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Pacific is similar in winter and in summer (Extended Data Fig. 4a),
stationary/transient eddies, which are the dominant mechanism for
meridional heat transport14, are stronger in winter than summer. As a
result, the tropical cooling effect on the extratropics is most pronounced
in winter (the seasonality of the temperature trend in the Southern Hemis-
phere extratropics is weak). The tropical influence on the Northern
Hemisphere extratropics is weak during the summer, allowing the
radiative forcing to continue the warming trend during the recent
decade (Extended Data Fig. 4b).

This seasonal contrast is evident also in HIST. For 1970–2040, a
period when the ensemble-mean global temperature shows a steady
increase in HIST, the probability density function for the 11-year trend
is similar in winter and in summer for tropical temperatures, with
means both around 0.25 uC (Extended Data Fig. 4c). The probability
density function is much broader for winter than for summer for Northern
Hemisphere extratropical temperatures (Extended Data Fig. 4d). The
chance of the 11-year temperature change falling below –0.3 uC is 8%
for winter but only 0.7% for summer in the Northern Hemisphere
extratropics (around 4% in the tropics for both seasons). The 11-fold

increase in the chance of an extratropical cooling in winter is partly
because the tropical influence is stronger in winter than in summer.

We examined regional climate change associated with the hiatus.
Although models project a slowdown of the Walker circulation in
global warming15, the Pacific Walker cell intensified during the past
decade (Fig. 2c). POGA-H captures this circulation change, forced by
the SST cooling across the tropical Pacific (Fig. 2d). As in interannual
ENSO, the tropical Pacific cooling excites global teleconnections in
December, January and February (DJF; the season is denoted by the
first letters of the months). SST changes in POGA-H are in broad
agreement with observations over the Indian, South Atlantic and
Pacific oceans outside the restoring domain (Fig. 2a, b). The model
reproduces the weakening of the Aleutian low as the response of the
Pacific–North American pattern to tropical Pacific cooling11 (Fig. 2c, d).
As a result, the SAT change over North America is well reproduced,
including a pronounced cooling in the northwest of the continent. The
model fails to simulate the SAT and sea-level pressure (SLP) changes
over Eurasia, suggesting that they are due to internal variability unre-
lated to tropical forcing (Extended Data Fig. 5a and c).
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Figure 1 | Observed and simulated
global temperature trends. Annual-
mean time series based on
observations, HIST and POGA-H
(a) and on POGA-C (b). Anomalies
are deviations from the 1980–1999
averages, except for HIST, for which
the reference is the 1980–1999
average of POGA-H. SAT anomalies
over the restoring region are plotted
in b, with the axis on the right. Major
volcanic eruptions are indicated in
a. c, Trends of seasonal global
temperature for 2002–2012 in
observations and POGA-H. Shading
represents 95% confidence interval of
ensemble means. Bars on the right of
a show the ranges of ensemble
spreads of the 2002–2012 averages.
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Suite	  of	  experiments	  using	  GFDL	  CM2.1	  
model,	  with	  SSTs	  over	  the	  tropical	  eastern	  
Pacific	  strongly	  damped	  to	  observaMons	  
	  
HIST:	  CM2.1	  with	  all	  radiaMve	  forcings	  
POGA-‐H:	  same	  as	  HIST,	  but	  prescribe	  SST	  in	  trop	  east	  Pac	  
	  
	  

Key	  points:	  
	  
-‐	  eastern	  tropical	  Pacific	  is	  cri@cal	  
-‐	  seasonality	  of	  SST	  impact	  	  
	  

Pacific is similar in winter and in summer (Extended Data Fig. 4a),
stationary/transient eddies, which are the dominant mechanism for
meridional heat transport14, are stronger in winter than summer. As a
result, the tropical cooling effect on the extratropics is most pronounced
in winter (the seasonality of the temperature trend in the Southern Hemis-
phere extratropics is weak). The tropical influence on the Northern
Hemisphere extratropics is weak during the summer, allowing the
radiative forcing to continue the warming trend during the recent
decade (Extended Data Fig. 4b).

This seasonal contrast is evident also in HIST. For 1970–2040, a
period when the ensemble-mean global temperature shows a steady
increase in HIST, the probability density function for the 11-year trend
is similar in winter and in summer for tropical temperatures, with
means both around 0.25 uC (Extended Data Fig. 4c). The probability
density function is much broader for winter than for summer for Northern
Hemisphere extratropical temperatures (Extended Data Fig. 4d). The
chance of the 11-year temperature change falling below –0.3 uC is 8%
for winter but only 0.7% for summer in the Northern Hemisphere
extratropics (around 4% in the tropics for both seasons). The 11-fold

increase in the chance of an extratropical cooling in winter is partly
because the tropical influence is stronger in winter than in summer.

We examined regional climate change associated with the hiatus.
Although models project a slowdown of the Walker circulation in
global warming15, the Pacific Walker cell intensified during the past
decade (Fig. 2c). POGA-H captures this circulation change, forced by
the SST cooling across the tropical Pacific (Fig. 2d). As in interannual
ENSO, the tropical Pacific cooling excites global teleconnections in
December, January and February (DJF; the season is denoted by the
first letters of the months). SST changes in POGA-H are in broad
agreement with observations over the Indian, South Atlantic and
Pacific oceans outside the restoring domain (Fig. 2a, b). The model
reproduces the weakening of the Aleutian low as the response of the
Pacific–North American pattern to tropical Pacific cooling11 (Fig. 2c, d).
As a result, the SAT change over North America is well reproduced,
including a pronounced cooling in the northwest of the continent. The
model fails to simulate the SAT and sea-level pressure (SLP) changes
over Eurasia, suggesting that they are due to internal variability unre-
lated to tropical forcing (Extended Data Fig. 5a and c).
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Figure 1 | Observed and simulated
global temperature trends. Annual-
mean time series based on
observations, HIST and POGA-H
(a) and on POGA-C (b). Anomalies
are deviations from the 1980–1999
averages, except for HIST, for which
the reference is the 1980–1999
average of POGA-H. SAT anomalies
over the restoring region are plotted
in b, with the axis on the right. Major
volcanic eruptions are indicated in
a. c, Trends of seasonal global
temperature for 2002–2012 in
observations and POGA-H. Shading
represents 95% confidence interval of
ensemble means. Bars on the right of
a show the ranges of ensemble
spreads of the 2002–2012 averages.
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Figure 1 | Global average SAT and Pacific trade wind anomalies over the
past century. a, Temperature anomalies are shown as the annual mean
relative to 1951–1980, with individual years shown as grey bars and a
five-year running mean overlaid in bold. b, Pacific wind stress anomalies are
computed over the region 6� N–6� S and 180�–150� W (green rectangle in
Fig. 2a), corresponding to where the IPO exhibits maximum regression onto
Pacific Ocean winds. Anomalies are shown relative to the historical record
for two climatologies (Methods), with a bold line indicating the strength of
the 20-year trends leading up to each year shown. In both reanalysis
products shown, the recent multidecade acceleration in Pacific trade winds
is the highest on record, although estimates of observed winds are not well
constrained by measurements previous to the satellite era. The sign of the
low-pass filtered IPO index18,19 is indicated in both panels, with negative
phases of the IPO shaded in blue.

magnitude of the observed change (Supplementary Fig. 1). Thewind
trend is thus probably due to both the recent change in the IPO
(associated with a change in ENSO statistics23 and forced by internal
variability, and/or external forcing such as volcanic emissions, solar
irradiance and aerosols), along with other factors, such as recent
rapid warming in the Indian Ocean24,25.

The impact of the acceleration in Pacific winds is apparent
in sea level trends26,27 (Fig. 2b) and changes in ocean circulation
(Supplementary Fig. 2). Although measurements are generally too
sparse to constrain observed trends in ocean circulation, estimates
derived from reanalysis products suggest an acceleration of the
equatorial jets and an increase in wind-driven Ekman divergence
away from the Equator over the past two decades (Supplementary
Fig. 2). In the central and western Pacific there is evidence for
increased equatorial pycnocline convergence of mass and heat, and
an associated acceleration of the equatorial undercurrent (Fig. 3 and
Supplementary Fig. 2). The enhanced convergence in the tropical
pycnocline drives a net heat gain in the ocean interior, while the
increased upwelling generates a cooling at the surface in the east
Pacific (Fig. 3).

Sea surface temperature (SST) has thus also changed in the
Pacific, with the pattern of change matching that expected from an
acceleration of the trade winds, an increase in equatorial upwelling
and a spin-up of the subtropical gyres (Fig. 2c). This includes
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Figure 2 | Observed trends in winds, SLP, sea surface height, SST and SAT
during 1992–2011. a, Observed trends in surface wind stress (N m�2 yr�1)
shown as vectors with observed trends in atmospheric SLP overlaid in
colour shading (Pa yr�1). The maximum vector is 0.003 N m�2 yr�1 and
only vector trends that are significant at the 95% confidence level are
shown. The green rectangle is the region computed in Fig. 1b. b, Observed
trends in sea surface height (cm yr�1) from satellite altimetry.
c,d, Observed trends in SST (c) and surface layer air temperature (d),
respectively (�C yr�1). In all panels, stippling indicates where the trends are
significant at the 95% confidence level given the linear regression standard
error over the entire period of 1992–2011.

warming in theWestern PacificWarmPool, warming in the western
boundary28 and cooling over the tropical central and eastern Pacific.
The east Pacific cooling extends polewards along the coast of the
Americas, consistent with an acceleration of the North and South
Equatorial Currents, and the North Pacific subtropical gyre. SAT
trends (Fig. 2d and Supplementary Fig. 3) largely reflect the trends
seen in SST.

To quantify the impact of recent trends in Pacific winds on
climate, we first examine a global ocean model subject to historical
changes in radiative forcing coupled to a simple energy–moisture
balance atmosphere forced by prescribed winds (Methods). This
enables an examination of the oceanic response to the observed
Pacific wind trends without atmospheric feedbacks. In parallel
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Figure 1 | Global average SAT and Pacific trade wind anomalies over the
past century. a, Temperature anomalies are shown as the annual mean
relative to 1951–1980, with individual years shown as grey bars and a
five-year running mean overlaid in bold. b, Pacific wind stress anomalies are
computed over the region 6� N–6� S and 180�–150� W (green rectangle in
Fig. 2a), corresponding to where the IPO exhibits maximum regression onto
Pacific Ocean winds. Anomalies are shown relative to the historical record
for two climatologies (Methods), with a bold line indicating the strength of
the 20-year trends leading up to each year shown. In both reanalysis
products shown, the recent multidecade acceleration in Pacific trade winds
is the highest on record, although estimates of observed winds are not well
constrained by measurements previous to the satellite era. The sign of the
low-pass filtered IPO index18,19 is indicated in both panels, with negative
phases of the IPO shaded in blue.

magnitude of the observed change (Supplementary Fig. 1). Thewind
trend is thus probably due to both the recent change in the IPO
(associated with a change in ENSO statistics23 and forced by internal
variability, and/or external forcing such as volcanic emissions, solar
irradiance and aerosols), along with other factors, such as recent
rapid warming in the Indian Ocean24,25.

The impact of the acceleration in Pacific winds is apparent
in sea level trends26,27 (Fig. 2b) and changes in ocean circulation
(Supplementary Fig. 2). Although measurements are generally too
sparse to constrain observed trends in ocean circulation, estimates
derived from reanalysis products suggest an acceleration of the
equatorial jets and an increase in wind-driven Ekman divergence
away from the Equator over the past two decades (Supplementary
Fig. 2). In the central and western Pacific there is evidence for
increased equatorial pycnocline convergence of mass and heat, and
an associated acceleration of the equatorial undercurrent (Fig. 3 and
Supplementary Fig. 2). The enhanced convergence in the tropical
pycnocline drives a net heat gain in the ocean interior, while the
increased upwelling generates a cooling at the surface in the east
Pacific (Fig. 3).

Sea surface temperature (SST) has thus also changed in the
Pacific, with the pattern of change matching that expected from an
acceleration of the trade winds, an increase in equatorial upwelling
and a spin-up of the subtropical gyres (Fig. 2c). This includes
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Figure 2 | Observed trends in winds, SLP, sea surface height, SST and SAT
during 1992–2011. a, Observed trends in surface wind stress (N m�2 yr�1)
shown as vectors with observed trends in atmospheric SLP overlaid in
colour shading (Pa yr�1). The maximum vector is 0.003 N m�2 yr�1 and
only vector trends that are significant at the 95% confidence level are
shown. The green rectangle is the region computed in Fig. 1b. b, Observed
trends in sea surface height (cm yr�1) from satellite altimetry.
c,d, Observed trends in SST (c) and surface layer air temperature (d),
respectively (�C yr�1). In all panels, stippling indicates where the trends are
significant at the 95% confidence level given the linear regression standard
error over the entire period of 1992–2011.

warming in theWestern PacificWarmPool, warming in the western
boundary28 and cooling over the tropical central and eastern Pacific.
The east Pacific cooling extends polewards along the coast of the
Americas, consistent with an acceleration of the North and South
Equatorial Currents, and the North Pacific subtropical gyre. SAT
trends (Fig. 2d and Supplementary Fig. 3) largely reflect the trends
seen in SST.

To quantify the impact of recent trends in Pacific winds on
climate, we first examine a global ocean model subject to historical
changes in radiative forcing coupled to a simple energy–moisture
balance atmosphere forced by prescribed winds (Methods). This
enables an examination of the oceanic response to the observed
Pacific wind trends without atmospheric feedbacks. In parallel
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England	  et	  al	  (2014)	  advanced	  the	  idea	  of	  
the	  role	  of	  the	  Pacific	  in	  the	  hiatus	  –	  role	  of	  
decadal	  scale	  wind	  stress	  changes	  

+	  IPO	  means	  posiMve	  SST	  anomaly	  
in	  eastern	  trop	  Pac	  	  

Linear	  trends,	  1992-‐2011	  
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The	  ocean	  model	  in	  the	  tropical	  Pacific	  “feels”	  wind	  stresses	  computed	  as	  follows:	  

	  	  	  =	  	  	  	  	  	  	  	  	  	   +	  	  Seasonal	  cycle	  High	  frequency	   +	  Interannual	  variaMons	  



	  
	  
1.	  HIST	  –	  uses	  all	  available	  esMmates	  of	  radiaMve	  forcing	  change,	  including	  greenhouse	  gases,	  
anthropogenic	  aerosols,	  ozone,	  solar	  irradiance,	  volcanic	  aerosols,	  and	  land	  use	  change	  	  
1861-‐2013	  
	  
	  
	  
2.	  HIST+WIND	  –	  same	  as	  HIST,	  but	  replaces	  wind	  stress	  flux	  that	  the	  ocean	  feels	  over	  the	  tropical	  
Pacific.	  	  
1979-‐2013	  
	  
	  
3.	  IDEALIZED	  –	  as	  departure	  from	  Control	  simulaMon,	  apply	  constant,	  uniform	  anomalous	  easterly	  wind	  
stress	  (-‐0.08	  N	  m-‐2)	  	  over	  the	  same	  domain	  as	  HIST+WIND	  
	  
	  
	  
	  
è	  HIST+WIND	  minus	  HIST	  is	  the	  effect	  of	  the	  anomalous	  wind	  stress	  variaMons	  
	  
è	  IDEALIZED	  minus	  CONTROL	  is	  the	  effect	  of	  the	  uniform,	  constant	  extra	  wind	  stress	  

In	  addi@on	  to	  a	  1000	  year	  control	  simula@on,	  we	  use	  three	  10-‐member	  ensembles	  of	  
experiments	  with	  the	  GFDL	  CM2.1	  model:	  



SST	  SST	  

T200m	   T200m	  



Observed	  

HIST	  
simulaMon	  

HIST+WIND	  
simulaMon	  

Global	  mean	  surface	  air	  temperature	  anomaly	  

Linear	  trend	  of	  global	  mean	  temperature	  (2000-‐2012,	  expressed	  as	  degrees	  per	  decade)	  

HIST	  ensemble	  

HIST+WIND	  ensemble	  

HIST	  ensemble	  mean	  
HIST+WIND	  ensemble	  mean	  Observed	  



Observed	  

HIST	  
simulaMon	  

HIST+WIND	  
simulaMon	  

Global	  mean	  surface	  air	  temperature	  anomaly	  

Surface	  air	  temperature	  anomaly,	  30oN-‐90oN	  
(HIST+WIND	  minus	  HIST)	  	  

DJF	  

JJA	  

Extratropical	  NH	  impact	  of	  tropical	  
wind	  stress	  is	  stronger	  in	  NH	  winter	  
than	  summer	  



Impact	  of	  tropical	  wind	  override	  on	  annual	  mean	  300	  hPa	  height,	  2002-‐2012	  
[HIST+WIND]	  minus	  [HIST]	  

Also	  induces	  a	  poleward	  expansion	  of	  the	  Hadley	  Cell	  in	  each	  
hemisphere	  (of	  order	  0.5o)	  and	  a	  change	  in	  verFcal	  wind	  shear	  



300	  hPa	  geopotenMal	  height	  
2002-‐2012	  minus	  1991-‐2001	  

HIST	  

HIST+WIND	  



500	  hPa	  height	  changes,	  MAMJJA	  

NCEP	  	  
2002-‐2012	  minus	  1979-‐2000	  

HIST+WIND	  	  minus	  HIST,	  	  
2002-‐2012	  

HIST	  
2002-‐2012	  minus	  1979-‐2000	  

(global	  mean	  removed	  in	  each	  panel)	  

	  

HIST+WIND	  
2002-‐2012	  minus	  1979-‐2000	  





Percentage	  change	  in	  precipitaMon,	  MAMJJA,	  2002-‐2012	  versus	  1979-‐2000	  

Observa<ons	  (CRU)	   Model:	  	  
HIST+WIND	  

Model:	  	  
Wind	  stress	  effect	  

Model:	  	  
Rad.	  forcing	  



The	  wind	  stress	  anomalies	  in	  the	  tropical	  Pacific	  and	  radiaMve	  forcing	  changes	  push	  the	  
system	  toward	  a	  drier	  climate	  over	  Western	  North	  America.	  Let’s	  view	  that	  probabilisMcally	  
using	  different	  model	  populaMons:	  

HIST_80s_90s:	  	  	  	  10	  member	  ensemble;	  	  1979-‐2000	  (22	  years	  *	  10	  ensembles)	  
	  
HIST+WIND_80s_90s:	  	  10	  member	  ensemble;	  1979-‐2000	  (22	  years	  *	  10	  ensembles	  )	  
	  
	  
	  
HIST_2000s:	  	  	  	  10	  member	  ensemble;	  	  2002-‐2013	  (12	  years	  *	  10	  ensembles)	  
	  
HIST+WIND_2000s:	  	  10	  member	  ensemble;	  2002-‐2013	  (12	  years	  *	  10	  ensembles)	  	  

Ques<on:	  How	  has	  the	  probability	  of	  10-‐year	  mean	  anomalies	  been	  influenced	  by	  the	  
inclusion	  of	  radiaMve	  forcing	  changes	  and	  wind	  stress	  forcing	  changes?	  
	  
Technique:	  resample	  each	  of	  the	  above	  populaMons	  separately	  to	  derive	  separate	  pdfs	  of	  
10-‐year	  mean	  anomalies;	  examine	  how	  pdfs	  change	  in	  response	  to	  radiaMve	  forcing	  and	  
wind	  stress	  changes	  
	  



10-‐year	  mean	  precipitaMon	  anomaly	  (expressed	  as	  %	  difference	  from	  1979-‐2000	  mean)	  

Cu
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HIST+WIND	  
(2002-‐2013)	  

	  

HIST	  
(2002-‐2013)	   HIST	  

(1979-‐2000)	  

HIST+WIND	  
(1979-‐2000)	  

Probability	  of	  areal	  mean	  precipita<on	  anomaly	  of	  -‐15%	  (or	  larger):	  
	  
-‐	  Based	  on	  1979-‐2000	  period	  simulaMon:	  3%	  
-‐	  Based	  on	  2002-‐2013	  period	  simulaMon	  using	  radiaMve	  forcing	  changes	  alone:	  8%	  
-‐	  Based	  on	  2002-‐2013	  period	  simulaMon	  using	  radiaMve	  forcing	  and	  tropical	  Pacific	  wind	  stress:	  46%	  

Observed	  change	  
(~-‐15%)	  

So	  …	  a	  once	  in	  300	  year	  decadal	  event	  is	  transformed	  to	  a	  once	  in	  120	  year	  decadal	  event	  (by	  
radiaMve	  forcing	  changes)	  	  and	  then	  to	  a	  once	  every	  20	  year	  decadal	  event	  (by	  tropical	  winds)	  

Also	  …	  anomalous	  tropical	  winds	  
(plus	  radiaFve	  forcing	  changes)	  	  
virtually	  eliminate	  the	  possibility	  of	  
a	  very	  wet	  decade	  

2%	  chance	  of	  weVer	  
decade	  than	  mean	  of	  
1980s-‐1990s	  	  



Summary	  
	  
	  
1.	  Prolonged,	  unusually	  strong	  	  tropical	  easterly	  winds	  contribute	  very	  significantly	  to	  the	  hiatus	  
in	  global	  warming	  [England	  et	  al.,	  2014]	  
	  
2.	  This	  process	  also	  leads	  to:	  
	  

	  a.	  Changes	  in	  Pacific	  ocean	  circulaMon	  and	  heat	  uptake	  
	  

	  b.	  Upper	  tropospheric	  cooling	  in	  Tropics	  
	  

	  c.	  SubstanMally	  increased	  odds	  of	  drought	  over	  western	  North	  America	  
	  



Discussion	  Points	  
	  
	  
1.	  What	  process	  has	  generated	  the	  enhanced	  easterly	  wind	  stress	  over	  the	  last	  
decade?	  
	  	  

	  -‐	  Are	  there	  any	  mechanisms	  by	  which	  this	  is	  a	  response	  to	  anthropogenic	  forcing?	  Thermostat?	  	  
	  -‐	  Most	  models	  suggest	  weakening	  of	  Walker	  circulaMon,	  not	  strengthening	  

	  
	  -‐	  Null	  hypothesis	  suggests	  natural	  variability	  (IPO/PDO)	  
	   	  -‐	  How	  unusual	  is	  this	  decadal	  wind	  stress	  anomaly?	  (observa@onal	  issues)	  
	   	  -‐	  Are	  models	  deficient	  in	  their	  simula@on	  of	  internal	  decadal	  variability?	  
	   	  -‐	  If	  models	  are	  deficient,	  what	  are	  the	  implica@ons	  for	  detec@on/a=ribu@on	  studies	  
	   	   	   	  using	  current	  models? 	   	  	  
	   	  -‐	  If	  wind	  stress	  trends	  from	  natural	  variability,	  then	  much	  of	  drought	  over	  western	  North	  
	   	   	   	   	  America	  in	  last	  decade	  is	  likely	  due	  to	  natural	  variability	  

	  
2.	  Drought	  over	  western	  North	  America	  <ghtly	  coupled	  to	  tropical	  Pacific	  winds	  –	  what	  
will	  happen	  over	  next	  decade?	  
	  

	  -‐	  If	  the	  unusually	  strong	  easterly	  winds	  conMnue,	  it	  is	  likely	  that	  the	  drought	  conMnues	  
	  

	  -‐	  If	  the	  unusually	  strong	  easterly	  winds	  disappear,	  it	  is	  likely	  that	  the	  drought	  ends	  
	  

	  à	  Can	  we	  make	  any	  credible	  statements	  on	  the	  likelihood	  of	  either	  case?	  
	  
	  



Idealized	  stress	  run	  minus	  Control	  

Global	  ocean	  heat	  content	  0-‐700m	  

Global	  mean	  SST	  
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Percentage	  change	  in	  precipitaMon,	  MAMJJA,	  2002-‐2012	  versus	  1979-‐2000	  CM2.5	  FLOR	  HAD13	  

ObservaMons	  (CRU)	   Model:	  HIST+WIND	  

Model:	  Stress	  effect	   Model:	  RadiaMve	  effect	  


