0) in

the collapsed state (Fig. 2b). This demonstrates that

the hypothesis is indeed valid in CCSM3, but for a very

different reason from the box model. In the box model,

a zero freshwater transport across the Atlantic basin

results from a zero strength of the AMOC. In contrast,

CCSM3 produces a collapsed AMOC with a nonzero

strength. However, this collapsed AMOC can still in-

duce a zero net freshwater transport by generating

equal and compensating freshwater export and import

across the southern and northern boundaries, respec-

tively. Therefore, we should modify the original hy-

pothesis to a generalized hypothesis simply as follows:

a collapsed AMOC induces a zero net freshwater trans-

port (DMov 5 0).

4. Testing the AMOC stability

Since the hypothesis is valid, the sign of DMov for

an active AMOC should still be valid to indicate the

AMOCstability. In particular, a positiveDMov (freshwater

convergence) indicates a monostable AMOC, because an

AMOC shutdown will tend to salinify the Atlantic basin,

leading to an AMOC recovery. On the other hand, a neg-

ative DMov (freshwater divergence) indicates a bistable

AMOC, in that an AMOC shutdown will induce a fresh-

water accumulation in the basin, which helps to suppress

deep convection in the North Atlantic and therefore

maintain a stable shutdown state. This could be tested in

runsA, B, and C. As seen from Fig. 2, theAMOC is active

(;13–15Sv) in the equilibria of runs A–C. However, runs

A and B have a freshwater convergence (DMov. 0) while

run C has a freshwater divergence (DMov, 0). Therefore,

the stability indicator suggests a monostable AMOC in

runs A and B, but a bistable AMOC in run C.

The stability of the AMOC in runs A, B, and C was

indeed confirmed explicitly in three parallel hosing ex-

periments (runs A-H, B-H, and C-H). In these hosing

experiments, a strong pulse of freshwater perturbation

was imposed over the North Atlantic (508–708N) where

the deep water forms. As shown in Fig. 3, the strong

freshwater discharge in the North Atlantic shuts down

the AMOCs in all three cases during the 100-yr hosing

period. However, in runs A-H and B-H, after the ter-

mination of the hosing, excessive salt accumulates in the

basin and the associated salinity advection feedback

reignites deep convection in the North Atlantic, leading

to a resumption of the AMOC. As a result, not only the

AMOC itself but also the AMOC-induced freshwater

transports (MovS,MovN, andDMov) eventually recover in

runs A-H and B-H (Figs. 3a–d). All these demonstrate

that the AMOCs are monostable in runs A and B. In

TABLE 1. The experimental design as well as the summary of the AMOC strength and stability in the experiments. Definitions of c,

DMov, and L are described in the text. In each run, c is calculated from the annual mean output and shown as the last 100-yr average, and

DMov is calculated using monthly model output and shown as the last 100-yr average. Note here magnitudes of DMov in runs D and E are

very close to zero and at least one order smaller than those in runs A–C, which suggests that the collapsedAMOCs in runs D and E induce

an almost divergence-free freshwater transport across the Atlantic basin (i.e., DMc
ov ’ 0). For runs A–C, L is calculated in formula of

L5DMov/(c
a 2cc), where ca is taken as the value of c in each run and cc is taken as the averaged value of c between runs D and E (i.e.,

cc 5 7.0 Sv). Based on both DMov and L, the AMOCs are monostable in runs A and B but bistable in run C.

Run Dipole (Sv) Hosing (Sv) Period (yr) c (Sv) DMov (Sv) L (3103) AMOC stability

A 0 0 0–200 15.0 0.112 14.3 Monostable

B 60.15 0 100–1100 14.0 0.010 1.4 Monostable

C 60.25 0 100–1100 13.5 20.038 25.8 Bistable

D 60.29 0 100–1000 7.3 20.001 — —

E 60.35 0 100–800 6.7 20.001 — —

A-H 0 1.0 100–900 16.4 0.119 — —

B-H 60.15 1.0 1100–2300 14.9 0.012 — —

C-H 60.25 1.0 1100–2700 8.2 20.015 — —
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contrast, in run C-H, excessive freshwater accumulates

in the basin, inhibiting the recovery of the AMOC.

Therefore, the AMOC remains in its stable collapsed

state after the termination of the hosing (Fig. 3e).

Meanwhile, MovS approaches MovN such that DMov be-

comes approximately nondivergent (Fig. 3f). All these

features suggest a bistableAMOCin runC,with the strong

hosing perturbation triggering theAMOCswitching from

an active state to a collapsed state.

Collecting the equilibrium values of c and DMov from

all the runs allows us to plot two stability diagrams:

c versus the strength of the dipole forcing (Fig. 4a) and

c versus DMov (Fig. 4b). Figure 4a shows two branches

of theAMOC: the active branchwith a volume transport

of c ; 13.5–15.0 Sv, and the collapsed branch with c ;
6.7–7.3 Sv. A strong freshwater perturbation can trigger

a switch between two branches when the AMOC resides

in a bistable regime. Also, it was shown that the dipole

freshwater forcing can modulate the AMOC stability.

The AMOC in run A is in the monostable regime

(DMov . 0). With an increasing dipole forcing, DMov

decreases and becomes negative, so that the AMOC

stability shifts from a monostable regime to a bistable

regime (Fig. 4b). When the dipole forcing is strong

enough (equal and greater than60.29 Sv for runs D and

E in this study), it can also trigger a change of the

AMOC, from the active branch to the collapsed branch.

5. The consistency between the indicators
DMov and L

A generalized indicator of the AMOC stability L was

introduced by Liu et al. (2013). This indicator has been

formulated for L5 ›DMov/›c, where c and DMov are

the strength and net freshwater transport of the AMOC

in a quasi-equilibrium state (the overbar denotes tem-

poral averaging over a sufficient time to achieve an quasi-

equilibrium value). Nevertheless L denotes a relative

freshwater transport, that is, the change of DMov when

the AMOC transits from one (quasi-)equilibrium to an-

other (quasi-)equilibrium, so that the default hypothesis

of DMov 5 0 (for a collapsed AMOC) is no longer

needed. Generally speaking, DMov and L have different

criteria for the AMOC stability (see Liu et al. 2013), and

they can only become consistent with each other when

the default hypothesis for DMov is satisfied, such as the

case in this study. The reason is that, when the AMOC

transits from an active state to a collapsed state, L can be

calculated as L5 (DMa
ov 2DMc

ov)/(c
a 2cc), where the

overbar refers to the value in the quasi-equilibrium and

the superscripts a and c refer to active and collapsed

states. Because of the satisfaction of the idealized hy-

pothesis, DMc
ov 5 0, the generalized indicator becomes

FIG. 2. Time evolution of (a) the AMOC strength c, (b) the net

freshwater transport in the Atlantic basin DMov as induced by the

AMOC, and (c) the overturning freshwater transports across the

southern and northern boundaries, which are, MovS (solid lines)

and MovN (dashed lines) respectively, in runs A (black), B (blue),

C (orange), D (green), and E (red). The AMOC strength c is

calculated from the annual mean output and shown as a decadal

mean, with 100-yr running average. Note that MovS, MovN, and

DMov are calculated from themonthly output and shown in decadal

means, with 100-yr running average. The vertical dashed-dotted

line (gray) denotes the time when the dipole of anomalous fresh-

water flux is added in the South Atlantic. The results of runs A and

C are redrawn from LL13.
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L5DMa
ov/(c

a 2c c)5DMov/(c
a 2c c), and it always

shares the same sign with DMov since ca 2cc . 0.

Therefore, L is positive in runs A and B, representing

a negative feedback between c and DMov and thus

amonostable AMOC; in contrast,L is negative in run C,

which represents a positive feedback and a bistable

AMOC (Table 1). In addition, the absolute value of L is

proportional to the strength of the feedback. So, com-

paring with run B, a largerL in runA (Table 1) indicates

a stronger negative feedback between c and DMov and

thus an AMOC with stronger stability. This conclusion

was verified by the hosing experiments, in which the

AMOC in run A-H has a much quicker recovery (300 yr

earlier) than run B after the termination of the fresh-

water perturbation (Fig. 3).

6. Conclusions

In this study, we reexamined the stability indicator of

the AMOC DMov in CCSM3. As derived from the box

FIG. 3. Time evolution of (left) the AMOC strength c and (right)MovS (dashed line)MovN (dotted line), and DMov

(solid line) in (a) runs A (black) and A-H (purple), (b) runs B (blue) and B-H (deep pink), and (c) runs C (orange)

and C-H (brown). The AMOC strength c is calculated from the annual mean output and shown as a decadal mean,

with 100-yr running average; MovS, MovN, and DMov are calculated from the monthly output and shown in decadal

means, with 100-yr running average. The gray shading denotes a 100-yr hosing period. Values of c in runs A, A-H,

C, and C-H are redrawn from LL13.
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model, the key to the validity of DMov is a hypothesis

(i.e., a zero AMOC-induced freshwater transport across

the Atlantic basin for a collapsed circulation). We found

that this hypothesis is still achieved in CCSM3, but for

a different reason: the collapsed AMOC has a nonzero

mass transport as well as nonzero freshwater transports

MovS and MovN, but a zero net freshwater transport

DMov because of the equal and compensating MovS and

MovN at the southern and northern boundaries. There-

fore, the hypothesis should be changed to only indicate

DMov 5 0, not necessarily an AMOC strength of zero.

The satisfaction of the hypothesis not only ensures the

validity of DMov as an indicator but also offers a consis-

tent assessment between DMov and a generalized in-

dicator L. As such, a positive DMov or L indicates

a monostable AMOC whereas a negative DMov or L

indicates a bistable AMOC.

These results also allow us to make some comments

on how one might determine the AMOC stability from

observations. The hypothesis can be easily tested in

numerical models but not in observations, because 1)

current observations ofMovS andMovN are for an active

AMOC and 2) it is difficult to estimate either MovS or

MovN for a historically collapsed AMOC (such as the

AMOC during the Heinrich 1 event) from scattered

proxy records. Therefore, currently, we can only assume

that themodel simulation is consistent with observations

(i.e., DMov will equal to or be close to zero if the real

AMOC collapses) and then estimate the stability of

the current AMOC. Meanwhile, it is worth noting that

L may be a desirable indicator for observations since

1) L is independent of the hypothesis and 2) the current

AMOC is slowly evolving under various forcings (CO2

forcing, aerosol forcing, etc.). Therefore, we need long-

term observations of the AMOC strength and both

the northern and southern boundaries of the AMOC

freshwater transport for an estimation of L.
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