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Why	
  do	
  we	
  study	
  the	
  AMOC’s	
  impact	
  on	
  	
  
the	
  atmospheric	
  circula$on?	
  	
  	
  

•  Climate	
  models	
  exhibit	
  significant	
  mul5decadal	
  AMOC	
  variability	
  and	
  
suggest	
  the	
  AMOC	
  drives	
  the	
  SST	
  Atlan5c	
  mul5decadal	
  variability	
  (AMV).	
  

•  Previous	
  studies	
  suggest	
  the	
  AMOC	
  as	
  one	
  of	
  the	
  leading	
  source	
  of	
  the	
  
decadal	
  predictability.	
  

•  AMOC	
  change	
  may	
  influence	
  the	
  atmospheric	
  circula5on	
  change	
  in	
  the	
  
future	
  climate.	
  
NATURE GEOSCIENCE DOI: 10.1038/NGEO1438

LETTERS

Storm track (1/10 hPa)

–4 –3 –2 –1 1 2 3

r2 = 0.51

r2 = 0.64

A

B

C

D

E
F

G

H
I

J
K

L
M

N

X

∆ MOC (Sv)

∆ 
St

or
m

 tr
ac

k 
ov

er
 re

gi
on

 in
se

t (
1/

10
 h

Pa
)

MOC/storm-track scatter: 1961¬2000 (20C3M) to 2081¬2100 (A1B)

Storm track regressed on ∆ MOC 

In
te

ra
nn

ua
l S

TD

D
ec

ad
al

 S
TD

20C internal

variability

–4

–2

0

2

4

6

8

10

12

–16 –14 –12 –10 –8 –6 –4 –2 0

Full response MOC regression Residual

A: bccr F: echam 5 K: inm

B: cccma G: echo g L: miroc hi

C: cccma t63 H: gfdl 2.1 M: miroc med

D: csiro 3.5 I: giss aom N: mri

E: csiro 3.0 J: giss er X: ens. mean

a

4

b c d

Figure 2 | Quantifying the role of the MOC in the mean and model spread of the storm-track response. a, Scatter plot of the storm-track response
area-averaged over the region shown inset (45�–55� N, 10�–50� W) against the MOC response in the AOGCMs. Regression lines are shown both including
(red) and excluding (blue) the outlier model I. For comparison, the magnitude of internal variability of the same region in the control ensemble is
summarized with respect to the same y-axis (see Methods). STD, standard deviation. b, The ensemble mean diagnosed storm-track response of this
subset of 14 models. c, The response estimated using the ensemble mean MOC response. d, The residual b minus c. Contour lines in b–d show the storm
track in the control ensemble at 3, 4 and 5 hPa.

are generally as large as the internal decadal variability and that
for models with a strong MOC response the storm-track response
is large enough to be of the same magnitude as the interannual
variability. In fact, for some of the individual models this signal-to-
noise ratio is close to or greater than one (not shown). The MOC
therefore seems to be a strong source of uncertainty in climate
projections of Atlantic storm-track change.

This regression analysis can also be used to infer the role of
the MOC reduction in the ensemble mean storm-track response to
forcing. Figure 2b shows the diagnosed ensemblemean storm-track
response and Fig. 2c shows an estimate of the same quantity,
calculated by applying the pointwise regression fits of Fig. 1c to
the ensemble mean MOC response. The MOC-derived estimate is
very similar in character to the diagnosed response, and the residual
pattern (Fig. 2d) shows that they differ only in a southward shift of
the storm track, which is evident in the diagnosed response but not
in the MOC-derived estimate.

Atmospheric changes such as the storm-track and zonal wind
responses seen here are likely to influence the ocean circulation
in various ways24,25. To show that the ocean is not simply
responding to the atmospheric changes we now analyse the
slab model versions contained in the CMIP3 archive. These
models do not represent changes in ocean dynamics and heat
transport (see Methods), so differences in the ensemble mean
responses of slabmodels and atmosphere–ocean general circulation

models (AOGCMs) indicate that the AOGCM mean response is
influenced by the ocean. The pronounced minimum in surface
warming in the North Atlantic in the AOGCMs (Fig. 3a) is
not seen in the corresponding slab models (Fig. 3d, with the
difference field in Fig. 3g). This confirms that this feature arises
owing to the changes in ocean circulation and heat transport,
which is generally assumed but has not been demonstrated
before in this way to our knowledge. However, the zonal
wind responses are almost identical in the slab models and
AOGCMs (Fig. 3b,e,h). This indicates that changing ocean heat
transport has little influence on this part of the mean zonal wind
response of the AOGCMs.

In contrast, the storm-track response is different in theAOGCMs
and slab models (Fig. 3c,f,i). Interestingly, the response in the slab
models is a strengthening of the storm track, so that even in the
absence of ocean circulation changes the North Atlantic storm
track does not shift polewards in response to forcing. The addition
of a dynamic coupled ocean then acts to shift the storm track
southwards in the response pattern. This is consistent with the
enhanced meridional SST gradient at latitudes south of the British
Isles, corresponding to an increase in baroclinic instability for storm
development, and a decreased meridional gradient at latitudes to
the north. The slab model comparison therefore confirms that the
changes in ocean circulation have some impact on the storm track.
Surprisingly, the storm-track and low-level zonal wind responses
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Community	
  Climate	
  System	
  Model	
  4	
  (CCSM4)	
  
Pre-­‐industrial	
  (1850)	
  control	
  simula$on	
  

•  One	
  of	
  the	
  NCAR	
  simula5ons	
  for	
  the	
  CMIP5/IPCC	
  AR5	
  

•  Community	
  Atmosphere	
  Model	
  4	
  (CAM4)	
  
•  Parallel	
  Ocean	
  Program	
  2	
  (POP2)	
  	
  
•  Community	
  Land	
  Model	
  4	
  (CLM4)	
  
•  Sea	
  Ice	
  Model	
  4	
  (CICE4)	
  	
  	
  

•  Last	
  600	
  yrs	
  are	
  analyzed	
  from	
  1300-­‐yr	
  integra5on.	
  

~1°	
  resolu5ons	
  

Mean	
  AMOC	
   AMOC	
  EOF1	
  (38.0%)	
   PC1	
   PC1	
  spectrum	
  



Es$ma$ng	
  ocean	
  influence	
  on	
  atmosphere	
  sta$s$cally	
  

•  Atmospheric	
  5mescale	
  <<	
  oceanic	
  5mescale	
  
•  Rela5on	
  between	
  the	
  atmosphere	
  and	
  preceding	
  oceanic	
  anomalies	
  

is	
  indica5ve	
  of	
  oceanic	
  boundary	
  forcing	
  on	
  atmosphere,	
  if	
  
–  the	
  lag	
  is	
  longer	
  than	
  atmospheric	
  intrinsic	
  persistence	
  
–  there	
  is	
  no	
  other	
  source	
  of	
  persistence	
  in	
  the	
  atmosphere	
  

	
  (e.g.	
  low-­‐frequency	
  trends	
  or	
  ENSO	
  variability)	
  	
  	
  

	
  

Maximum	
  Covariance	
  Analysis	
  (MCA)	
  between	
  AMOC	
  and	
  Z500	
  in	
  the	
  North	
  Atlan$c	
  
•  Annual	
  mean	
  AMOC	
  vs.	
  3-­‐month	
  mean	
  Z500	
  (aber	
  removing	
  mean	
  seasonal	
  cycle)	
  
•  Quadra5c	
  trend	
  and	
  tropical	
  impact	
  are	
  removed	
  from	
  all	
  variables	
  before	
  MCA	
  



Squared	
  covariances	
  of	
  the	
  leading	
  MCA	
  modes	
  
between	
  annual	
  AMOC	
  and	
  JFM	
  Z500	
  at	
  different	
  lags	
  

Filled	
  circle:	
  significant	
  at	
  5%	
  /	
  open	
  circle:	
  significant	
  at	
  10%	
  (based	
  on	
  100	
  Monte	
  Carlo	
  itera5ons)	
  	
  

AMOC	
  leads	
  Z500	
  leads	
  

When	
  is	
  rela$onship	
  between	
  AMOC	
  &	
  Z500	
  significant?	
  

AMOC	
  influence	
  JFM	
  Z500	
  
when	
  AMOC	
  leads	
  by	
  6-­‐9	
  yrs	
  



Spa$al	
  paberns	
  of	
  the	
  leading	
  MCAs:	
  lag	
  -­‐3	
  vs.	
  lag	
  +7	
  

Z500	
  leads	
  	
  
by	
  3	
  yrs	
  

AMOC	
  leads	
  	
  
By	
  7	
  yrs	
  

NAO+	
  drives	
  
AMOC	
  

intensifica$on	
  

Intensified	
  AMOC	
  
drives	
  	
  
NAO-­‐	
  

Weak	
  nega$ve	
  
feedback	
  



How	
  does	
  the	
  AMOC	
  influence	
  the	
  atmosphere?	
  

JFM	
  SST	
  (°C)	
  

Lag-­‐regressions	
  on	
  the	
  lag+7	
  MCA	
  AMOC	
  $me	
  series	
  
=	
  anomalies	
  associated	
  with	
  JFM	
  Z500	
  response	
  to	
  AMOC	
  intensifica5on	
  	
  	
  	
  	
  

OND	
  Surface	
  heat	
  flux	
  (Wm-­‐2)	
   JFM	
  Eady	
  growth	
  rate	
  	
  
at	
  850	
  hPa	
  (10-­‐2	
  day-­‐1	
  )	
  

Red	
  contours:	
  climatology	
  

Meridional	
  SST	
  dipole	
  
(reduced	
  dSSTdy)	
  

Damped	
  by	
  
surface	
  heat	
  flux	
  

Southward	
  shil	
  of	
  
storm	
  track	
  

Green	
  curves:	
  mean	
  GS-­‐NAC	
  posi$on	
  



Why	
  does	
  it	
  take	
  6-­‐9	
  years	
  for	
  AMOC	
  to	
  impact	
  Z500?	
  
JFM	
  SST	
  lag-­‐regressions	
  on	
  the	
  lag+7	
  MCA	
  AMOC	
  $me	
  series	
  

=	
  Evolu5on	
  of	
  SST	
  anomalies	
  following	
  the	
  maximum	
  AMOC	
  intensifica5on	
  	
  	
  	
  	
  

Lag	
  1yr	
   Lag	
  3yr	
   Lag	
  5yr	
  

Lag	
  7yr	
  
Ini$ally,	
  
cooling	
  along	
  GS	
  near	
  the	
  
Tail	
  of	
  Grand	
  Banks	
  

+	
  
warming	
  along	
  NAC	
  near	
  
the	
  Mid-­‐Atlan$c	
  Ridge	
  

Green	
  curves:	
  mean	
  GS-­‐NAC	
  posi$on	
  
Black	
  contours:	
  5%	
  significance	
  



Why	
  do	
  SST	
  anomalies	
  appear	
  near	
  GS-­‐NAC?	
  
Lag-­‐correla$on	
  between	
  GS-­‐NAC	
  la$tude	
  (at	
  each	
  longitude)	
  and	
  AMOC	
  PC1	
  

(Posi$ve	
  lag	
  when	
  GS-­‐NAC	
  lags	
  the	
  AMOC	
  PC1)	
  

Southward	
  shil	
  of	
  GS	
  following	
  AMOC	
  
intensifica$on	
  

Northward	
  shil	
  of	
  NAC	
  
following	
  AMOC	
  intensifica$on	
  



2000-­‐3000m	
  velocity	
  and	
  SST	
  regressions	
  on	
  AMOC	
  PC1	
  
(one	
  year	
  following	
  the	
  maximum	
  AMOC	
  intensifica5on)	
  

Deep	
  equatorward	
  flow	
  increases	
  associated	
  with	
  AMOC	
  intensifica$on	
  	
  
primarily	
  along	
  the	
  western	
  boundary	
  near	
  the	
  Tails	
  of	
  Grand	
  Banks	
  	
  

but	
  also	
  along	
  the	
  interior	
  pathway	
  near	
  the	
  western	
  flank	
  of	
  the	
  Mid-­‐Atlan$c	
  Ridge	
  

Zhang	
  and	
  Vallis	
  (2007)	
   Kwon	
  and	
  Frankignoul	
  (2014)	
  

Mean	
  	
  
GS-­‐NAC	
  
posi$on	
  

in	
  the	
  upper	
  
500	
  m	
  

Gray	
  shadings:	
  
500,	
  2500,	
  
4000m	
  isobaths	
  



DWBC	
  and	
  GS	
  near	
  the	
  Tail	
  of	
  Grand	
  Banks	
  	
  
(44°-­‐45°N,	
  42°-­‐47°W)	
  	
  

AMOC	
  PC1	
   Deep	
  velocity	
  curl	
   GS	
  la$tude	
  

r=~+0.7	
  when	
  AMOC	
  
leads	
  by	
  0-­‐5	
  yrs	
  	
  

r=~-­‐0.65	
  when	
  deep	
  
curl	
  leads	
  by	
  0-­‐1	
  yrs	
  	
  



Deep	
  flow	
  and	
  NAC	
  near	
  the	
  western	
  flank	
  of	
  MAR	
  
(44°-­‐48°N,	
  27°-­‐33°W)	
  

Deep	
  meridional	
  
velocity	
  

NAC	
  la$tude	
   SST	
  

r=-­‐0.88	
  at	
  lag	
  0	
  	
   r=+0.57	
  at	
  lag	
  0	
  	
  



AMOC	
  impact	
  on	
  winter	
  climate	
  

JFM	
  Temperature	
  at	
  850	
  hPa	
  (K)	
  

Lag-­‐regressions	
  on	
  the	
  lag+7	
  MCA	
  AMOC	
  $me	
  series	
  

JFM	
  Precipita$on	
  (0.1	
  mm	
  day-­‐1)	
  
	
  

Climate	
  impacts	
  are	
  mostly	
  found	
  in	
  North	
  America,	
  North	
  Atlan$c	
  and	
  Europe	
  



Summary	
  
•  NAO+	
  è	
  Stronger	
  AMOC	
  è	
  NAO-­‐	
   	
   	
   	
   	
   	
  	
  	
  	
  

:	
  weak	
  nega*ve	
  feedback	
  between	
  NAO	
  and	
  AMOC,	
  consistent	
  with	
  7	
  other	
  
CMIP3/5	
  models	
  	
  

•  6-­‐9	
  yr	
  lag	
  between	
  the	
  AMOC	
  and	
  atmospheric	
  response	
  is	
  associated	
  with	
  
the	
  5me	
  scale	
  of	
  SST	
  anomaly	
  advec5on	
  along	
  the	
  subpolar	
  gyre	
  to	
  form	
  a	
  
meridional	
  SST	
  dipole	
  star5ng	
  from	
  the	
  zonal	
  dipole	
  along	
  the	
  GS-­‐NAC.	
  	
  

•  SST	
  anomalies	
  are	
  ini5ated	
  by	
  the	
  subpolar	
  gyre	
  strengthening	
  and	
  the	
  
interac5on	
  between	
  the	
  AMOC	
  deep	
  branch	
  and	
  the	
  GS-­‐NAC	
  near	
  the	
  
topographic	
  slope	
  in	
  two	
  loca5ons	
  near	
  the	
  Tail	
  of	
  Grand	
  Banks	
  and	
  the	
  
western	
  flanks	
  of	
  the	
  Mid-­‐Atlan5c	
  Ridges.	
  

	
  
•  Meridional	
  SST	
  dipole	
  drives	
  shib	
  of	
  the	
  regions	
  of	
  maximum	
  dT/dy,	
  Eady	
  

grow	
  rate,	
  and	
  thus	
  storm	
  track.	
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