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Altan&c	  Mul&dedacal	  Oscilla&on	  (AMO)	  
Correla&on	  	  AMO	  /	  AMOC	  and	  

AMOC	  /	  supolar	  gyre	  in	  IPSL-‐CM5A-‐LR	  

Observed	  SST	  (K)	  mutlidecadal	  
variability	  in	  the	  Atlan&c	  Ocean	  

Atlantic and Caribbean Sea [Goldenberg et al., 2001;
Molinari and Mestas-Nuñez, 2003].
[6] Indices of the AMO have traditionally been based on

the average SST anomaly for the North Atlantic north of the
equator [Enfield et al., 2001] (Figure 1), where the SST
(from HADISST [Rayner et al., 2003]) northern limit was
kept at 60!N to avoid problems with sea ice changes. We
use a 70-year (1901–70) base period as it covers roughly
one full cycle of the AMO. The AMO is given by smooth-
ing from a 10-year running mean [Goldenberg et al., 2001;
Enfield et al., 2001] or similar low-pass filter (Figure 1). In
most cases the variability has been highlighted by detrend-
ing the data [Enfield et al., 2001; McCabe et al., 2004;
Sutton and Hodson, 2005; Knight et al., 2005], and a linear
trend is provided in Figure 1 for reference. The index
reveals a warm period from about 1930 to 1970, while
cooler regimes occurred from 1902 to 1925 and 1970 to
1994. Since 1995 the AMO index has been positive and
increasing. The instrumental record covers less than 2
cycles but paleoclimate data suggest that the AMO also
occurred in previous centuries [Delworth and Mann, 2000;
Gray et al., 2004]. Suggestions that the mechanism is linked
to fluctuations in strength of the Thermohaline Circulation
(THC) accompanied by changes in northward ocean heat
transport in the North Atlantic are borne out in model
simulations [Delworth and Mann, 2000; Collins and Sinha,
2003; Knight et al., 2005], but do not agree with apparent
observed weakening [Bryden et al., 2005].
[7] The main difficulty with the traditional AMO index is

that it is not possible to discriminate between variations
arising from the THC and other phenomena with North
Atlantic origins, and global anthropogenic changes. In
particular, the recent warming of North Atlantic SSTs is
known to be part of a global (taken here to be 60!N to 60!S)
mean SST increase (Figure 2). While detrending [Knight et
al., 2005] the AMO series helps remove part of this signal,
the SST changes are not simply linear and a linear trend has
no physical meaning. To deal with purely Atlantic variabil-
ity, it is highly desirable to remove the larger-scale global
signal that is associated with global processes, and is thus
related to global warming in recent decades [Meehl et al.,
2004; Barnett et al., 2005; Hansen et al., 2005]. Accord-

ingly, the global mean SST has been subtracted to derive a
revised AMO index (Figure 3).
[8] The magnitude of the AMO signal (Figure 3) is

modest: the range is less than 0.4!C. The increase since
1995 in the traditional AMO index (Figure 1) is strongly
muted in Figure 3, such that values are barely above the
long-term mean. The revised index is about 0.35!C lower
than the original after 2000, highlighting the fact that most
of the recent warming is global. Relative to the global mean
SSTs, the revised AMO index does, however, indicate that
North Atlantic SSTs have recently been about 0.3!C warmer
than during 1970–1990, emphasizing the role of the AMO
in suppressing tropical storm activity then. Previous claims
[e.g., Enfield et al., 2001; Knight et al., 2005] of a warm
period in the AMO from 1870 to 1900 are revealed as an
artifact of the detrending used.
[9] Unlike the original AMO index (Figure 1), which has

relationships that are global in scale [e.g., Enfield et al.,
2001], the revised AMO index mainly features significant
surface air temperatures (based on the work of Jones and
Moberg [2003]) and SSTs in the North Atlantic (Figure 4),
as expected, accompanied by low sea level pressures
(correlations < !0.5) that extend eastward across southern
Europe to the Indian Ocean (not shown). Because of the
large scale, it is likely that the contrast in SST values
between the North and South Atlantic is also significant,
consistent with the idea that the THC may be a key process
in the AMO [Knight et al., 2005].

Figure 1. Annual SST anomalies averaged over the North
Atlantic (0 to 60!N, 0 to 80!W) for 1870–2005, relative to
1901 to 1970 (!C). The heavy line with fill depicts the
AMO and is from a low-pass symmetric filter with 13 total
weights and a half-power point at 16 year periods, with the
end points reflected. The linear trend fit is also shown
(dashed).

Figure 2. Annual SST anomalies averaged over the global
oceans 60!N to 60!S for 1870–2005, relative to 1901 to
1970 (!C). The heavy line with fill is the low-pass filter.

Figure 3. Annual SST anomalies averaged over the North
Atlantic (0 to 60!N, 0 to 80!W) for 1870–2005, relative to
1901 to 1970 (!C) but with the global mean SST (Figure 2)
removed. The heavy line with fill from the low-pass filter
depicts the revised AMO.
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To show that the response is indeed from
the polymer within the gap, we studied the I-V
response as a function of photoexcitation with
a Xe lamp (150 W). The I-V response for the
polymer-filled nanowire becomes slightly
more conductive upon Xe light exposure.
During the backward scan, the device was
irradiated with the Xe lamp starting at –0.1 V
(red arrows in Fig. 2A), and a change in slope
in the I-V response was observed. The tran-
sient conductance change between 1.1 nS in
the dark to 1.6 nS when irradiated is con-
sistent with an increase in charge-carrier den-
sity, which would be expected if the gap were
filled with the p-type polypyrrole (16).

We report a novel lithographic process that
allows one to generate designed gap structures
on nanowire templates. The process is remark-
ably controllable, high-yielding, and easy to
implement. It does not require sophisticated
and expensive instrumentation and facilities,
and it allows manipulation of an important
class of structures that cannot be easily manip-
ulated with conventional lithographic tools.
Being able to make gap or notched structures
with nanowires with OWL and relatively in-
expensive instrumentation will facilitate the
study of the electronic properties of nano-
materials and open avenues to the preparation
of novel disk structures, which could be de-
signed to have unusual optical properties as a
function of gap and metal segment size Ee.g.,
plasmon waveguides (17)^.

References and Notes
1. B. D. Gates et al., Chem. Rev. 105, 1171 (2005).
2. M. A. Reed, C. Zhou, C. J. Muller, T. P. Burgin, J. M.

Tour, Science 278, 252 (1997).
3. J. Reichert et al., Phys. Rev. Lett. 88, 176804 (2002).
4. H. Park, A. K. L. Lim, A. P. Alivisatos, J. Park, P. L.

McEuen, Appl. Phys. Lett. 75, 301 (1999).
5. C. Z. Li, H. X. He, N. J. Tao, Appl. Phys. Lett. 77, 3995

(2000).
6. J. Xiang et al., Angew. Chem. Int. Ed. Engl. 44, 1265

(2005).
7. C. R. Martin, Science 266, 1961 (1994).
8. D. Routkevitch, T. Bigioni, M. Moskovits, J. M. Xu, J.

Phys. Chem. 100, 14037 (1996).
9. S. R. Nicewarner-Pena et al., Science 294, 137 (2001).

10. N. I. Kovtyukhova, T. E. Mallouk, Chem. Eur. J. 8,
4354 (2002).

11. A. K. Salem, M. Chen, J. Hayden, K. W. Leong, P. C.
Searson, Nano Lett. 4, 1163 (2004).

12. S. Park, J.-H. Lim, S.-W. Chung, C. A. Mirkin, Science
303, 348 (2004).

13. Materials and methods are available as supporting
material on Science Online.

14. R. D. Piner, J. Zhu, F. Xu, S. Hong, C. A. Mirkin, Science
283, 661 (1999).

15. D. S. Ginger, H. Zhang, C. A. Mirkin, Angew. Chem.
Int. Ed. Engl. 43, 30 (2004).

16. S. Park, S.-W. Chung, C. A. Mirkin, J. Am. Chem. Soc.
126, 11772 (2004).

17. S. A. Maier et al., Nat. Mater. 2, 229 (2003).
18. C.A.M. acknowledges the U.S. Air Force Office of Scientif-

ic Research (AFOSR), Defense Advanced Research Projects
Agency (DARPA), and NSF for support of this research.

Supporting Online Material
www.sciencemag.org/cgi/content/full/309/5731/113/
DC1
Materials and Methods
Figs. S1 to S4

23 March 2005; accepted 9 May 2005
10.1126/science.1112666

Atlantic Ocean Forcing of
North American and European

Summer Climate
Rowan T. Sutton* and Daniel L. R. Hodson

Recent extreme events such as the devastating 2003 European summer heat
wave raise important questions about the possible causes of any underlying
trends, or low-frequency variations, in regional climates. Here, we present new
evidence that basin-scale changes in the Atlantic Ocean, probably related to
the thermohaline circulation, have been an important driver of multidecadal
variations in the summertime climate of both North America and western Eu-
rope. Our findings advance understanding of past climate changes and also
have implications for decadal climate predictions.

Instrumental records show that during the 19th
and 20th centuries, there were marked vari-
ations on multidecadal time scales in the sum-
mertime climate of both North America (1–4)
and western Europe (5). In the continental
United States, there were significant variations
in rainfall and drought frequency (1–4), and it
has been suggested (1, 4) that changes in the
Atlantic Ocean, associated with a pattern of
variation known as the Atlantic Multidecadal
Oscillation (AMO) (6, 7), were responsible.
If confirmed, such a link would be important
for climate predictions because the AMO is
thought to be driven by the ocean_s thermo-

haline circulation (6) and may be predictable
(8, 9). However, thus far the evidence for an
Atlantic link is mainly circumstantial, being
derived from observations and showing corre-
lation rather than causality. Clarifying whether
AMO-related changes in the Atlantic Ocean
were indeed responsible for the observed var-
iations in North American summer climate
and whether, in addition, there were impacts
on other regions is therefore an important
challenge.

Figure 1 shows the time series and pattern
of North Atlantic sea surface temperatures
(SSTs) that characterize the AMO during the
period 1871 to 2003 (10). There are AMO
warm phases in the late 19th century and from
1931 to 1960; cool phases occur from 1905 to
1925 and from 1965 to 1990. The spatial pat-
tern shows anomalies of the same sign over
the whole North Atlantic, with the largest
anomalies (s È 0.3-C) found just east of
Newfoundland.

Fig. 1. (A) Index of the
AMO, 1871 to 2003. The
index was calculated by
averaging annual mean
SST observations (29)
over the region 0-N to
60-N, 75-W to 7.5-W.
The resulting time se-
ries was low-pass fil-
tered with a 37-point
Henderson filter and
then detrended, also re-
moving the long-term
mean. The units on the
vertical axis are -C. This
index explains 53% of
the variance in the
detrended unfiltered in-
dex and is very similar
to that shown in (1).
(B) The spatial pattern
of SST variations asso-
ciated with the AMO
index shown in (A).
Shown are the regres-
sion coefficients (-C per SD) obtained by regressing the detrended SST data on a normalized (unit
variance) version of the index.
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AMO	  leads	   AMO	  lags	  

The	  AMO	  and	  its	  impacts	  might	  
reflect	  the	  impact	  of	  the	  AMOC.	  	  



The	  Altan&c	  Mul&dedacal	  Oscilla&on	  
(AMO)	  	  and	  its	  climate	  effects	  

•  AMO	  summer	  influence	  (SuOon	  and	  Hosdon	  2005	  ;	  SuOon	  and	  Dong	  2012)	  :	  
	  -‐	  N/S	  America	  rainfall	  (associated	  to	  ENSO	  and	  PDO)	  
	  -‐	  Surface	  warming	  over	  N.	  Atlan&c	  that	  extends	  to	  N	  Europe	  and	  N	  America;	  

summer	  NAO	  (Folland	  et	  al.,	  2009).	  	  
	  	  

•  AMO	  winter	  influence	  :	  lower	  signal	  to	  noise	  ra&o	  

Processes	  of	  the	  AMO	  influence	  :	  
	  -‐	  Response	  to	  tropical	  Atlan&c	  warm	  SST	  over	  Caribbean	  basin	  (Hodson	  et	  al.	  2010)	  

that	  forces	  a	  summer	  NAO	  
	  -‐	  Midla&tude	  SST	  were	  shown	  to	  influence	  the	  atmospheric	  circula&on	  (Watanabe	  

and	  Kimoto,	  2000	  ;	  Czaja	  and	  Frankignoul,	  2001	  ;	  Peng	  et	  al.	  2003)	  	  
	   	  -‐>	  changes	  project	  on	  the	  NAO	  (North	  AtlanFc	  OscillaFon)	  

	  
	  
	  
	  

-‐	  Is	  there	  a	  relaFon	  between	  the	  Atmospheric	  circulaFon	  and	  the	  AMO?	  
-‐	  What	  is	  the	  role	  of	  midlaFtude	  and	  tropical	  SST	  anomalies?	  



Data	  and	  Methods	  

Data:	  
•  NOAA-‐CIRES	  20CR	  reanalysis.	  Both	  

ensemble	  mean	  and	  56	  members.	  
•  HadISST	  as	  SST	  
	  
Processing	  :	  
•  Seasonal	  three	  month	  mean,	  
•  Global	  warming	  signal	  removed	  from	  

SST	  by	  subtrac&ng	  the	  regression	  
with	  Global	  mean	  SST,	  

•  Trend	  removed	  from	  atmospheric	  
data,	  

•  Tropical	  variability	  subtracted	  with	  
asymmetric	  regression	  using	  the	  3	  PC	  
of	  tropical	  SST	  (20S-‐20N).	  
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Mul&decadal	  Variability	  of	  North	  
Atlan&c	  SST	  

AMO	  =	  mean	  SST	  over	  N.	  Atlan&c	  
(75W-‐7.5E	  ;	  0N-‐60N)	  low	  pass	  filtered	  
with	  a	  10	  yr	  cutoff	  
	  
We	  obtain:	  
•  stong	  maximum	  in	  the	  subpolar	  gyre	  
•  anomalies	  	  with	  opposite	  sign	  in	  the	  

S.	  Atlan&c	  
•  Smaller	  anomalies	  in	  the	  Ind.	  Pac.	  Eq.	  	  
	  

SST	  (K)	  regressed	  onto	  normalized	  AMO	  

AMO	  	  



Can	  we	  detect	  the	  SST	  influence	  during	  the	  
seasonal	  cycle?	  
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Squared	  covariance	  (104	  m2	  K2)	  in	  contours	  
significance	  in	  shades	  of	  1st	  MCA	  mode	  

	  Maximum	  covariance	  analysis	  
(MCA)	  between	  SST	  and	  Z500	  
(Bretherton	  et	  al.	  1999).	  
	  

	  A	  significant	  MCA	  mode	  when	  
the	  SST	  leads	  shows	  the	  ocean	  
influence	  onto	  the	  atmosphere.	  

Only	  the	  data	  aler	  1965	  
show	  a	  large	  correla&on	  

	  -‐>	  correspond	  to	  the	  
number	  of	  assimilated	  data	  	  	  



SST	  influence	  during	  the	  seasonal	  cycle	  
using	  1966-‐2010	  
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First	  MCA	  mode	  SST-‐Z500	  DJF	  

Figure 12: Heterogenous Z500 (m) and homogenous SST (K) covariance maps, for the MCA
mode 1. Yearly analysis. Atmosphere at DJF, lag is positive when ocean leads.

Figure 11: Heterogenous Z500 (m) and homogenous SST (K) covariance maps, for the MCA
mode 1. Yearly analysis. Atmosphere at DJF, lag is positive when ocean leads.

Figure 1: Statistical significance MCA SST/Z500 in the 56 20CR members.

Figure 1: Heterogenous Z500 (m) and homogenous SST (K) covariance maps, for the MCA
mode 1. Yearly analysis. Atmosphere at JFM, lag is positive when ocean leads.

•  Similar	  to	  OND.	  
•  Note	  that	  the	  significance	  stay	  

below	  10%	  for	  SC	  and	  R	  in	  all	  
ensemble	  member.	  

SST	  (K)	  in	  SON	  and	  Z500	  (m)	  in	  DJF,	  	  
lag=	  3	  mth	  (SST	  leads)	  

SST	  (K)	  in	  AMJ	  and	  Z500	  (m)	  in	  DJF,	  	  
lag=	  8	  mth	  (SST	  leads)	  

Atm	  

Oce	  
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The	  NAH	  might	  be	  caused	  by	  :	  
•  Processes	  linked	  to	  the	  AMO	  (AMOC,	  

subpolar	  gyre	  variability)	  
•  Atmospheric	  forcing	  in	  spring	  

Figure 3: Heterogenous Z500 (m) and homogenous SST (K) covariance maps, for the MCA
mode 1. Yearly analysis. Atmosphere at AMJ, lag is positive when ocean leads.Figure 1: Heterogenous Z500 (m) and homogenous SST (K) covariance maps, for the MCA

mode 1. Yearly analysis. Atmosphere at JFM, lag is positive when ocean leads.

SST	  (K)	  in	  AMJ	  and	  Z500	  (m)	  in	  MAM,	  	  
lag=	  -‐1	  mth	  (SST	  leads)	  
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Summer	  SST	  influence	  	  

Figure 19: Heterogenous Z500 (m) and homogenous SST (K) covariance maps, for the MCA
mode 1. Yearly analysis. Atmosphere at JJA, lag is positive when ocean leads.

Figure 1: Statistical significance MCA SST/Z500 in the 56 20CR members.

Figure 1: Heterogenous Z500 (m) and homogenous SST (K) covariance maps, for the MCA
mode 1. Yearly analysis. Atmosphere at JFM, lag is positive when ocean leads.

•  Weaker	  paOern,	  sharing	  similari&es	  
with	  the	  summer	  NAO	  

•  Response	  robust	  shown	  by	  all	  
ensemble	  member.	  

SST	  (K)	  in	  FMA	  and	  Z500	  (m)	  in	  JJA,	  	  
lag=	  4	  mth	  (SST	  leads)	  
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Figure 1: Heterogenous Z500 (m) and homogenous SST (K) covariance maps, for the MCA
mode 1. Yearly analysis. Atmosphere at JFM, lag is positive when ocean leads.

Figure 6: Heterogenous Z500 (m) and homogenous SST (K) covariance maps, for the MCA
mode 1. Yearly analysis. Atmosphere at FMA, lag is positive when ocean leads.

Correla&on	  between	  Tripole,	  AMO	  and	  
Z500-‐MCA	  JJA	  &me	  series	  	  	  

SST	  (K)	  in	  FMA	  and	  Z500	  (m)	  in	  JJA,	  	  
lag=	  -‐1	  mth	  (SST	  leads)	  
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Tropical	  influences	  

Figure 1: Regression Z500 onto NAH, data LPF with a 0.25 0.5 0.25 filter, signif. approx.

Figure 1: Regression Z500 onto NAH, data LPF with a 0.25 0.5 0.25 filter, signif. approx.

Regression	  ϕ,	  in	  106	  m2	  s-‐1,	  at	  200hPa	  onto	  normalized	  
SST-‐MCA	  &me	  series	  in	  DJF	  

Velocity	  poten&al	  :	  
	  	  Δ	  ϕ	  =	  div	  u	  
	  
Quan&fy	  the	  large	  scale	  tropical	  
circula&on.	  
It	  have	  a	  large	  effect	  on	  the	  
Rossby	  wave	  source.	  

Same	  for	  SST-‐MCA	  in	  JJA	  

•  In	  DJF	  some	  large	  scale	  ascent	  
in	  the	  Western	  Pacific	  Ocean.	  

•  In	  JJA	  large	  scale	  paOern	  due	  
to	  ascending	  mo&on	  over	  
Equatorial	  Atlan&c.	  

	  
	  



Maximum	  covariance	  analysis	  SST	  /	  Z500	  

Figure 4: Heterogenous Z500 (m) and homogenous SST (K) covariance maps, for the MCA
mode 1. Yearly analysis. Atmosphere at JFM, lag is positive when ocean leads.

Figure 1: Heterogenous Z500 (m) and homogenous SST (K) covariance maps, for the MCA
mode 1. Yearly analysis. Atmosphere at JFM, lag is positive when ocean leads.

•  Low	  pass	  filter	  0.25	  0.5	  0.25	  applied	  to	  all	  seasonal	  data	  :	  
	  for	  example	  :	  Z500LPF-‐JFM(n)	  =1/4	  Z500	  JFM(n+1)	  +	  1/2	  Z500	  JFM(n)	  	  +	  1/4	  Z500	  JFM(n-‐1)	  	  
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Squared	  covariance	  (104	  m2	  K2)	  in	  contour	  
significance	  in	  shades	  of	  1st	  MCA	  mode	  

SST	  (K)	  and	  Z500	  (m),	  JFM,	  
lag=4	  yr	  (SST	  leads)	  



Mul&decadal	  Variability	  of	  North	  
Atlan&c	  SST	  

	  

AMOHF	  =	  projec&on	  the	  JFM	  SST	  onto	  
the	  AMO	  structure,	  and	  ¼	  ½	  ¼	  filter.	  	  

Period	  considered	  :	  1930-‐2010	  

SST	  (K)	  regressed	  onto	  normalized	  AMO	  

AMO	  	  

AMOHF	  	  



Regression	  onto	  AMOHF	  :	  JFM	  

Figure 6: Regression Z500 onto AMOP, data LPF with a 0.25 0.5 0.25 filter, signif. approx.Figure 1: Regression AIR850 onto AMOP, data LPF with a 0.25 0.5 0.25 filter, signif.
approx.

Figure 2: Regression PR onto AMOP, data LPF with a 0.25 0.5 0.25 filter, signif. approx.

JFM	  Z500	  (m)	  	  Lag	  4	  yr	  

JFM	  Rainfall	  (mm	  d-‐1)	  	  Lag	  4	  yr	  

JFM	  T	  at	  850hPa	  (K)	  	  Lag	  4	  yr	  

Figure 2: Regression HGT onto AMOP, data LPF with a 0.25 0.5 0.25 filter, signif. approx.

JFM	  zonal	  mean	  Z	  (m)	  N.	  Atl	  	  Lag	  4	  yr	  



Regression	  onto	  AMOHF	  :	  JAS	  

Figure 6: Regression Z500 onto AMOP, data LPF with a 0.25 0.5 0.25 filter, signif. approx.

Figure 2: Regression PR onto AMOP, data LPF with a 0.25 0.5 0.25 filter, signif. approx.

Figure 1: Regression AIR850 onto AMOP, data LPF with a 0.25 0.5 0.25 filter, signif.
approx.

JAS	  Z500	  (m)	  	  Lag	  0	  yr	   JAS	  T	  at	  850hPa	  (K)	  	  Lag	  0	  yr	  

JAS	  Rainfall	  (mm	  d-‐1)	  	  Lag	  0	  yr	  

Figure 2: Regression HGT onto AMOP, data LPF with a 0.25 0.5 0.25 filter, signif. approx.

JAS	  zonal	  mean	  Z	  (m)	  N.	  Atl.	  Lag	  0	  yr	  



Conclusion	  

•  The	  AMO	  seems	  to	  be	  associated	  in	  winter	  with	  the	  nega&ve	  NAO.	  But	  :	  
–  >	  Possible	  influence	  of	  winter	  midla&tude	  SST,	  but	  role	  of	  tropical	  SSTs	  

need	  to	  be	  clarifed.	  
–  >	  The	  role	  of	  the	  stratosphere	  variability	  need	  also	  to	  be	  clarified	  

(Reichler	  et	  al.	  2012)	  
	  

•  Mechanism	  responsible	  for	  the	  SST	  anomalies	  preceding	  the	  NAO	  
needs	  also	  to	  be	  inves&gated.	  
–  Re-‐emergence	  (Cassou	  	  et	  al.,	  2007)	  ?	  	  
–  Role	  of	  ocean	  dynamics?	  AMOC	  (Gas&neau	  and	  Frankignoul,	  2011)?	  
	  

•  The	  SST	  seasonal	  influence	  in	  summer	  is	  more	  determined	  by	  the	  
atmospheric	  forcing	  in	  winter	  (as	  found	  by	  Smirnov	  and	  Vimont,	  2012).	  
Different	  at	  lower	  frequencies.	  	  

	  



Tropical	  SST	  EOF	  

Figure 1: EOF of tropical SST (in K), for 1M.

Figure 1: EOF of tropical SST (in K), for 1M.

Figure 1: EOF of tropical SST (in K), for 1M.

Atmospheric	  tropical	  influence	  
removed	  by	  :	  
	  
X(t)=	  X(t)	  -‐	  a1+	  PC1+(t)	  -‐	  a1-‐	  PC1-‐(t)	  

	   	  -‐	  a2+	  PC2+(t)	  -‐	  a2-‐	  PC2-‐(t)	  
	   	  -‐	  a3+	  PC3+(t)	  -‐	  a3-‐	  PC3-‐(t)	  

	  
Separately	  for	  each	  season	  


