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Mean	
  annual	
  surface	
  temperature	
  differences	
  between	
  the	
  periods	
  from	
  1999	
  to	
  2012	
  and	
  1976	
  to	
  
1998	
  in	
  °C.	
  (Figure	
  modified	
  from	
  Trenberth	
  and	
  Fasullo	
  [2013]).	
  	
  In	
  the	
  Pacific	
  the	
  spaUal	
  paVern	
  
strongly	
  resembles	
  the	
  negaUve	
  phase	
  of	
  the	
  Pacific	
  Decadal	
  OscillaUon	
  (PDO)	
  [see	
  Trenberth	
  and	
  
Fasullo,	
  2013].	
  	
  The	
  locaUon	
  of	
  our	
  coral	
  Sr/Ca	
  records	
  at	
  Fiji,	
  Tonga,	
  and	
  Rarotonga	
  (FTR)	
  are	
  
indicated	
  as	
  our	
  other	
  coral	
  records	
  from	
  along	
  the	
  equator.	
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Lack	
  of	
  SST	
  observaUons	
  in	
  South	
  Pacific	
  before	
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  1960	
  



Coral	
  colony	
  of	
  Porites	
  lutea	
  	
  
at	
  Ta’u,	
  American	
  Samoa.	
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Below the 1944 growth banding,
the original annual-scale stable 

isotope sampling transect 
[Linsley et al., 2008] was 

resampled (made slightly deeper 
and wider) every mm and 

analyzed for Sr/Ca at every-other 
mm-scale resolution
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X-­‐ray	
  collage	
  of	
  Tonga	
  coral	
  cores	
  
collected	
  in	
  December	
  2004	
  at	
  
Ha’afera	
  Island.	
  The	
  Ume-­‐series	
  
from	
  this	
  coral	
  extends	
  back	
  1791.	
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Example	
  of	
  Sr/Ca	
  –	
  SST	
  calibraQon	
  from	
  Rarotonga	
  also	
  showing	
  a	
  strong	
  correlaUon	
  
between	
  in-­‐situ	
  temperature	
  at	
  a	
  coral	
  site	
  to	
  IGOSS	
  gridded	
  SST.	
  Downcore	
  Rarotonga	
  
Porites	
  Sr/Ca	
  (black)	
  vs.	
  IGOSS	
  SST	
  (Reynolds	
  and	
  Smith,	
  1994)(red).	
  Coral	
  was	
  collected	
  
at	
  18m	
  off	
  the	
  western	
  side	
  of	
  Rarotonga	
  in	
  an	
  exposed	
  sekng.	
  In-­‐situ	
  daily	
  water	
  
temperature	
  data	
  at	
  the	
  coral	
  site	
  is	
  shown	
  in	
  green	
  (from	
  Linsley	
  and	
  Wellington	
  and	
  
presented	
  in	
  Wu	
  et	
  al.,	
  2013).	
  	
  
	
  
	
  

Coral	
  Skeletal	
  StronQum/Calcium	
  (Sr/Ca)	
  and	
  Sea	
  Surface	
  Temperature	
  (SST)	
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Fiji-­‐Tonga-­‐Rarotonga	
  (FTR)	
  composite	
  coral	
  Sr/Ca	
  SST	
  (1997-­‐1791).	
  
(top)	
  Subseasonal	
  Sr/Ca	
  SST	
  data	
  from	
  Fiji	
  (blue),	
  Tonga	
  (green)	
  and	
  Rarotonga	
  (red)	
  based	
  on	
  sub-­‐
seasonal	
  calibraUons	
  to	
  SST.	
  Data	
  has	
  been	
  centered	
  by	
  removing	
  the	
  1800-­‐1997	
  C.E.	
  average.	
  
(BoVom)	
  Annually	
  average	
  Sr/Ca	
  SST	
  from	
  the	
  same	
  three	
  sites.	
  Bold	
  black	
  line	
  is	
  the	
  average	
  with	
  
standard	
  error	
  (SE);	
  where	
  SE	
  =	
  (standard	
  deviaUon	
  of	
  annual	
  average	
  /	
  square	
  root	
  of	
  n);	
  where	
  n	
  =	
  
the	
  number	
  of	
  cores	
  in	
  the	
  FTR	
  average	
  for	
  each	
  year.	
  
	
  
In	
  general	
  the	
  error	
  on	
  coral	
  Sr/Ca	
  SST	
  esUmates	
  is	
  ~0.3°C	
  based	
  on	
  single	
  core	
  calibraUon	
  studies.	
  
The	
  error	
  is	
  less	
  than	
  this	
  for	
  composite-­‐average	
  reconstrucUons.	
  

Tonga,	
  	
  Fiji	
  	
  Rarotonga	
  



CorrelaUons	
  between	
  annual	
  FTR	
  coral	
  Sr/Ca	
  SST	
  and	
  annual	
  ICOADS	
  and	
  ERSST	
  
SST	
  from	
  the	
  FTR	
  grids	
  back	
  to	
  1960	
  are	
  0.71	
  (p≤0.01)	
  and	
  0.75	
  (p≤0.01),	
  
respecUvely.	
  	
  CorrelaUons	
  of	
  individual	
  Sr/Ca	
  records	
  to	
  local	
  Fiji,	
  Tonga	
  and	
  
Rarotonga	
  SST	
  range	
  from	
  0.5	
  to	
  0.58	
  (p≤0.01).	
  This	
  indicates	
  that	
  the	
  composite	
  
average	
  approach	
  has	
  increased	
  the	
  climaUc	
  signal	
  to	
  noise	
  raUo.	
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(A)	
  Three-­‐coral	
  Sr/Ca	
  SST	
  average	
  from	
  Fiji,	
  Tonga,	
  and	
  Rarotonga	
  (in	
  black)	
  along	
  with	
  a	
  5	
  year	
  running	
  mean	
  (dashed	
  
black	
  line).	
  The	
  centered	
  instrumental	
  ERSST	
  (version	
  3)	
  (red)	
  is	
  from	
  the	
  grids	
  that	
  include	
  these	
  same	
  FTR	
  sites.	
  Blue	
  
curve	
  is	
  the	
  average	
  of	
  Fiji,	
  Tonga,	
  Rarotonga,	
  and	
  New	
  Caledonia	
  [from	
  Delong	
  et	
  al.,	
  2012]	
  Sr/Ca	
  SST	
  along	
  with	
  the	
  
standard	
  error	
  (SE).	
  	
  
	
  
(B)	
  The	
  FTR	
  Sr/Ca	
  SST	
  reconstrucUon	
  compared	
  to	
  the	
  PDO	
  and	
  IPO	
  indices.	
  Periods	
  of	
  posiUve	
  PDO	
  phases	
  are	
  
demarcated	
  in	
  gray.	
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EvoluUonary	
  spectra	
  of	
  FTR	
  Sr/Ca	
  SST	
  indicates	
  a	
  mean	
  period	
  near	
  20-­‐25	
  years	
  
aper	
  ~	
  1940	
  with	
  slightly	
  more	
  complex	
  bandwidth	
  in	
  the	
  1800s.	
  



(C)	
  The	
  FTR	
  Sr/Ca	
  SST	
  reconstrucUon	
  compared	
  to	
  the	
  GISS	
  Earth	
  surface	
  temperature	
  record	
  (green).	
  Also	
  shown	
  is	
  the	
  
SSA	
  extracted	
  decadal-­‐scale	
  mode	
  from	
  the	
  GISS	
  record	
  with	
  the	
  amplitude	
  doubled	
  to	
  highlight	
  the	
  subtle,	
  but	
  
significant	
  decadal	
  variability.	
  (D)	
  0-­‐700m	
  heat	
  content	
  anomaly	
  (red)	
  relaUve	
  to	
  the	
  1955-­‐2006	
  base	
  period	
  (Levitus	
  et	
  
al.,	
  2012),	
  compared	
  the	
  FTR	
  Sr/Ca	
  SST	
  reconstrucUon.	
  FTR	
  Sr/Ca	
  SST	
  are	
  significantly	
  correlated	
  with	
  oceanic	
  heat	
  
storage	
  (R	
  =	
  0.45,	
  p<0.01	
  for	
  annual	
  averages	
  and	
  R	
  =	
  0.82,	
  p<0.001	
  for	
  5	
  year	
  running	
  means).	
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(C)	
  The	
  FTR	
  Sr/Ca	
  SST	
  reconstrucUon	
  compared	
  to	
  the	
  GISS	
  Earth	
  surface	
  temperature	
  record	
  (green).	
  Also	
  shown	
  is	
  the	
  
SSA	
  extracted	
  decadal-­‐scale	
  mode	
  from	
  the	
  GISS	
  record	
  with	
  the	
  amplitude	
  doubled	
  to	
  highlight	
  the	
  subtle,	
  but	
  
significant	
  decadal	
  variability.	
  (D)	
  0-­‐700m	
  heat	
  content	
  anomaly	
  (red)	
  relaUve	
  to	
  the	
  1955-­‐2006	
  base	
  period	
  (Levitus	
  et	
  
al.,	
  2012),	
  compared	
  the	
  FTR	
  Sr/Ca	
  SST	
  reconstrucUon.	
  FTR	
  Sr/Ca	
  SST	
  are	
  significantly	
  correlated	
  with	
  oceanic	
  heat	
  
storage	
  (R	
  =	
  0.45,	
  p<0.01	
  for	
  annual	
  averages	
  and	
  R	
  =	
  0.82,	
  p<0.001	
  for	
  5	
  year	
  running	
  means).	
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(top) :  (top) Coral δ18O records from the equatorial Pacific sites at Fanning (Cobb et al., 2013), Palmyra (Cobb et al., 2013 and 
Maiana (Urban et al., 2000) along with the three coral core δ18O average (dark gray line) and the 9 year running average (blue line).  
(bottom)  Fiji-Tonga-Rarotonga (FTR) coral Sr/Ca SST detrended and 9 year smoothed (black line)(note y axis is inverted) compared 
to decadal changes in coral Sr/Ca from Jarvis Atoll (in blue), Palmyra Atoll (in green) and Butaritari Atoll (in red). Jarvis coral Sr/Ca 
data (detrended and 10 year smoothed) from Thompson et al. (2014)(blue line). Palmyra coral Sr/Ca (detrended and 9 year 
smoothed) from Nurhati et al. (2011). Butaritari coral Sr/Ca (detrended and 9 year smoothed) from Carilli et al. (2014).  
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Figure 3 | Schematic of the trends in temperature and ocean–atmosphere circulation in the Pacific over the past two decades. Colour shading shows
observed temperature trends (�C per decade) during 1992–2011 at the sea surface (Northern Hemisphere only), zonally averaged in the latitude-depth
sense (as per Supplementary Fig. 6) and along the equatorial Pacific in the longitude-depth plane (averaged between 5�N–5� S). Peak warming in the
western Pacific thermocline is 2.0�C per decade in the reanalysis data and 2.2�C per decade in the model. The mean and anomalous circulation in the
Pacific Ocean is shown by bold and thin arrows, respectively, indicating an overall acceleration of the Pacific Ocean shallow overturning cells, the equatorial
surface currents and the Equatorial Undercurrent (EUC). The accelerated atmospheric circulation in the Pacific is indicated by the dashed arrows; including
the Walker cell (black dashed) and the Hadley cell (red dashed; Northern Hemisphere only). Anomalously high SLP in the North Pacific is indicated by the
symbol ‘H’. An equivalent accelerated Hadley cell in the Southern Hemisphere is omitted for clarity.

experiments, we later re-evaluate the impact of the Pacific winds
in a full coupled climate model setting. Two types of experiment
are undertaken in each model setting: one forced by climatological
monthly varying winds, the other includes the addition of observed
1992–2011 Pacific wind trend anomalies (Fig. 2a and Methods).

The ocean model SST response to the applied wind trends
captures the pattern of recent warming and cooling observed over
the Pacific Ocean (compare Figs 4a and 2c), with cooling in the
central and east andwarming in thewest that extends into the Indian
Ocean and polewards in the tropical Pacific western boundaries.
Peak cooling in the central Pacific is higher than observed, although
elsewhere the pattern andmagnitude agree well. Ocean velocity and
horizontal streamfunction trends (Fig. 4a and Supplementary Figs
4 and 5) demonstrate that the simulation reproduces many of the
changes seen in the reanalysis data; for example, an acceleration
in surface Ekman divergence and pycnocline convergence, a spin-
down in the tropical Pacific western boundary currents and an
increase in both the Indonesian throughflow and the Equatorial
Undercurrent. The Kuroshio Current and the North Pacific gyre
also accelerate.

Subsurface temperature and circulation fields also exhibit
significant trends, with a cooling in the upper tropical ocean
and warming at depth, consistent with observational evidence
(Fig. 3 and Supplementary Fig. 6). The maximum rate of warming
in the tropical Pacific thermocline agrees well between model
(2.2 �C per decade) and reanalysis data (2.0 �C per decade). The
circulation trends reveal an acceleration of the Pacific Ocean
shallow overturning cells22 (Fig. 4b), as identified during hiatus
periods in the National Center for Atmospheric Research (NCAR)
climate model2,3, driven by an intensified wind stress curl on
either side of the Equator. The enhanced overturning cells increase

both the upwelling of cool subthermocline waters at the Equator
and the subduction of warm subtropical water into the ventilated
thermocline (Supplementary Figs 4 and 6), enhancing convergence
in the tropical pycnocline (Fig. 3 and Supplementary Fig. 4). This
increases the subsurface uptake of heat in the Pacific, while cooling
the surface layer that interacts with the atmosphere. Di�erences in
heat content in 2012 between the two experiments confirm this, with
a net wind-driven heat gain below 125m (+5.0⇥1022 J; most of this
in the Pacific and Indian Oceans) and reduced heat content in the
surface 125m (�3.8⇥1022 J), resulting in a net ocean heat gain of
1.2⇥1022 J. This is about half the model’s total integrated radiation
imbalance at the top of the atmosphere during the post-2000 hiatus,
reducing SAT trends during this decade.

The Pacific wind trends thus produce a cooler tropical Pacific
and other ocean circulation changes that contribute to a cooler
global average SAT, although the influence on global average
temperatures becomes detectable only ⇠5 years after the start of
the trade wind acceleration (Fig. 4c). This spin-up in heat uptake
in the subtropical overturning cells matches the approximate
timescale for baroclinic wave adjustment to changing wind stress
at subtropical latitudes22. Furthermore, about 80% of the cooling
in SAT occurs post-2000, suggesting that the multidecadal Pacific
wind acceleration is an integral element to account for the hiatus
of the scale recently observed (this is also the case in models;
Supplementary Fig. 7). Relative to the control greenhouse warming
experiment, anomalous global average SAT cooling due to Pacific
wind trends reaches ⇠0.11 �C by 2012 (Fig. 4c), consistent with the
extra heat stored by the ocean.

Projections of global surface warming estimated from the two
most recent generations of coupled climate models assessed by
the Intergovernmental Panel on Climate Change (IPCC; Methods)
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SchemaQc	
  of	
  the	
  trends	
  in	
  temperature	
  and	
  ocean–atmosphere	
  circulaQon	
  in	
  the	
  Pacific	
  over	
  the	
  
past	
  two	
  decades	
  (from	
  England	
  et	
  al.,	
  2014).	
  Color	
  shading	
  shows	
  observed	
  temperature	
  trends	
  (◦C	
  
per	
  decade)	
  during	
  1992–2011	
  at	
  the	
  sea	
  surface	
  (Northern	
  Hemisphere	
  only),	
  zonally	
  averaged	
  in	
  
the	
  laUtude-­‐depth	
  sense	
  and	
  along	
  the	
  equatorial	
  Pacific	
  in	
  the	
  longitude-­‐depth	
  plane	
  (averaged	
  
between	
  5°N–5°S).	
  Peak	
  warming	
  in	
  the	
  western	
  Pacific	
  thermocline	
  is	
  2.0°C	
  per	
  decade	
  in	
  the	
  
reanalysis	
  data	
  and	
  2.2°C	
  per	
  decade	
  in	
  the	
  model.	
  The	
  mean	
  and	
  anomalous	
  circulaUon	
  in	
  the	
  Pacific	
  
Ocean	
  is	
  shown	
  by	
  bold	
  and	
  thin	
  arrows,	
  respecUvely,	
  indicaUng	
  an	
  overall	
  acceleraUon	
  of	
  the	
  Pacific	
  
Ocean	
  shallow	
  overturning	
  cells,	
  the	
  equatorial	
  surface	
  currents	
  and	
  the	
  Equatorial	
  Undercurrent	
  
(EUC)	
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Figure	
  modified	
  from	
  Chen	
  et	
  al.;	
  Nat	
  Geo.,	
  vol	
  8.	
  13	
  April	
  2015:	
  	
  a–f,	
  Warm	
  (a–c)	
  and	
  cold	
  
(d–f)	
  clusters	
  of	
  the	
  tropical	
  Pacific	
  SST	
  variability	
  based	
  on	
  1961–2010	
  HadISST	
  data.	
  The	
  
contour	
  interval	
  is	
  0.3	
  °C,	
  and	
  negaUve	
  contours	
  are	
  doVed.	
  The	
  three	
  El	
  Niño	
  paVerns	
  are	
  
disUncUvely	
  different,	
  whereas	
  the	
  three	
  La	
  Niña	
  paVerns	
  are	
  essenUally	
  idenUcal.	
  The	
  
numbers	
  of	
  El	
  Niño	
  events	
  dominated	
  by	
  paVerns	
  a,b,c	
  are	
  3,	
  6,	
  8,	
  respecUvely,	
  while	
  La	
  Niña	
  
events	
  are	
  equally	
  shared	
  by	
  paVerns	
  d,e,f.	
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Principal	
  variability	
  paVerns	
  in	
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  South	
  Pacific	
  
	
  from	
  Cai	
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  al.	
  (2012).	
  The	
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  posiUon	
  for	
  El	
  Niño	
  (green	
  line),	
  La	
  Niña	
  (blue	
  line)	
  and	
  	
  
neutral	
  (black	
  line)	
  states	
  is	
  shown.	
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Figure 1 | Principal variability patterns of observed rainfall and their
nonlinear relationship. a, b, Spatial patterns obtained by applying a statistical
and signal processing method, EOF analysis24, to a satellite-era rainfall anomaly
data from the Global Precipitation Climatology Project version 225, focusing on
the South Pacific domain (0u–30u S, 160uE–80uW) and the peak season for
SPCZ, austral summer (December to February). The associated pattern beyond
the domain is obtained by linearly regressing rainfall anomalies onto the time
series. The first and second principal spatial patterns account for 47% and 16%
of the total variance. The SPCZ position for El Niño (green line), La Niña (blue
line) and neutral (black line) states is superimposed in a, and the position for
zonal SPCZ events (red line) in b. The position of the SPCZ is defined as where

the maximum rainfall is greater than 6 mm d21 (ref. 5), and a linear fit is
applied. Colour scale at right gives rainfall in mm d21; blue contours indicate
increased rainfall, red contours indicate decreased rainfall per one standard
deviation (s.d.) change. c, A nonlinear relationship between the associated
principal component time series. La Niña, neutral and moderate El Niño years
are indicated with blue, black and green dots, respectively. A zonal SPCZ event
(red dots) is defined as when the first principal component is greater than one
standard deviation, and when the second principal component is greater than
zero. The different phases of ENSO events (El Niño and La Niña) are
determined from a detrended Niño3.4 index when its amplitude is greater than
0.5 s.d.
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Figure 2 | Multi-model ensemble average of the principal variability
patterns of rainfall and their nonlinear relationship from eight CMIP3
CGCMs that are able to produce the nonlinear relationship. a, b, The first
(a) and second (b) principal variability patterns. The multi-model composite
SPCZ position over the full 200 years of the control plus climate change periods
(see below) for El Niño (green), La Niña (blue) and neutral (black) states is
superimposed in a, and for zonal SPCZ events (red) in b. Colour scale at right
gives rainfall in mm d21; blue contours indicate increased rainfall, and red
contours indicate decreased rainfall per one s.d. change. c, d, The relationship

between the associated two principal component time series for the control
(1891–1990; c) and climate change (1991–2090; d) periods from the eight
CMIP3 CGCMs. La Niña, neutral and moderate El Niño years are indicated
with blue, black and green dots, respectively. Variance accounted for by the first
and second principal pattern is model-dependent and ranges from 40–53% and
8–15% of the total variance, respectively. An increase in zonal SPCZ events (red
dots) from the control to climate change period is evident from a comparison
between c and d. An El Niño (or La Niña) is defined as when the detrended
Niño3.4 index has an absolute value greater than 0.5 s.d.

RESEARCH LETTER

3 6 6 | N A T U R E | V O L 4 8 8 | 1 6 A U G U S T 2 0 1 2

Macmillan Publishers Limited. All rights reserved©2012

	
  	
  	
  

47%	
  of	
  
variance	
  

16%	
  of	
  
variance	
  

SPCZ	
  posiUon	
  during	
  VS	
  El	
  Niño	
  (Zonal	
  Events),	
  

Rainfall	
  and	
  SPCZ	
  PosiUon	
  in	
  relaUonship	
  to	
  ENSO	
  



SURFACE TEMPERATURE

0.250000 

SURFACE TEMPERATURESURFACE TEMPERATURE

140E 160E 180 160W 140W

Longitude

30S

25S

20S

15S

10S

5S

0

L
a

ti
tu

d
e

19.00 20.00 21.00 22.00 23.00 24.00 25.00 26.00 27.00 28.00 29.00 30.00

SURFACE SALINITY

0.250000 

SURFACE SALINITYSURFACE SALINITY

140E 160E 180 160W 140W

Longitude

30S

25S

20S

15S

10S

5S

0

L
a

ti
tu

d
e

34.00 34.20 34.40 34.60 34.80 35.00 35.20 35.40 35.60 35.80 36.00

SURFACE SALINITY ZOOM

0.250000 

SURFACE SALINITY ZOOMSURFACE SALINITY ZOOM

170E 175E 180 175W 170W 165W 160W

Longitude

24S

22S

20S

18S

16S

14S

12S

10S

L
a

ti
tu

d
e

34.50 34.70 34.90 35.10 35.30 35.50

Samoa
Tonga

Fiji
Tonga

TH1
TNI2

FVB1
1FAB

F16
TF1

Fiji
Tonga

Fiji

Samoa
Ta’u

Samoa

Today	
  the	
  South	
  Equatorial	
  Current	
  (SEC)	
  advects	
  salty	
  water	
  into	
  the	
  SPCZ	
  region	
  
during	
  El	
  Niño.	
  	
  	
  

SEC	
  

Salinity	
  

Figure	
  from	
  Christophe	
  Menkes	
  



34

34.5

35

35.5

36 27

28

29

30

1980 1985 1990 1995 2000 2005 2010

American Samoa Sea Surface Temperature and SalinityAm. Samoa SSS p.s.s.

Am. Samoa SST NCEP Rey Smith

A
m

. S
am

oa
 S

SS
 p

.s.
s.

A
m

. Sam
oa SST

 N
C

E
P R

ey Sm
ith

Year AD

1982-83
VS

1997-98
VS1986-87 1994-95 2002-03 2009-101991-92

-6

-5.5

-5

-4.5

-0.5

0

0.5

1980 1985 1990 1995 2000 2005 2010

Tau-1 (American Samoa) coral δ18O and  Pseudocoral δ18O based on SST and SSS

d18O Tau-1 pserdo coral 0.27 SSS (for Tau, Am. Samoa)

d1
8O

 T
au

-1
 c

or
al

 (P
D

B
)

pseudo coral d18O
 (per m

il) from
 SST

 and SSS

Year AD

Annual	
  average	
  Ta’u	
  coral	
  δ18O	
  variability	
  is	
  predominantly	
  driven	
  by	
  salinity	
  	
  
(R=0.64,	
  p<0.001)	
  with	
  a	
  lesser	
  influence	
  of	
  temperature	
  (R=-­‐0.58,	
  p<0.01).	
  Annual	
  	
  
average	
  δ18O	
  and	
  pseudocoral	
  δ18O	
  R	
  =	
  0.61	
  (p<0.01).	
  This	
  demonstrates	
  that	
  	
  
coral	
  δ18O	
  at	
  Samoa	
  is	
  accurately	
  recording	
  surface	
  ocean	
  temperature	
  and	
  	
  
salinity.	
  
	
  	
  

Am.	
  Samoa	
  
SST	
  and	
  
Salinity	
  

Am.	
  Samoa	
  
Coral	
  δ18O	
  
and	
  
Modeled	
  
Coral	
  d18O	
  



-0.8

-0.6

-0.4

-0.2

0

0.2

-0.6

-0.4

-0.2

0

0.2

0.4

1860 1880 1900 1920 1940 1960 1980 2000

Tau-1 coral d18O (24 month high pass filtered)

Fanning, Palmyra, Maiana (FPM) coral d18O 
composite (7mo smooth).

Ta
u-

1 
co

ra
l  

d1
8O

 (p
er

 m
il) FPM

 coral d18O
 (per m

l)

Samoa coral δ18O and Equatorial Pacific coral δ18O

-1

-0.5

0

0.5

1
1860 1880 1900 1920 1940 1960 1980 2000

Tau-1 d18O and FPM coral d18O 
(running correlation)

R
 v

al
ue

 
(2

5 
m

on
th

 w
in

do
w

)

Year

-0.3

-0.2

-0.1

0

0.1

0.2

0.3
-1

0

1

2

1860 1880 1900 1920 1940 1960 1980 2000
Tau-1 d18O 24month filtered - trend

Nino3.4 SST 7mo sm.

Ta
u-

1 
d1

8O
 2

4m
o-

tr
en

d

N
ino3.4 SST (°C

)

Year

Samoa cora δ18O and Nino3.4 SST

El Niño events
when it was distinctlly 

cooler and saltier 
at Samoa

-1

-0.5

0

0.5

1

1860 1880 1900 1920 1940 1960 1980 2000

R value (Tau-1 d18O vs Nino3.4 SST)(25 month window)

R
 v

al
ue

 
(2

5 
m

on
th

 w
in

do
w

)

YearR= -0.61 R= 0.19

A

B

C

D

Figure   :  Comparison of Tau (American Samoa) coral d18O to (A) Nino3.4 SST and (C) an equatorial Pacific 
composite coral d18O record from Fanning, Palmyra and Maiana (FPM). Panels B and D show the 25 month running 
correlation between the series.  Horizontal gray bars in B and D indicate average correlation (R value) across the interval.  
In panel A, arrows indicate El Niño events where it was distinctly cooler and saltier at Samoa.

R= 0.54 R= -0.13

Tau-­‐1	
  δ18O	
  and	
  
Nino3.4	
  SST	
  
	
  

Running	
  R	
  
	
  

Tau-­‐1	
  and	
  
Equatorial	
  
Coral	
  δ18O	
  
composite	
  
	
  

Running	
  R	
  
	
  



-0.8

-0.6

-0.4

-0.2

0

0.2

-0.6

-0.4

-0.2

0

0.2

0.4

1860 1880 1900 1920 1940 1960 1980 2000

Tau-1 coral d18O (24 month high pass filtered)

Fanning, Palmyra, Maiana (FPM) coral d18O 
composite (7mo smooth).

Ta
u-

1 
co

ra
l  

d1
8O

 (p
er

 m
il) FPM

 coral d18O
 (per m

l)

Samoa coral δ18O and Equatorial Pacific coral δ18O

-1

-0.5

0

0.5

1
1860 1880 1900 1920 1940 1960 1980 2000

Tau-1 d18O and FPM coral d18O 
(running correlation)

R
 v

al
ue

 
(2

5 
m

on
th

 w
in

do
w

)

Year

-0.3

-0.2

-0.1

0

0.1

0.2

0.3
-1

0

1

2

1860 1880 1900 1920 1940 1960 1980 2000
Tau-1 d18O 24month filtered - trend

Nino3.4 SST 7mo sm.

Ta
u-

1 
d1

8O
 2

4m
o-

tr
en

d

N
ino3.4 SST (°C

)

Year

Samoa cora δ18O and Nino3.4 SST

El Niño events
when it was distinctlly 

cooler and saltier 
at Samoa

-1

-0.5

0

0.5

1

1860 1880 1900 1920 1940 1960 1980 2000

R value (Tau-1 d18O vs Nino3.4 SST)(25 month window)

R
 v

al
ue

 
(2

5 
m

on
th

 w
in

do
w

)

YearR= -0.61 R= 0.19

A

B

C

D

Figure   :  Comparison of Tau (American Samoa) coral d18O to (A) Nino3.4 SST and (C) an equatorial Pacific 
composite coral d18O record from Fanning, Palmyra and Maiana (FPM). Panels B and D show the 25 month running 
correlation between the series.  Horizontal gray bars in B and D indicate average correlation (R value) across the interval.  
In panel A, arrows indicate El Niño events where it was distinctly cooler and saltier at Samoa.
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Figure   :  Comparison of Tau (American Samoa) coral d18O to (A) Nino3.4 SST and (C) an equatorial Pacific 
composite coral d18O record from Fanning, Palmyra and Maiana (FPM). Panels B and D show the 25 month running 
correlation between the series.  Horizontal gray bars in B and D indicate average correlation (R value) across the interval.  
In panel A, arrows indicate El Niño events where it was distinctly cooler and saltier at Samoa.
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Figure   :  Comparison of Tau (American Samoa) coral d18O to (A) Nino3.4 SST and (C) an equatorial Pacific 
composite coral d18O record from Fanning, Palmyra and Maiana (FPM). Panels B and D show the 25 month running 
correlation between the series.  Horizontal gray bars in B and D indicate average correlation (R value) across the interval.  
In panel A, arrows indicate El Niño events where it was distinctly cooler and saltier at Samoa.

R= 0.54 R= -0.13

Tau-­‐1	
  δ18O	
  and	
  
Nino3.4	
  SST	
  
	
  

Running	
  R	
  
	
  

Tau-­‐1	
  δ18O	
  and	
  
Equatorial	
  
Coral	
  δ18O	
  
composite	
  
	
  

Running	
  R	
  
	
  

Warmer	
  Nino3.4	
  =	
  warmer+fresher	
  Samoa	
  
	
  

Warmer	
  Nino3.4	
  =	
  cooler+salUer	
  Samoa	
  
	
  

Warmer	
  Nino3.4	
  =	
  warmer+fresher	
  Samoa	
  
	
  

Warmer	
  Nino3.4	
  =	
  cooler+salUer	
  Samoa	
  
	
  



-0.3

-0.2

-0.1

0

0.1

0.2

0.3

-2

-1

0

1

2

3
1880 1900 1920 1940 1960 1980 2000 2020

Fiji 5 core d18O composite (from Dassié et al., 2014)

Nino3.4 SST 7mo running average

Fi
ji 

C
or

al
 C

om
po

sit
e 

d1
8O

 2
-9

 y
r 

(p
er

 m
il)

N
ino3.4 SST 7m

o sm
.

YEAR   

Fiji	
  5	
  coral	
  composite	
  δ18O	
  2-­‐9	
  yr	
  band	
  from	
  	
  
Dassié	
  et	
  al.	
  (2014)	
  and	
  Nino3.4	
  SST.	
  
…..	
  NO	
  phase	
  change	
  in	
  mid	
  1920s	
  in	
  Fiji	
  !	
  

Warmer	
  
on	
  equator	
  

Warmer	
  and	
  fresher	
  
In	
  Fiji	
  
	
  



ANRV399-MA02-05 ARI 13 November 2009 17:19

mode is also evident in sea surface height variability (Di Lorenzo et al. 2008). The mechanisms
governing these modes are not well understood.

5.2.3. Atlantic Multidecadal Oscillation. SSTs in the North Atlantic undergo slow variations
with a period on the order of 65–80 years (Kushnir 1994, Schlesinger & Ramankutty 1994,
Delworth & Mann 2000, Enfield et al. 2001, Ting et al. 2009, Guan & Nigam 2009). This phe-
nomenon has been termed the Atlantic Multidecadal Oscillation (AMO) (Kerr 2000). A simple
index of the AMO is shown in Figure 11 for the period 1870–2008 based on the HadISST data
set (note that SST observations are relatively plentiful in the North Atlantic back to 1870; recall
Figure 3). This index is defined as the area-average SST anomaly over the North Atlantic (0◦–
70◦N) minus the global mean SST anomaly. Warm phases occurred from the late 1920s through
the late 1960s and since the mid-1990s, and cool phases occurred from the early 1900s through

b  North Atlantic SST index

a  AMO
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Figure 11
Atlantic Multidecadal Oscillation. (a) Regression pattern of monthly sea surface temperature (SST)
anomalies (after removing the global mean SST anomaly) on the North Atlantic SST Index, based on the
HadISST data set during 1870–2008. (b) The North Atlantic SST Index, defined as the average monthly SST
anomaly over the North Atlantic (0◦–70◦N) minus the global mean monthly SST anomaly (red and blue bars).
The green line depicts an estimate of the natural (e.g., not due to forcing external to the ocean-atmosphere
system) component of the 10-year low-pass-filtered North Atlantic SST index from Ting et al. (2009).
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surface	
  temperature	
  (SST)	
  
anomalies	
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  removing	
  	
  
the	
  global	
  mean	
  SST	
  	
  
anomaly)	
  on	
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  North	
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  SST	
  Index,	
  based	
  	
  
on	
  the	
  HadISST	
  data	
  set	
  	
  
during	
  1870–2008.	
  	
  
(b)	
  The	
  North	
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  SST	
  	
  
Index,	
  defined	
  as	
  the	
  average	
  	
  
monthly	
  SST	
  anomaly	
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  North	
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minus	
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  global	
  mean	
  monthly	
  	
  
SST	
  anomaly	
  (red	
  and	
  blue	
  
bars).	
  The	
  green	
  line	
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  an	
  
esUmate	
  of	
  the	
  natural	
  (e.g.,	
  
not	
  due	
  to	
  forcing	
  external	
  to	
  
the	
  ocean-­‐atmosphere	
  
system)	
  component	
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  the	
  10-­‐
year	
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  North	
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  SST	
  index	
  from	
  Ting	
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The	
  Great	
  Mississippi	
  Flood	
  of	
  1927	
  was	
  the	
  most	
  destrucUve	
  river	
  flood	
  in	
  the	
  history	
  
of	
  the	
  United	
  States	
  with	
  27,000	
  square	
  miles	
  inundated	
  up	
  to	
  a	
  depth	
  of	
  30	
  feet.	
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Summary	
  	
  	
  
•  Decadal	
  mode	
  of	
  Fiji-­‐Tonga-­‐Rarotonga	
  (FTR)	
  SST	
  has	
  a	
  recurrence	
  interval	
  near	
  

20-­‐25	
  years.	
  	
  
•  The	
  posiUve	
  correlaUon	
  between	
  decadal	
  SST	
  and	
  ocean	
  heat	
  content	
  (OHC)	
  in	
  the	
  

South	
  Pacific	
  combined	
  with	
  the	
  inverse	
  correlaUon	
  with	
  decadal	
  changes	
  in	
  
equatorial	
  Pacific	
  SST	
  supports	
  the	
  fluctuaQng	
  trade	
  wind-­‐shallow	
  meridional	
  
overturning	
  cell	
  mechanism	
  for	
  decadal	
  modulaUon	
  of	
  Pacific	
  SSTs	
  and	
  OHC	
  

	
  	
  
•  1926-­‐1927	
  marks	
  an	
  ABRUPT	
  interannual	
  climate	
  transiQon	
  (shif?)	
  in	
  the	
  SPCZ	
  

region	
  where	
  it	
  appears	
  that	
  the	
  SPCZ	
  shifed	
  north	
  and	
  northeast.	
  	
  
•  The	
  Uming	
  of	
  this	
  abrupt	
  mid-­‐1920s	
  change	
  in	
  the	
  ENSO	
  nodal	
  line	
  and	
  SPCZ	
  

posiUon	
  coincided	
  with	
  a	
  phase	
  change	
  in	
  the	
  AtlanUc	
  MulUdecadal	
  OscillaUon	
  
(AMO)	
  and	
  a	
  northward	
  ship	
  of	
  the	
  AtlanUc	
  ITCZ.	
  Was	
  this	
  a	
  coordinated	
  ITCZ	
  
change	
  in	
  both	
  basins?	
  	
  	
  

•  RecommendaQon:	
  need	
  to	
  closely	
  evaluate	
  climaQc	
  forcing	
  at	
  each	
  paleo-­‐site.	
  
Small	
  scale	
  variaQons	
  in	
  the	
  oceans	
  do	
  majer	
  at	
  some	
  (maybe	
  all)	
  sites.	
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