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Background	
  and	
  motivation 
•  An	
   abruptly	
   collapsed	
   AMOC	
   can	
   cause	
   abrupt	
   climate	
   change.	
   This	
  

AMOC	
  change	
   is	
   considered	
   to	
   be	
   associated	
  with	
  multiple	
   equilibria	
  
(ME)	
  of	
  the	
  AMOC.	
  

•  Nevertheless	
   climate	
   models	
   mostly	
   simulate	
   AMOCs	
   with	
   Single	
  
equilibrium	
  (SE).	
  	
  

•  Example	
   1:	
   	
  A	
   strong	
  and	
   long	
   lasting	
   freshwater	
   forcing	
   is	
  needed	
   to	
  
keep	
  an	
  collapsed	
  AMOC	
  during	
  Heinrich	
  Event	
  1	
  (Liu	
  et	
  al.	
  2009).	
  

•  Example	
  2:	
  The	
  AMOC	
  recovers	
  in	
  pulse-­‐like	
  hosing	
  experiments	
  (e.g.,	
  
Stouffer	
  et	
  al.	
  2006).	
  	
  	
  	
  	
  	
  	
  	
  

•  Also,	
   the	
   CMIP5	
  model	
   projection	
   shows	
   a	
  moderately	
  weakened	
   but	
  
not	
  collapsed	
  AMOC	
  till	
  2300	
  (e.g.,	
  Weaver	
  et	
  al.	
  2012).	
  	
  

the 〈 〉 denotes a zonal mean. That is, v* zð Þ is the zonally-
integrated, northward baroclinic velocity and

!
S(z)

"
is the

zonally-averaged salinity. Here S0 is a reference salinity
(selected to be 35 psu) and H is the depth of the ocean.
[12] The freshwater flux Fov across 30#–32#S for each

of the models under each RCP is shown in Figure 4. All but
four of the models (Bern3D, GFDL-ESM2M, MESMO,
MPI-ESM-LR – Figure S2 in the auxiliary material) reveal
that Fov is of the same sign throughout the entire length of the
integrations across all RCPs. Eleven of the models always
have Fov < 0 (bistable regime) and fifteen of the models
always have Fov > 0 (monostable regime) at all time and for
all RCPs.

[13] In GFDL_ESM2M, Fov oscillates about Fov = 0 during
the historical period due to natural variability inherent to the
system. However, during the later part of the 20th century,
Fov becomes less than zero (bistable regime) for all RCP
scenarios out to 2100. In the case of MPI-ESM-LR, RCP2.6
and RCP4.5 always remain in the bistable regime (with
Fov < 0). RCP8.5, on the other hand, trends into positive
(monostable) territory from 2100 to 2300. Two of the EMICs
also have Fov change sign during the course of their inte-
grations. In MESMO, RCP8.5 eventually moves from
Fov > 0 (monostable regime) to Fov < 0 (bistable regime),
while all other RCP integrations remain in the monostable
regime. In Bern3D, all of the RCP integrations begin with

Figure 2. Maximum strength of the Atlantic Meridional Overturning Circulation (AMOC) in Sv (1 Sv ≡ 106m3s$1) for
the 5 EMICs and the 12 CMIP5 models (see Figure 1b for a colour legend). Each row shows the AMOC strength from
(left) 1850–2100, (middle) 2100–2300 and (right) 2300–3000 for a different Representative Concentration Pathway: (first
row) RCP 2.6; (second row) RCP 4.5; (third row) RCP 4.5; (fourth row) RCP 8.5.

WEAVER ET AL.: STABILITY OF THE ATLANTIC MOC L20709L20709

4 of 7

the 〈 〉 denotes a zonal mean. That is, v* zð Þ is the zonally-
integrated, northward baroclinic velocity and

!
S(z)

"
is the

zonally-averaged salinity. Here S0 is a reference salinity
(selected to be 35 psu) and H is the depth of the ocean.
[12] The freshwater flux Fov across 30#–32#S for each

of the models under each RCP is shown in Figure 4. All but
four of the models (Bern3D, GFDL-ESM2M, MESMO,
MPI-ESM-LR – Figure S2 in the auxiliary material) reveal
that Fov is of the same sign throughout the entire length of the
integrations across all RCPs. Eleven of the models always
have Fov < 0 (bistable regime) and fifteen of the models
always have Fov > 0 (monostable regime) at all time and for
all RCPs.

[13] In GFDL_ESM2M, Fov oscillates about Fov = 0 during
the historical period due to natural variability inherent to the
system. However, during the later part of the 20th century,
Fov becomes less than zero (bistable regime) for all RCP
scenarios out to 2100. In the case of MPI-ESM-LR, RCP2.6
and RCP4.5 always remain in the bistable regime (with
Fov < 0). RCP8.5, on the other hand, trends into positive
(monostable) territory from 2100 to 2300. Two of the EMICs
also have Fov change sign during the course of their inte-
grations. In MESMO, RCP8.5 eventually moves from
Fov > 0 (monostable regime) to Fov < 0 (bistable regime),
while all other RCP integrations remain in the monostable
regime. In Bern3D, all of the RCP integrations begin with

Figure 2. Maximum strength of the Atlantic Meridional Overturning Circulation (AMOC) in Sv (1 Sv ≡ 106m3s$1) for
the 5 EMICs and the 12 CMIP5 models (see Figure 1b for a colour legend). Each row shows the AMOC strength from
(left) 1850–2100, (middle) 2100–2300 and (right) 2300–3000 for a different Representative Concentration Pathway: (first
row) RCP 2.6; (second row) RCP 4.5; (third row) RCP 4.5; (fourth row) RCP 8.5.

WEAVER ET AL.: STABILITY OF THE ATLANTIC MOC L20709L20709

4 of 7



a.  What	
   is	
   the	
   indicator	
   of	
   the	
  AMOC	
   stability	
   in	
  
fully	
  coupled	
  climate	
  models?	
  	
  

b.  Why	
  do	
  most	
  state-­‐of-­‐art	
  climate	
  models	
  fail	
  to	
  
obtain	
  AMOCs	
  with	
  ME?	
  	
  

c.  How	
  does	
  this	
  AMOC	
  stability	
  bias	
  affect	
  model	
  
projection?	
  	
  

Scientific	
  questions 
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a.	
  The	
  AMOC	
  stability	
  indicator	
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Why	
  does	
  Mov	
  act	
  as	
  an	
  AMOC	
  stability	
  indicator?	
  

a.	
  The	
  AMOC	
  stability	
  indicator	
  



Mov	
  may	
  not	
  work	
  

D	
  

C	
  

ECBilt/CLIO	
   NCAR	
  CCSM3	
  

Liu	
  and	
  Liu	
  (2013)	
  

a.	
  The	
  AMOC	
  stability	
  indicator	
  

de	
  Vires	
  and	
  Weber	
  (2005)	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  An	
  alternative	
  indictor?	
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De Vries and Weber (2005) have indicated that the sign of
Mov(θs), with θs = 35S, may be a good indicator for the presence
of the multiple equilibrium regime.

As the positions of the saddle-node bifurcations are accurately
known here this hypothesis can be tested. We consider Mov(θs)
for case d together with a more general indicator

"(θs, θn) = Mov(θs) − Mov(θn). (14)

Here θs and θn indicate the latitudes of the northern and southern
section, respectively, where the advective freshwater transport by
the meridional overturning circulation is computed.

In Fig. 6a, the indicator Mov(θs) is plotted for four differ-
ent values of θs . The locations of the saddle-node bifurcations
(L±) can be seen from the curve but they are also indicated by
the vertical dotted lines. Indeed, for the values of θs chosen,
Mov(θs) is close to zero and the best value of θs would be be-
tween 25S and 30S. The indicator "(θs , θn) is plotted for case d in
Fig. 6b for θn = 60N and four different values of θs . For this case,
the indicator " with θs = 35S exactly passes through zero at the
first saddle-node bifurcation. This at first sight provides an at-
tractive indicator, because 60N is exactly in the sinking region
(Fig. 4a) and 35S is at the southern tip of Africa. There is, how-
ever, also a slight sensitivity to the northern boundary as can
be seen in Fig. 6c. It appears that a southward shift in southern
boundary shifts the first zero of the curve to smaller values of γ p .
A northward extension of the northern boundary has the same
effect.

In spite of this small sensitivity to the precise latitudes of the
section, " as well as Mov are adequate indicators of the multi-
ple equilibrium regime. Although Mov(θn) is small compared to
Mov(θs), it is not negligible and physically it is the net advec-
tive freshwater flux by the AMOC which determines whether
multiple states exist or not. In the multiple equilibria regime,
the AMOC is exporting freshwater ["(θs , θn) < 0 while still the
evaporation exceeds precipitation as emp > 0 in Fig. 5]; the
excess salt is exported out of the basin by the wind-driven
gyres.

It is interesting that the indicator " is determined by prop-
erties just over the region in the Atlantic where the dynamics
associated with the salt-advection feedback is active. Indeed, if
" < 0 and the northern North Atlantic sea surface is subjected
to a perturbation freshwater flux, then the AMOC weakens. As
a consequence, the freshwater export by the AMOC decreases
which makes the basin even fresher and hence the original in-
stability is amplified. On the other hand when " > 0, such a
freshwater perturbation also weakens the AMOC but now the
export of salt is decreased which effectively opposes the original
perturbation. Although these arguments are far from a detailed
result on conditional stability in the multiple equilibrium regime,
they provide an intuitive notion why the sign of " is likely to be
important.
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Fig. 6. Indicator functions along the bifurcation diagram of case d in
Fig. 3a. The vertical lines indicate the positions of L− and L+. The part
of the branch going from L+ to L− represents unstable steady states. (a)
Mov(θs ) for several values of θs . (b) "(θs , θn) for θn = 60N for several
values of θs . (c) "(θs , θn) for θs = 35S for several values of θn .

3.3. The physics of the shift in the saddle-node L−

It was shown in Section 3.1 that a shift in L− to larger values
of γ p occurred when the vertical diffusivity was changed from
the vertical profile in case c to the constant value in case b. In
Section 3.2, it was shown that a sign change in " provides a
good indicator for the position of the saddle-node bifurcation
L−. To determine the physics of the shift in L−, we have to
investigate the changes in the freshwater budget contributions to
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  at	
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  but	
  AMOCs	
  in	
  a	
  SE	
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b.	
  The	
  AMOC	
  stability	
  bias	
  in	
  climate	
  models	
  

•  Observations	
  suggest	
  a	
  FW	
  divergence	
  (ΔMov<0)	
  and	
  an	
  AMOC	
  with	
  ME.	
  

•  Climate	
  models	
  show	
  a	
  FW	
  convergence	
  (ΔMov>0)	
  and	
  an	
  AMOC	
  with	
  SE.	
  

•  This	
  AMOC	
  stability	
  bias	
  mainly	
  comes	
  from	
  the	
  southern	
  boundary	
  and	
  is	
  
related	
  to	
  a	
  fresh	
  bias	
  in	
  the	
  upper	
  ocean	
  of	
  the	
  South	
  Atlantic.	
  

Liu	
  et	
  al.	
  (2016)	
  

ME 
SE 

CMIP5 

Similar	
  results	
  can	
  also	
  be	
  found	
  in	
  the	
  CMIP3	
  simulations	
  (Liu	
  et	
  al.	
  2014)	
  	
   
Liu	
  et	
  al.	
  (2016)	
  



How	
  to	
  correct	
  this	
  bias?	
  Flux	
  adjustment	
  (CCSM3)	
  

Restore	
  sfc	
  heat	
  flux	
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  sfc	
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  flux	
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  biases	
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ΔMov<0,	
  (FW	
  div.)?	
  
An	
  AMOC	
  with	
  ME?	
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b.	
  The	
  AMOC	
  stability	
  bias	
  in	
  climate	
  models	
  

Liu	
  et	
  al.	
  (2014) 



b.	
  The	
  AMOC	
  stability	
  bias	
  in	
  climate	
  models	
  

ME SE 

The	
  flux	
  adjustment	
   corrects	
  
the	
   salinity	
   bias	
   and	
   tunes	
  
the	
  model	
  AMOC	
   into	
   a	
  ME	
  
regime	
   to	
  be	
   consistent	
  with	
  
observations.	
  



Test:	
  1Sv,	
  100-­‐yr	
  pulse-­‐like	
  hosing	
  experiment	
  

b.	
  The	
  AMOC	
  stability	
  bias	
  in	
  climate	
  models	
  

How	
  will	
  this	
  bias	
  change	
  future	
  projection	
  by	
  climate	
  models?	
  

Liu	
  et	
  al.	
  (2014) 



c.	
  Effects	
  of	
  the	
  AMOC	
  stability	
  bias	
  on	
  future	
  projection	
  

the 〈 〉 denotes a zonal mean. That is, v* zð Þ is the zonally-
integrated, northward baroclinic velocity and

!
S(z)

"
is the

zonally-averaged salinity. Here S0 is a reference salinity
(selected to be 35 psu) and H is the depth of the ocean.
[12] The freshwater flux Fov across 30#–32#S for each

of the models under each RCP is shown in Figure 4. All but
four of the models (Bern3D, GFDL-ESM2M, MESMO,
MPI-ESM-LR – Figure S2 in the auxiliary material) reveal
that Fov is of the same sign throughout the entire length of the
integrations across all RCPs. Eleven of the models always
have Fov < 0 (bistable regime) and fifteen of the models
always have Fov > 0 (monostable regime) at all time and for
all RCPs.

[13] In GFDL_ESM2M, Fov oscillates about Fov = 0 during
the historical period due to natural variability inherent to the
system. However, during the later part of the 20th century,
Fov becomes less than zero (bistable regime) for all RCP
scenarios out to 2100. In the case of MPI-ESM-LR, RCP2.6
and RCP4.5 always remain in the bistable regime (with
Fov < 0). RCP8.5, on the other hand, trends into positive
(monostable) territory from 2100 to 2300. Two of the EMICs
also have Fov change sign during the course of their inte-
grations. In MESMO, RCP8.5 eventually moves from
Fov > 0 (monostable regime) to Fov < 0 (bistable regime),
while all other RCP integrations remain in the monostable
regime. In Bern3D, all of the RCP integrations begin with

Figure 2. Maximum strength of the Atlantic Meridional Overturning Circulation (AMOC) in Sv (1 Sv ≡ 106m3s$1) for
the 5 EMICs and the 12 CMIP5 models (see Figure 1b for a colour legend). Each row shows the AMOC strength from
(left) 1850–2100, (middle) 2100–2300 and (right) 2300–3000 for a different Representative Concentration Pathway: (first
row) RCP 2.6; (second row) RCP 4.5; (third row) RCP 4.5; (fourth row) RCP 8.5.
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CMIP5	
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CCSM3	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Double	
  CO2	
   

Liu	
  et	
  al.	
  (2016) 



	
  Different	
  processes	
  during	
  years	
  25o-­‐500	
  	
  
（5o-­‐25o	
  years	
  after	
  CO2	
  doubling)	
  

•  The	
   initial	
   weakening	
   of	
   the	
   AMOC	
   in	
   the	
   ADJCO2	
   (CTLCO2)	
   causes	
   a	
  
decline	
  of	
  freshwater	
  divergence	
  (convergence)	
  in	
  the	
  Atlantic.	
  

•  This	
   change	
   freshens	
   (salinifies)	
   the	
   Atlantic,	
   inhibits	
   (promotes)	
   deep	
  
convection	
   and	
   deep-­‐water	
   formation,	
   and	
   finally	
   leads	
   to	
   a	
   collapse	
  
(partial	
  recovery)	
  of	
  the	
  AMOC.	
  	
  	
  

c.	
  Effects	
  of	
  the	
  AMOC	
  stability	
  bias	
  on	
  future	
  projection	
  

Liu	
  et	
  al.	
  (2016) 



c.	
  Effects	
  of	
  the	
  AMOC	
  stability	
  bias	
  on	
  future	
  projection	
  

! !
30o	
  years	
  after	
  CO2	
  doubling 

Liu	
  et	
  al.	
  (2016) 



c.	
  Effects	
  of	
  the	
  AMOC	
  stability	
  bias	
  on	
  future	
  projection	
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Conclusion	
  and	
  discussions 

•  A	
   diagnostic	
   indicator	
   ΔMov	
   is	
   proposed	
   to	
   monitor	
   the	
  
AMOC	
   stability.	
   A	
   negative	
   (positive)	
   ΔMov	
   indicates	
   that	
  
the	
  AMOC	
  is	
  in	
  a	
  ME	
  (SE)	
  regime.	
  

•  Observations	
   suggest	
   that	
  modern	
  AMOC	
   in	
   a	
  ME	
   regime,	
  
whereas	
  climate	
  models	
  simulate	
  AMOCs	
  in	
  a	
  SE	
  regime.	
  	
  

•  This	
   AMOC	
   stability	
   bias	
   is	
   primarily	
   related	
   to	
   a	
   salinity	
  
bias	
   in	
   the	
   upper	
   ocean	
   of	
   the	
   South	
   Atlantic	
   and	
   can	
  
remarkably	
  change	
  future	
  projection	
  by	
  climate	
  models.	
  	
  

•  How	
   to	
   solve	
   this	
   problem	
   using	
   physically	
   improved	
  
model?	
  

•  Address	
  the	
  double	
  ITCZ	
  issue?	
  
•  High	
   resolution	
   model	
   to	
   resolve	
   Agulhas	
   leakage	
   and	
  

improve	
  the	
  stratification	
  at	
  ~34oS?	
  	
  


