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Models simulate broad features of ENSO teleconnections

Fasullo, Otto-Bliesner & Stevenson (2017), 
Nature Climate Change, in revision

Correlations of 
precipitation, 

850 hPa wind with 
NINO3.4 SSTA



Models capture broad features of PDO teleconnections as well

Sheffield et al. (2013)

FIG. 18. December–February PDOSATand precipitation regression patterns overNorthAmerica. Regressions ofDJF (a),(c) SAT and
(b),(d) precipitation on the PDO index in (a),(b) observations and (c),(d) the CMIP5 ensemble. (e),(f) The differences between the
regression patterns (CMIP5 minus observations). The contour interval is 0.18C for the SAT regressions in (a),(c),(e) and 0.05mmday21

for the precipitation regressions in (b),(d),(f). Stippling in (e),(f) correspond to differences that are significantly different at the 5%
significance level based on a two-sided t test with adjustment of the effective degrees of freedom for the lag-1 autocorrelation in the
residuals (Santer et al. 2000). To focus on multidecadal variability, a Butterworth 10-yr low-pass filter is applied to each PDO index time
series, which is then restandardized and detrended. The SAT and precipitation anomalies are then regressed on the filtered index for each
season. The observations are the CRU TS3.1 temperature and precipitation datasets.
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DJF regressions on PDO index 
Obs: CRU TS3.1



AMO teleconnections not well represented

FIG. 20. Autumn [September–November (SON)] regressions of the AMO index on SST and precipitation from observations
(HadISSTv1.1 and CRU TS3.1) and 17 CMIP5 models for 1901–1999. The AMO index is the area-averaged SST anomalies over the
domain (08–608N, 758–58W), which are detrended and then smoothed via a 11-yr running mean. Regressions are calculated for the first
ensemble member for each model; observed and simulated anomalies have been regridded to a 1.58 3 1.58 grid for precipitation and
a 58 3 2.58 grid for SST. Blue (red) shading denotes negative (positive) SST anomalies, while brown (green) shading denotes negative
(positive) precipitation anomalies. Contour interval is 0.1K and 0.02mmday21, respectively.
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Sheffield et al. (2013)

SON regressions on AMO index, 1900-1999
Obs: HadISST1.1, CRU TS3.1
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Atlantic Niño 
CMIP3 models have considerable difficulty simulating Atlantic Niño 
in their 20th century climate simulations. For many models the so-
called ‘Atl-3’ SST index (20°W to 0°W, 3°S to 3°N) displays the wrong 
seasonality, with the maximum value in either DJF or SON instead of 
JJA as is observed (Breugem et al., 2006). Despite large biases in the 
simulated climatology (Section 9.4.2.5.2), about one third of CMIP5 
models capture some aspects of Atlantic Niño variability, including 
amplitude, spatial pattern and seasonality (Richter et al., 2013). This 
represents an improvement over CMIP3.

9.5.3.4 Indo-Pacific Modes

9.5.3.4.1 El Niño-Southern Oscillation

The ENSO phenomenon is the dominant mode of climate variability on 
seasonal to interannual time scales (see Wang and Picaut (2004) and 
Chapter 14). The representation of ENSO in climate models has stead-
ily improved and now bears considerable similarity to observed ENSO 
properties (AchutaRao and Sperber, 2002; Randall et al., 2007; Guil-
yardi et al., 2009b). However, as was the case in the AR4, simulations 

Figure 9.35 |  Maximum entropy power spectra of surface air temperature averaged over the NINO3 region (5°N to 5°S, 150°W to 90°W) for (a) the CMIP5 models and (b) the 
CMIP3 models. ECMWF reanalysis in (a) refers to the European Centre for Medium Range Weather Forecasts (ECMWF) 15-year reanalysis (ERA15). The vertical lines correspond 
to periods of two and seven years. The power spectra from the reanalyses and for SST from the Hadley Centre Sea Ice and Sea Surface Temperature (HadISST) version 1.1, Hadley 
Centre/Climatic Research Unit gridded surface temperature data set 4 (HadCRU 4), ECMWF 40-year reanalysis (ERA40) and National Centers for Environmental Prediction/National 
Center for Atmospheric Research (NCEP/NCAR) data set are given by the series of black curves. (Adapted from AchutaRao and Sperber, 2006.)
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Amplitude of climate modes not always well simulated

IPCC AR5 WG1

NINO3.4 SSTA power spectra, CMIP5 historical simulations



Amplitude of climate modes not always well simulated

maximum time lag when the autocorrelation first crosses
the significance line at the 80% level (Figure 3). A close
inspection finds that the model persistence varies from 5
and up to 22 years, implying the potential for predicting
future SSTs. However, for most of models the persistence
is shorter than that of observation (the persistence of

ERSST is about 12 years). Meanwhile, the AMO persist-
ence in CMIP5 is much longer than that in CMIP3 which
shows an averaged persistence about 5 years [Medhaug and
Furevik, 2011]. Figure 4 shows the power spectrum of the
detrended annual mean AMO index. ERSST primarily has
three peaks of energy spectrum around 40 years, 25 years,

Figure 3. Autocorrelation of the AMO index in CMIP5 models (color lines) and observation (thick
black line) with lags from 0 to 35 years. The dash line indicates the 80% confidence level for the
observed AMO.

Figure 4. Power spectrum of the annual mean AMO index in CMIP5 historical simulations (color
lines) and in observation (thick black line). The time series are linear detrended but not filtered. The
dash line represents the ensemble mean of the power spectrum in all CMIP5 models. The dash gray line
denotes the 90% confidence red noise spectrum.

ZHANG AND WANG: AMO AND AMOC SIMULATIONS IN CMIP5

5776

Zhang & Wang (2013)

AMO power spectra, CMIP5 historical simulations



Amplitude of climate modes not always well simulated

Newman et al. (2016)

PDO Taylor diagram, CMIP3/CMIP5 historical simulations and CESM Large Ensemble



Newman et al. (2016)

Sources of uncertainty: structural differences among models

PDO in the CMIP5 historical runs, we fit each PDO time
series with the extended AR1 model:

PDO(n)5 rPDO(n2 1)1 aENSO1(n)

1 bENSO2(n)1 «(n) , (4)

where PDO is the PDO time series, ENSO1 and ENSO2
are the time coefficients of the leading two EOFs of
tropical Pacific (208S–208N) SSTAs, « is white noise, and
n is the time step. This model, estimated for detrended
and normalized annual mean time series averaged from

FIG. 8. The PDO over the historical record as simulated by coupled CGCMs. (a),(b) As in Fig. 1a, but showing two
selectedmembers of thehistoricalCMIP5ensemble that are (a) closest and (b) farthest from the referencepattern inFig. 2.
(c),(d) As in (a),(b), but showing two selected members of the CESM-LE that are (c) closest and (d) farthest from the
reference pattern in Fig. 2. (e) PDO time series from all ensemble members; all time series are smoothed with the Zhang
et al. (1997) filter (used in Fig. 1c). Thin gray lines represent each ensemble member, the thin black solid (dashed) line in
the CMIP5 panel represents model A (B), and the thick black line is the ensemble mean for each set of models.
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Understanding structural differences: process-level diagnostics

negative (Fig. 8c), irrespective of the sign of SST anoma-

lies, i.e. with weak nonlinearity in the Niño-3 shortwave

feedback. These two types of models are characterized by a
single atmospheric regime-like behaviour in eastern equa-

torial Pacific that is either mainly subsiding (the SUB type

corresponding to an always positive aSW, 23 models,

Fig. 8d, and Table 1) or mainly convective (the CONV

type corresponding to an always negative aSW, 12 models,

Fig. 8f). The 21 remaining models (the MIX type, Fig. 8b,
e) display a comparable behaviour to observations with a

shift from positive aSW
- (subsident condition) for negative

SSTA in Niño3 to a negative aSW
? (convective conditions)

(a)

(b)

(c)

(d)

Fig. 7 Atmosphere feedbacks
during ENSO for pre-industrial
control simulations–CMIP3
(blue) and CMIP5 (red).
a atmospheric Bjerknes
feedback, computed as the
regression of Niño 4 wind stress
over Niño3 SST
(10-3 N m-2 !C-1); b heat flux
feedback, computed as the
regression of total heat flux over
SST in Niño3 (W m-2 !C-1);
c Shortwave component of (b);
d Latent heat flux component of
(b). Reference datasets, shown
as black solid circles and
dashed lines, are ERA40 for
(a) and OAFlux for (b), (c) and
(d). See models and centres
legend in Fig. 1 and Table 1.
The CMIP3 and CMIP5 multi-
model mean are shown as
squares on the left of each panel
with the whiskers representing
the inter-model standard
deviation

2010 H. Bellenger et al.
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Major feedbacks relevant to the ENSO cycle

Bjerknes: 
sensitivity of SST 

to wind stress

Shortwave 
feedback: damping 

of SST by 
shortwave fluxes

Surf. fluxes: 
damping of SST by 

latent heat flux



Understanding internal variability: large model ensembles

CESM Last Millennium Ensemble (CESM LME): Otto-Bliesner et al. (2016)
Multiple ensembles, varying sizes: different combinations of climate forcings 850-2005

(Orbital, solar, volcanic, GHG, ozone/aerosol, land use/land cover, all of the above)

CESM Large Ensemble: Kay et al. (2016)
30+ members, 20th century: 1920-2005;  21st century: 2006-2100 (RCP8.5)

GFDL ESM2M: Rodgers et al. (2015)
30 members, 20th century: 1950-2005;  21st century: 2006-2100 (RCP8.5)

CESM Medium Ensemble: Sanderson et al. (2016)
15 members, 20th century: 1920-2005;  21st century: 2006-2100 (RCP4.5)



Internal variability affects ENSO teleconnections

NCAR Climate Variability Diagnostics Package

Composite SST/surface air temperature (colors), SLP (contours) during DJF of El Nino peak



NCAR Climate Variability Diagnostics Package

Internal variability affects AMO teleconnections

SST anomaly pattern associated with AMO: observations, CESM Large Ensemble



Newman et al. (2016)

PDO in the CMIP5 historical runs, we fit each PDO time
series with the extended AR1 model:

PDO(n)5 rPDO(n2 1)1 aENSO1(n)

1 bENSO2(n)1 «(n) , (4)

where PDO is the PDO time series, ENSO1 and ENSO2
are the time coefficients of the leading two EOFs of
tropical Pacific (208S–208N) SSTAs, « is white noise, and
n is the time step. This model, estimated for detrended
and normalized annual mean time series averaged from

FIG. 8. The PDO over the historical record as simulated by coupled CGCMs. (a),(b) As in Fig. 1a, but showing two
selectedmembers of thehistoricalCMIP5ensemble that are (a) closest and (b) farthest from the referencepattern inFig. 2.
(c),(d) As in (a),(b), but showing two selected members of the CESM-LE that are (c) closest and (d) farthest from the
reference pattern in Fig. 2. (e) PDO time series from all ensemble members; all time series are smoothed with the Zhang
et al. (1997) filter (used in Fig. 1c). Thin gray lines represent each ensemble member, the thin black solid (dashed) line in
the CMIP5 panel represents model A (B), and the thick black line is the ensemble mean for each set of models.

15 JUNE 2016 NEWMAN ET AL . 4411

PDO spatial structure in members of the CESM Large Ensemble closest to, 
farthest from observations

Internal variability affects PDO teleconnections



What portion of long-term variability in teleconnected regions is 
driven by changes to major climate modes?



Large ensemble application: multidecadal “megadrought”

200-year moving window

Megadrought persistence, risk

Risk = % years in megadrought
Climate variability: 
ENSO amplitude

Palmer Drought Severity Index (PDSI), North American Southwest: LME

1000 1200 1400 1600 1800



15-year drought 
(0.5𝛔 threshold)

 
Stratified by mode 

(above 60th/below 40th 
percentile)

Brown = higher drought risk
Green = lower drought risk

Stronger ENSO:
- Shorter drought in 

Australia, Africa, Southeast 
Asia, SW US  

- Longer drought in 
Amazon basin, Mexico

ENSO: strong influence on drought persistence

Stevenson et al. (2017), in review

Drought persistence
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FIG. 3. Effects of ENSO, the AMO, and volcanic forcing on the persistence of megadrought and megapluvial

periods in the full LME, including all full-forcing and single-forcing members, over the 850-1849 period. a):

Variance of PDSI in the LME. b)-c): Mean megadrought and megapluvial persistence across all LME simula-

tions. d)-e): Differences between megadrought/megapluvial persistences in high vs. low-ENSO epochs. f)-g):

Same as d)-e), for the AMO. h)-i): Difference in megadrought/megapluvial persistences between LME simu-

lations with and without the inclusion of volcanic forcing. Stippling indicates locations where differences are

insignificant at the 90% level, as measured using a Wilcoxon rank-sum test.
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Change in drought persistence when ENSO STRENGTHENS



21st century: drying projected for western N. America,  Amazon

Stevenson et al. (2017), in prep for Nature Climate Change
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Difference in 0-30cm soil moisture: (2006-2100) - (1920-2005), CESM Large Ensemble



Drought risk changes: function of both mean and variance shifts

Stevenson et al. (2017), in prep for Nature Climate Change

15-year drought 
(0.5𝛔 threshold)
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Conclusions

Teleconnections are influenced by internal atmospheric variability, coupled atmosphere/
ocean/land processes, and impacts from external forcings  

- Models capture ENSO teleconnections more reliably than AMO  

- Strong inter-model differences in teleconnection performance: both structural differences 
among models and internal variability are important 

- Large model ensembles can clear up differences, diagnose externally driven teleconnection 
responses

Large 20th/21st c. model ensembles, multi-centennial model simulations, and targeted 
observational improvements needed to constrain uncertainties in teleconnection estimates
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Newman et al. (2016)
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FIG. 8. The PDO over the historical record as simulated by coupled CGCMs. (a),(b) As in Fig. 1a, but showing two
selectedmembers of thehistoricalCMIP5ensemble that are (a) closest and (b) farthest from the referencepattern inFig. 2.
(c),(d) As in (a),(b), but showing two selected members of the CESM-LE that are (c) closest and (d) farthest from the
reference pattern in Fig. 2. (e) PDO time series from all ensemble members; all time series are smoothed with the Zhang
et al. (1997) filter (used in Fig. 1c). Thin gray lines represent each ensemble member, the thin black solid (dashed) line in
the CMIP5 panel represents model A (B), and the thick black line is the ensemble mean for each set of models.

15 JUNE 2016 NEWMAN ET AL . 4411
a), b): PDO spatial structure in CMIP5 models closest to, farthest from observations

c), d): Same as a), b) for members of the CESM Large Ensemble

Issue: both structural, internal differences matter to teleconnections



CESM LENS: enhanced meridional mode variability

NATURE CLIMATE CHANGE DOI: 10.1038/NCLIMATE3082 ARTICLES
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Figure 5 | Fraction of ARC SSTa driven by tropical teleconnections. a, ARC
SSTa index (red line) and reconstruction of ARC SSTa (black line) using the
tropically forced AGCM simulations (grey bars are 1 standard deviation
from the ensemble spread) (see Methods). The time series are in units of
standard deviations (std), the size of the anomalies are also reported on the
right y axis. b, Distribution of JFM SSTa for 2015 from the AGCM ensemble
members. The AGCM ensemble mean (black line) and the observed (red
line) values for JFM 2015 are shown as vertical lines.

Pacific. The skill from the AGCM is consistent with that of a
simple observationally based model that uses the OND SSTa in the
tropics to predict the following winter JFM SLPa variability in the
extratropics (R=0.60, Supplementary Fig. 4).

Climate change implications
The record-breaking character of the 2014–15 marine heatwave
raises the question whether these North Pacific Ocean extremes
might become more frequent under greenhouse forcing. According
to the hypothesis of Fig. 4, the NPO atmospheric forcing, and
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for generating multi-year anomalies in the northeast Pacific. In
2014, the NPO contributed to the extreme drought conditions
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NPO/drought variability, and the El Niño precursor dynamics, will
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14.4.3 Teleconnections

There is little improvement in the CMIP5 ensemble relative to CMIP3 
in the amplitude and spatial correlation metrics of precipitation tele-
connections in response to ENSO, in particular within regions of strong 
observed precipitation teleconnections (equatorial South America, the 
western equatorial Pacific and a southern section of North America; 
Langenbrunner and Neelin, 2013). Scenario projections in CMIP3 and 
CMIP5 showed a systematic eastward shift in both El Niño- and La 
Niña-induced teleconnection patterns over the extratropical NH 
(Meehl and Teng, 2007; Stevenson et al., 2012; Figure 14.15), which 
might be due to the eastward migration of tropical convection centres 
associated with the expansion of the warm pool in a warm climate 
(Muller and Roeckner, 2006; Müller and Roeckner, 2008; Cravatte et 
al., 2009; Kug et al., 2010), or changes in the mid-latitude mean cir-
culation (Meehl and Teng, 2007). Some models produced an intensi-
fied ENSO teleconnection pattern over the North Atlantic region in a 
warmer climate (Müller and Roeckner, 2008; Bulic et al., 2012) and a 
weakened teleconnection pattern over the North Pacific (Stevenson, 
2012). It is unclear whether the eastward shift of tropical convection is 
related to longitudinal shifts in El Niño maximum SST anomalies (see 
Supplementary Material Section 14.SM.2) or to changes in the mean 
state in the tropical Pacific. Some coupled GCMs, which do not show 
an increase in the central Pacific warming during El Nino in response 
to a warming climate, do not produce a substantial change in the lon-
gitudinal location of tropical convection (Müller and Roeckner, 2008; 
Yeh et al., 2009).

In a warmer climate, the increase in atmospheric moisture intensifies 
temporal variability of precipitation even if atmospheric circulation 
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 variability remains the same (Trenberth 2011; Section 12.4.5). This 
applies to ENSO-induced precipitation variability but the possibility of 
changes in ENSO teleconnections complicates this general conclusion, 
making it somewhat regional-dependent (Seager et al. 2012)

14.4.4 Assessment Summary 

ENSO shows considerable inter-decadal modulations in amplitude 
and spatial pattern within the instrumental record. Models without 
changes in external forcing display similar modulations, and there is 
little consensus on whether the observed changes in ENSO are due to 
external forcing or natural variability (see also Section 10.3.3 for an 
attribution discussion).

There is high confidence that ENSO will remain the dominant mode of 
interannual variability with global influences in the 21st century, and 
due to changes in moisture availability ENSO-induced rainfall variabil-
ity on regional scales will intensify. There is medium confidence that 
ENSO-induced teleconnection patterns will shift eastward over the 
North Pacific and North America. There is low confidence in changes in 
the intensity and spatial pattern of El Niño in a warmer climate.

14.5 Annular and Dipolar Modes

The North Atlantic Oscillation (NAO), the North Pacific Oscillation (NPO) 
and the Northern and Southern Annular Modes (NAM and SAM) are 
dominant modes of variability in the extratropics. These modes are the 
focus of much research attention, especially in impact studies, where 
they are often used as aggregate descriptors of past  regional  climate 

CMIP5 projections: shift in location of ENSO teleconnections

IPCC AR5 WG1

SLP composites during DJF of El Nino peak: CMIP5 historical, RCP4.5 projections
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fied ENSO teleconnection pattern over the North Atlantic region in a 
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2012). It is unclear whether the eastward shift of tropical convection is 
related to longitudinal shifts in El Niño maximum SST anomalies (see 
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an increase in the central Pacific warming during El Nino in response 
to a warming climate, do not produce a substantial change in the lon-
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applies to ENSO-induced precipitation variability but the possibility of 
changes in ENSO teleconnections complicates this general conclusion, 
making it somewhat regional-dependent (Seager et al. 2012)
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ENSO shows considerable inter-decadal modulations in amplitude 
and spatial pattern within the instrumental record. Models without 
changes in external forcing display similar modulations, and there is 
little consensus on whether the observed changes in ENSO are due to 
external forcing or natural variability (see also Section 10.3.3 for an 
attribution discussion).

There is high confidence that ENSO will remain the dominant mode of 
interannual variability with global influences in the 21st century, and 
due to changes in moisture availability ENSO-induced rainfall variabil-
ity on regional scales will intensify. There is medium confidence that 
ENSO-induced teleconnection patterns will shift eastward over the 
North Pacific and North America. There is low confidence in changes in 
the intensity and spatial pattern of El Niño in a warmer climate.
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The North Atlantic Oscillation (NAO), the North Pacific Oscillation (NPO) 
and the Northern and Southern Annular Modes (NAM and SAM) are 
dominant modes of variability in the extratropics. These modes are the 
focus of much research attention, especially in impact studies, where 
they are often used as aggregate descriptors of past  regional  climate 
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There is little improvement in the CMIP5 ensemble relative to CMIP3 
in the amplitude and spatial correlation metrics of precipitation tele-
connections in response to ENSO, in particular within regions of strong 
observed precipitation teleconnections (equatorial South America, the 
western equatorial Pacific and a southern section of North America; 
Langenbrunner and Neelin, 2013). Scenario projections in CMIP3 and 
CMIP5 showed a systematic eastward shift in both El Niño- and La 
Niña-induced teleconnection patterns over the extratropical NH 
(Meehl and Teng, 2007; Stevenson et al., 2012; Figure 14.15), which 
might be due to the eastward migration of tropical convection centres 
associated with the expansion of the warm pool in a warm climate 
(Muller and Roeckner, 2006; Müller and Roeckner, 2008; Cravatte et 
al., 2009; Kug et al., 2010), or changes in the mid-latitude mean cir-
culation (Meehl and Teng, 2007). Some models produced an intensi-
fied ENSO teleconnection pattern over the North Atlantic region in a 
warmer climate (Müller and Roeckner, 2008; Bulic et al., 2012) and a 
weakened teleconnection pattern over the North Pacific (Stevenson, 
2012). It is unclear whether the eastward shift of tropical convection is 
related to longitudinal shifts in El Niño maximum SST anomalies (see 
Supplementary Material Section 14.SM.2) or to changes in the mean 
state in the tropical Pacific. Some coupled GCMs, which do not show 
an increase in the central Pacific warming during El Nino in response 
to a warming climate, do not produce a substantial change in the lon-
gitudinal location of tropical convection (Müller and Roeckner, 2008; 
Yeh et al., 2009).

In a warmer climate, the increase in atmospheric moisture intensifies 
temporal variability of precipitation even if atmospheric circulation 
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 variability remains the same (Trenberth 2011; Section 12.4.5). This 
applies to ENSO-induced precipitation variability but the possibility of 
changes in ENSO teleconnections complicates this general conclusion, 
making it somewhat regional-dependent (Seager et al. 2012)

14.4.4 Assessment Summary 

ENSO shows considerable inter-decadal modulations in amplitude 
and spatial pattern within the instrumental record. Models without 
changes in external forcing display similar modulations, and there is 
little consensus on whether the observed changes in ENSO are due to 
external forcing or natural variability (see also Section 10.3.3 for an 
attribution discussion).

There is high confidence that ENSO will remain the dominant mode of 
interannual variability with global influences in the 21st century, and 
due to changes in moisture availability ENSO-induced rainfall variabil-
ity on regional scales will intensify. There is medium confidence that 
ENSO-induced teleconnection patterns will shift eastward over the 
North Pacific and North America. There is low confidence in changes in 
the intensity and spatial pattern of El Niño in a warmer climate.

14.5 Annular and Dipolar Modes

The North Atlantic Oscillation (NAO), the North Pacific Oscillation (NPO) 
and the Northern and Southern Annular Modes (NAM and SAM) are 
dominant modes of variability in the extratropics. These modes are the 
focus of much research attention, especially in impact studies, where 
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weakened teleconnection pattern over the North Pacific (Stevenson, 
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state in the tropical Pacific. Some coupled GCMs, which do not show 
an increase in the central Pacific warming during El Nino in response 
to a warming climate, do not produce a substantial change in the lon-
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interannual variability with global influences in the 21st century, and 
due to changes in moisture availability ENSO-induced rainfall variabil-
ity on regional scales will intensify. There is medium confidence that 
ENSO-induced teleconnection patterns will shift eastward over the 
North Pacific and North America. There is low confidence in changes in 
the intensity and spatial pattern of El Niño in a warmer climate.

14.5 Annular and Dipolar Modes

The North Atlantic Oscillation (NAO), the North Pacific Oscillation (NPO) 
and the Northern and Southern Annular Modes (NAM and SAM) are 
dominant modes of variability in the extratropics. These modes are the 
focus of much research attention, especially in impact studies, where 
they are often used as aggregate descriptors of past  regional  climate 
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Fig. 7 Composite evolution of EP El Niño events in the LME ensembles, shown using a Hovmoeller diagram of SSTA
over 2�S-2�N. Panel a) shows EP El Niños in the 850 control simulation; subsequent left-hand panels (b,d,f,h,j,l,n) show
di↵erences between the pre-industrial portions of the forced LME ensembles relative to the control, and right-hand panels
(c,e,g,i,m,o) show di↵erences between the 20th century and pre-industrial portions of individual LME ensembles. Stippling
indicates that a Wilcoxon rank-sum test at that grid point resulted in SST anomalies indistinguishable from one another
at 90% significance. Panel f) is blank since the 850 control is used as the pre-industrial portion of the O3AER ensemble.
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What new simulations and observations are needed to improve 
understanding of teleconnections in climate models?
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Table 2. Overview of DECK and CMIP6 historical simulations providing the experiment short names, the CMIP6 labels, brief experiment
descriptions, the forcing methods, as well as the start and end year and minimum number of years per experiment and its major purpose.
The DECK and CMIP6 historical simulation are used to characterize the CMIP model ensemble. Given resource limitations, these entry
card simulations for CMIP include only one ensemble member per experiment. However, we strongly encourage model groups to submit at
least three ensemble members for the CMIP historical simulation as requested in DAMIP. Large ensembles of AMIP simulations are also
encouraged. In the “forcing methods” column, “All” means “volcanic, solar, and anthropogenic forcings”. All experiments are started on
1 January and end on 31 December of the specified years.

Experiment
short name

CMIP6 label Experiment description Forcing methods Start
year

End
year

Minimum
no. years
per
simulation

Major purpose

DECK experiments

AMIP amip Observed SSTs
and SICs prescribed

All; CO2 concen-
tration prescribed

1979 2014 36 Evaluation, variability

Pre-industrial
control

piControl or
esm-piControl

Coupled atmosphere–
ocean pre-industrial
control

CO2 concentration
prescribed or
calculated

n/a n/a 500 Evaluation, unforced
variability

Abrupt
quadrupling of
CO2 concen-
tration

abrupt-4⇥CO2 CO2 abruptly quadru-
pled and then held
constant

CO2 concentration
prescribed

n/a n/a 150 Climate sensitivity,
feedback, fast responses

1 % yr�1 CO2
concentration
increase

1pctCO2 CO2 prescribed to
increase at 1 % yr�1

CO2 concentration
prescribed

n/a n/a 150 Climate sensitivity,
feedback, idealized
benchmark

CMIP6 historical simulation

Past ⇠ 1.5
centuries

historical or
esm-hist

Simulation of the
recent past

All; CO2 concen-
tration prescribed
or calculated

1850 2014 165 Evaluation

For nearly 3 decades, AMIP simulations (Gates et al.,
1999) have been routinely relied on by modelling centres
to help in the evaluation of the atmospheric component of
their models. In AMIP simulations, the SSTs and SICs are
prescribed based on observations. The idea is to analyse and
evaluate the atmospheric and land components of the climate
system when they are constrained by the observed ocean con-
ditions. These simulations can help identify which model er-
rors originate in the atmosphere, land, or their interactions,
and they have proven useful in addressing a great variety of
questions pertaining to recent climate changes. The AMIP
simulations performed as part of the DECK cover at least the
period from January 1979 to December 2014. The end date
will continue to evolve as the SSTs and SICs are updated
with new observations. Besides prescription of ocean con-
ditions in these simulations, realistic forcings are imposed
that should be identical to those applied in the CMIP histor-
ical simulations. Large ensembles of AMIP simulations are
encouraged as they can help to improve the signal-to-noise
ratio (Li et al., 2015).

The remaining three experiments in the DECK are
premised on the coupling of the atmospheric and oceanic cir-
culation. The pre-industrial control simulation (piControl or
esm-piControl) is performed under conditions chosen to be

representative of the period prior to the onset of large-scale
industrialization, with 1850 being the reference year. Histor-
ically, the industrial revolution began in the 18th century, and
in nature the climate in 1850 was not stable as it was al-
ready changing due to prior historical changes in radiative
forcings. In CMIP6, however, as in earlier CMIP phases, the
control simulation is an attempt to produce a stable quasi-
equilibrium climate state under 1850 conditions. When dis-
cussing and analysing historical and future radiative forcings,
it needs to be recognized that the radiative forcing in 1850
due to anthropogenic greenhouse gas increases alone was al-
ready around 0.25 W m�2 (Cubasch, 2013) although aerosols
might have offset that to some extent. In addition, there were
other pre-1850 secular changes, for example, in land use
(Hurtt et al., 2011), and as a result, global net annual emis-
sions of carbon from land use and land-use change already
were responsible in 1850 for about 0.6 Pg C yr�1 (Houghton,
2010). Under the assumptions of the control simulation, how-
ever, there are no secular changes in forcing, so the con-
centrations and/or sources of atmospheric constituents (e.g.
GHGs and emissions of short-lived species) as well as land
use are held fixed, as are Earth’s orbital characteristics. Be-
cause of the absence of both naturally occurring changes in
forcing (e.g. volcanoes, orbital or solar changes) and human-

Geosci. Model Dev., 9, 1937–1958, 2016 www.geosci-model-dev.net/9/1937/2016/

Simulations planned for CMIP6 (DECK)

Eyring et al. (2016)
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These GCs will be using the full spectrum of observa-
tional, modelling and analytical expertise across the WCRP,
and in terms of modelling most GCs will address their spe-
cific science questions through a hierarchy of numerical
models of different complexities. Global coupled models ob-
viously constitute an essential element of this hierarchy, and
CMIP6 experiments will play a prominent role across all
GCs by helping to answer the following three CMIP6 science
questions: How does the Earth system respond to forcing?
What are the origins and consequences of systematic model
biases? How can we assess future climate change given inter-
nal climate variability, climate predictability, and uncertain-
ties in scenarios?

These three questions will be at the centre of CMIP6. Sci-
ence topics related specifically to CMIP6 will be addressed
through a range of CMIP6-Endorsed MIPs that are organized
by the respective communities and overseen by the CMIP
Panel (Fig. 2). Through these different MIPs and their con-
nection to the GCs, the goal is to fill some of the main scien-
tific gaps of previous CMIP phases. This includes, in particu-
lar, facilitating the identification and interpretation of model
systematic errors, improving the estimate of radiative forc-
ings in past and future climate change simulations, facilitat-
ing the identification of robust climate responses to aerosol
forcing during the historical period, better accounting of the
impact of short-term forcing agents and land use on climate,
better understanding the mechanisms of decadal climate vari-
ability, along with many other issues not addressed satisfac-
torily in CMIP5 (Stouffer et al., 2015). In endorsing a num-
ber of these MIPs, the CMIP Panel acted to minimize over-
laps among the MIPs and to reduce the burden on modelling
groups, while maximizing the scientific complementarity and
synergy among the different MIPs.

4.2 The CMIP6-Endorsed MIPs

Close to 30 suggestions for CMIP6 MIPs have been re-
ceived so far, of which 21 MIPs were eventually endorsed
and invited to participate (Table 3). Of those not selected
some were asked to work with other proposed MIPs with
overlapping science goals and objectives. Of the 21 CMIP6-
Endorsed MIPs, 4 are diagnostic in nature, which means that
they define and analyse additional output, but do not require
additional experiments. In the remaining 17 MIPs, a total
of around 190 experiments have been proposed resulting in
40 000 model simulation years with around half of these in
Tier 1. The CMIP6-Endorsed MIPs show broad coverage
and distribution across the three CMIP6 science questions,
and all are linked to the WCRP Grand Science Challenges
(Fig. 3).

Each of the 21 CMIP6-Endorsed MIPs is described in a
separate invited contribution to this special issue. These con-
tributions will detail the goal of the MIP and the major scien-
tific gaps the MIP is addressing, and will specify what is new
compared to CMIP5 and previous CMIP phases. The con-

Figure 3. Contributions of CMIP6-Endorsed MIPs to the three
CMIP6 science questions and the WCRP Grand Science Chal-
lenges. A filled circle indicates highest priority and an open circle,
second highest priority. Some of the MIPs additionally contribute
with lower priority to other CMIP6 science questions or WCRP
Grand Science Challenges.

tributions will include a description of the experimental de-
sign and scientific justification of each of the experiments for
Tier 1 (and possibly beyond), and will link the experiments
and analysis to the DECK and CMIP6 historical simulations.
They will additionally include an analysis plan to fully jus-
tify the resources used to produce the various requested vari-
ables, and if the analysis plan is to compare model results to
observations, the contribution will highlight possible model
diagnostics and performance metrics specifying whether the
comparison entails any particular requirement for the simula-
tions or outputs (e.g. the use of observational simulators). In
addition, possible observations and reanalysis products for
model evaluation are discussed and the MIPs are encour-
aged to help facilitate their use by contributing them to the
obs4MIPs/ana4MIPs archives at the ESGF (see Sect. 3.3).
In some MIPs, additional forcings beyond those used in the
DECK and CMIP6 historical simulations are required, and
these are described in the respective contribution as well.

www.geosci-model-dev.net/9/1937/2016/ Geosci. Model Dev., 9, 1937–1958, 2016
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Uncertainty quantification: process-level insights
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Fig. 7 Atmosphere feedbacks
during ENSO for pre-industrial
control simulations–CMIP3
(blue) and CMIP5 (red).
a atmospheric Bjerknes
feedback, computed as the
regression of Niño 4 wind stress
over Niño3 SST
(10-3 N m-2 !C-1); b heat flux
feedback, computed as the
regression of total heat flux over
SST in Niño3 (W m-2 !C-1);
c Shortwave component of (b);
d Latent heat flux component of
(b). Reference datasets, shown
as black solid circles and
dashed lines, are ERA40 for
(a) and OAFlux for (b), (c) and
(d). See models and centres
legend in Fig. 1 and Table 1.
The CMIP3 and CMIP5 multi-
model mean are shown as
squares on the left of each panel
with the whiskers representing
the inter-model standard
deviation
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c Shortwave component of (b);
d Latent heat flux component of
(b). Reference datasets, shown
as black solid circles and
dashed lines, are ERA40 for
(a) and OAFlux for (b), (c) and
(d). See models and centres
legend in Fig. 1 and Table 1.
The CMIP3 and CMIP5 multi-
model mean are shown as
squares on the left of each panel
with the whiskers representing
the inter-model standard
deviation

2010 H. Bellenger et al.
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Major feedbacks relevant to the ENSO cycle

Bjerknes: 
sensitivity of SST 

to wind stress

Shortwave 
feedback: damping 

of SST by 
shortwave fluxes

Surf. fluxes: 
damping of SST by 

latent heat flux



Important observational target: air-sea fluxes
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Chapter 7:  Implementation and Transition 
    Triaged implementation actions 

Figure 7-4 shows schematically the major areas for change in the TMA. These are discussed in more 3705 
detail in the sub-sections below. 3706 

Figure 7-4. Schematic diagram highlighting recommended major changes to an eventual TMA. Red squares are the 
TAO/TRITON sites at full strength (in 2012). Green shading and text shows mooring enhancements, blue for where 
historical mooring sites would be supplanted by Argo profiles. The map is not intended to be precise; for example, the 
longitudes of the ITCZ and SPCZ extension locations require further study to determine. 

7.4.4.1 Denser near equatorial moorings 3707 

We recommend increasing the meridional density of enhanced fixed-point sampling spanning the 3708 
equator at several (2-4) longitudes along the cold tongue by adding well instrumented moorings, 3709 
initially at 140°W and 110°W from 2°S to 2°N at 1-degree intervals (see sections 3.1.3, 3.4, 3.3.3 and 3710 
5.9.1, Recommendation 15).  3711 

Action 5 Moorings at 1°S and 1°N at selected longitudes should be added to enhance 3712 
the resolution of near-equatorial dynamics. Enhancement of instrumentation on all 3713 
moorings from 2°S to 2°N at these longitudes should be targeted. 3714 

The cold tongue front will pass repeatedly back and forth across eastern sites, giving many samples of 3715 
its vertical structure and its (two-way) interaction with the southeasterly winds.  3716 

A similar enhancement should be considered at 165°E and 170°W. 3717 

In addition, consideration should be given to adding nearby subsurface ADCP moorings (as presently 3718 
done only at the four equatorial sites) to make velocity profiles at each of the moorings from 2°S to 3719 
2°N as part of this enhancement.  3720 

7.4.4.2 Reduce TMA presence in the trade wind regions 3721 

In the presence of Argo (and the now-recommended increased resolution; section 7.4.3), and the 3722 
ability of scatterometers and models to capture the trade winds (sections 3.1.1.2, 5.1), there is now 3723 
the possibility to reduce the TMA presence. The locations to be targeted are not the focus of any 3724 
enhancements (see section 7.4.4) and the negative impact of the observation losses is expected to be 3725 
tolerable. Freed resources can be redeployed to support other aspects of the TMA (section 7.3).  3726 

TPOS2020 First Report, Second draft (September 2016)

Off-equatorial air/sea fluxes in precursor regions



CESM: zonal SST gradient 
weakens, vertical 

stratification increases

ESM2M: zonal SST gradient 
strengthens, vertical 
stratification doesn’t 

increase as much as CESM

Stevenson et al. (2017b), in prep

Important observational target: vertical temperature structure



CESM ESM2M

Stevenson et al. (2017b), in prep

• GHG forcing: Walker weakens, stratification increases, ENSO amplitude increases somewhat28

(only detectable after 2050), CP event frequency increases29

• Aerosol/ozone forcing: largely the opposite of GHG, but CP frequency also increases30

• Other forcings very small in comparison with the other two. Volcanic forcing seems to in-31

crease the scatter in CP event frequency, orbital also detectable32

• Analyses Needed: Mean SST composites, mean vertical sections of temperature, changes to33

Walker circulation, time series of running SSTA variance, bar charts of EP vs. CP frequency34

for 850-1849/1850-2005/2005-2054/2055-210035

4. Mixed-Layer Heat Budget36

• To understand what is going on we compute the ML heat budget. This allows comparison of37

the important feedbacks between ’early’ and ’late’ periods in all simulations.38

• Analyses Needed: budget composite bar charts for 850-1849/1850-2005/2005-2054/2055-39

2100, same for composite time series during EP, CP events40
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5. Implications for Future ENSO Impacts41

• Make general statement about expected effects based on aerosol/GHG-driven changes to El42

Nino type43

4

Nonlinear zonal advection: anomalous advection of anomalous gradient 
NINO3: Eastern Pacific El Niño

Important observational target: mixed-layer eddies



Also critical: improving long-term 20th c. estimates

serial autocorrelation based on the method of Zwiers and
von Storch [1995].

3. Results

3.1. Data Coverage
[7] In order to discriminate between secular climate

change and naturally‐occurring multi‐decadal variability, it
is important to consider as long a period of record as pos-
sible. Seeking a balance between adequate data coverage
(see Figure S1 in the auxiliary material) and length of
record, we have examined SST trends using a variety of start
dates (1900, 1910 and 1920) and data sampling thresholds;
all of the results discussed below are robust to the different
choices.1 In the figures that follow, we show trend maps
based on the period 1900–2008 using a 3 month per decade
threshold; trends based on 1920–2008 using a 24 month per
decade threshold are shown in Figure S2 of the auxiliary
material. We emphasize that although our sampling crite-

rion is lenient, we rely on additional factors such as regional
coherency (note that no additional spatial smoothing has
been applied to any of the data sets) and consistency with
independently measured marine air temperatures to assess
the reality of the SST trends.

3.2. Global SST Trends
[8] The 20th century SST trend distributions from the

5 different data sets are compared in Figure 1 for the period
1900 to 2008 (2002 for Minobe/Maeda, the latest year
available), along with air temperature trends based on
HadCRUTv3 over land and MOHMAT4 over the oceans for
the period 1900 to 2005 (the latest year available). The SST
trends from the un‐interpolated HadSST2 and Minobe/
Maeda archives are similar, exhibiting positive values
everywhere except the western portion of the northern North
Atlantic. The largest warming trends (approximately 1.2–1.6°C
per century) occur directly east of the continents in the
northern hemisphere, in the Southern Ocean and the eastern
tropical Atlantic. The eastern tropical Pacific warms by
approximately 0.8–1.0°C per century, similar in magnitude
to the tropical Indian Ocean and the central tropical Atlantic.
Trends in NMAT from the un‐interpolated MOHMAT4

Figure 1. Twentieth century SST trends (°C per century) computed from monthly anomalies since 1900 for various data
sets as indicated. White grid boxes denote insufficient data, and gray boxes indicate trends that are not statistically signif-
icant at the 95% confidence level. See text for additional information.

1Auxiliary materials are available in the HTML. doi:10.1029/
2010GL043321.

DESER ET AL.: TWENTIETH CENTURY TROPICAL SST TRENDS L10701L10701
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Also critical: improving long-term 20th c. estimates



Paleoclimate: key piece of the puzzle

Cook et al. (2015)

or modern period, considerably adding to the previous report of an
MCA megadrought in southern Finland (29), and it now more com-
pletely defines the spatial pattern and extent of dryness during that time.
In contrast, the Romania and Ukraine regions of eastern Europe have
more similar patterns of dryness, and northern Fennoscandia and Russia
have more similar patterns of wetness, in all three epochs. Notably, the
overall timing of MCA dryness in north-central Europe is consistent
with that described for large areas of North America (26, 27) (see later
discussion).

A summary of the history of drought and wetness since 870 CE in
the core region of OldWorld MCA drought (Fig. 3A, yellow rectangle)
is presented in Fig. 3B.Theoverallmean±1s error is−0.44±0.04 scPDSI
units from the expected mean of zero for the 1928–1978 calibration
period, which reflects the general tendency for drier conditions in the
preindustrial past. In contrast, the most recent period (1998–2012) has
been anomalously wet (+0.97 ± 0.24). It is necessary to go back to 1721–
1739 to find a wetter period of comparable duration (+1.55 ± 0.24). As a
relative index of drought, scPDSI has a high degree of spatial compara-
bility across a broad range of precipitation climatologies (30). This allows
us to compare this drought to another reconstructed medieval mega-
drought occurring at around the same time in western North America

(26). The 1000–1200 CEmegadrought over north-central Europe has a
reconstructed mean of −0.72 ± 0.10 scPDSI units. By comparison, the
worst megadrought in the California andNevada regions of the NADA
(26) lasted from 832 to 1074 CE (−0.84 ± 0.09, calculated after adjusting
the mean of the California/Nevada series to match that of the north-
central Europe series over their 870–2005 common interval). Thus, in
terms of relative dryness as modeled by the scPDSI, this MCA mega-
drought in the OWDA is comparable to one of the more exceptional
MCA megadroughts in the NADA.

Besides theMCA, Fig. 3B also reveals the occurrence of a mid–15th-
centurymegadrought in north-central Europe. Themost intense drought
phase lasted for 37 years from 1437 to 1473CE (−1.84 ± 0.20), with only
two isolated years of positive scPDSI. The timing of thismegadrought is
similar to that of the worst drought reconstructed to have occurred over
the past 1000 years in the southeastern United States (27). This suggests
the existence of some common hydroclimate forcing across the North
Atlantic, perhaps related to Atlantic Ocean sea surface temperature
variations and/or theNorth Atlantic Oscillation (31, 32). Finally, a third
megadrought occurred from1779 to 1827 (−1.34 ± 0.16). This period has
a subperiod of “major long-duration drought” (33) from 1798 to 1808
(−1.89 ± 0.38) in England andWales identified from early instrumental
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Fig. 4. The NHDA based on the OWDA, NADA, and MADA. (A) The temperate latitude regions of drought atlases within the dashed boxes are em-
phasized for purposes of comparison because not all drought atlases have boreal (for example, MADA) or tropical (for example, OWDA) reconstructions.
(B) The original annually resolved drought reconstructions in each region were averaged from 1000 to 1989 CE, transformed into standard normal de-
viates (Z scores), and low pass–filtered to emphasize variability that was >30 years in duration. The low pass–filtered average series were renormalized
to eliminate any differential weighting by region and averaged to produce the NHDA records (not renormalized) shown in black.
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Figure 1 | ENSO reconstruction and verification. a, Spatial correlation field of tree-ring PC1 with global NDJ SSTs (ref. 11) during 1871–1992. The black
rectangle denotes the Niño3.4 region. The shaded letters denote areas where tree rings are sensitive to ENSO (Supplementary Table S2). The black dots
indicate site locations mentioned in the text. b–e, Comparison of our ENSO reconstruction (blue) with tropical records (red). b, NDJ instrumental Niño3.4
index during 1871–2005. c, Boreal winter (September–February) instrumental SOI during 1867–2005. d, Maiana coral �18O series7 during 1841–1994.
e, Palmyra coral �18O series8 for non-continuous fractions of the past seven centuries. f, The reconstructed NDJ Niño3.4 SSTs over 1301–2005. SST
anomalies (SSTAs) are relative to the mean of observed SSTs during 1971–2000. The green bold line denotes a 31-yr low-pass filter.

correlated with modern coral records in the central tropical Pacific:
r = �0.57 (P < 0.001) at Maiana Atoll7 for 1841–1994 (Fig. 1d),
and r = �0.53 (P < 0.001) at Palmyra Island8 for 1887–1998
(Fig. 1e). After adjusting relict coral U/Th dates within the analytical
error windows5, we find that significant correlations between our
reconstruction and Palmyra corals have persisted throughout the
past seven centuries (Fig. 1e). The above agreements are remarkable
in that these proxy records are completely independent, indicating
high fidelity of our reconstruction over the past seven centuries.

The reconstructed ENSO index exhibits marked variations at
interannual to interdecadal timescales over the past seven centuries
(Fig. 1f). The multi-taper method14 spectral analysis reveals that
significant ENSO periodicities fall within interannual (2–7 years)
and decadal (8–13 years) bands, respectively (Supplementary Fig.
S2a). The interannual cycles are observed for the instrumental
era, a period when the decadal cycles are less pronounced

(Supplementary Fig. S3). The time–space wavelet analysis15 shows
that the interannual variability has persisted throughout the past
seven centuries, whereas the decadal variability weakens during
most of the sixteenth and twentieth century (Supplementary Fig.
S2b).Marked decadal variability is alsowidely found in Indo-Pacific
corals in the late nineteenth century, with its spatial pattern closely
resembling that of interannual variability16. Together these results
suggest that decadal variability is a significant component of the
ENSO system and is underestimated by instrumental data. We have
investigated the relationship between the decadal variability and
sunspot number using a cross-wavelet transform (Supplementary
Methods). There is a strong spectral coherence but the phase varies
by 180� over the course of their common period (Supplementary
Fig. S4). If the 11-year solar cycle is linked to decadal ENSO
variability, then the mechanism must be able to accommodate
meandering 180� phase reversals through time, and has not yet been
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Figure 1 | ENSO reconstruction and verification. a, Spatial correlation field of tree-ring PC1 with global NDJ SSTs (ref. 11) during 1871–1992. The black
rectangle denotes the Niño3.4 region. The shaded letters denote areas where tree rings are sensitive to ENSO (Supplementary Table S2). The black dots
indicate site locations mentioned in the text. b–e, Comparison of our ENSO reconstruction (blue) with tropical records (red). b, NDJ instrumental Niño3.4
index during 1871–2005. c, Boreal winter (September–February) instrumental SOI during 1867–2005. d, Maiana coral �18O series7 during 1841–1994.
e, Palmyra coral �18O series8 for non-continuous fractions of the past seven centuries. f, The reconstructed NDJ Niño3.4 SSTs over 1301–2005. SST
anomalies (SSTAs) are relative to the mean of observed SSTs during 1971–2000. The green bold line denotes a 31-yr low-pass filter.

correlated with modern coral records in the central tropical Pacific:
r = �0.57 (P < 0.001) at Maiana Atoll7 for 1841–1994 (Fig. 1d),
and r = �0.53 (P < 0.001) at Palmyra Island8 for 1887–1998
(Fig. 1e). After adjusting relict coral U/Th dates within the analytical
error windows5, we find that significant correlations between our
reconstruction and Palmyra corals have persisted throughout the
past seven centuries (Fig. 1e). The above agreements are remarkable
in that these proxy records are completely independent, indicating
high fidelity of our reconstruction over the past seven centuries.

The reconstructed ENSO index exhibits marked variations at
interannual to interdecadal timescales over the past seven centuries
(Fig. 1f). The multi-taper method14 spectral analysis reveals that
significant ENSO periodicities fall within interannual (2–7 years)
and decadal (8–13 years) bands, respectively (Supplementary Fig.
S2a). The interannual cycles are observed for the instrumental
era, a period when the decadal cycles are less pronounced

(Supplementary Fig. S3). The time–space wavelet analysis15 shows
that the interannual variability has persisted throughout the past
seven centuries, whereas the decadal variability weakens during
most of the sixteenth and twentieth century (Supplementary Fig.
S2b).Marked decadal variability is alsowidely found in Indo-Pacific
corals in the late nineteenth century, with its spatial pattern closely
resembling that of interannual variability16. Together these results
suggest that decadal variability is a significant component of the
ENSO system and is underestimated by instrumental data. We have
investigated the relationship between the decadal variability and
sunspot number using a cross-wavelet transform (Supplementary
Methods). There is a strong spectral coherence but the phase varies
by 180� over the course of their common period (Supplementary
Fig. S4). If the 11-year solar cycle is linked to decadal ENSO
variability, then the mechanism must be able to accommodate
meandering 180� phase reversals through time, and has not yet been
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Conclusions

21st c. teleconnected responses governed by changes to modal amplitude, atmospheric 
responses to SST variability  

- Some teleconnection responses are robust across models (El Nino impacts), some may not be 

- Anthropogenic forcing is extremely complex, implemented differently across models: e.g. details 
of land-use changes, aerosol microphysics 

- CMIP6-endorsed MIPs may help clarify some issues, as may observational process studies



Discussion Questions

- Should US CLIVAR make recommendations on priorities for new model experiments/
analyses of simulations planned for CMIP6? 

- What are best practices for process-based model evaluation using observational data? 

- What are the highest priority new observations to target for improvements in simulated 
teleconnections?



15-year drought 
(0.5𝛔 threshold)

 
Stratified by mode 

(above 60th/below 40th 
percentile)

Brown = higher drought risk
Green = lower drought risk

Stronger AMO:
- Shorter drought in 

northern Amazon, parts 
of Australia 

- Longer drought in SW 
US, monsoon Asia

AMO: influence on drought persistence more moderate

Stevenson et al. (2017), in review
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Paleoclimate: key piece of the puzzle

Emile-Geay et al. (2013)

records with a 150-yr spline. This view is partially sup-
ported by the analysis of Thompson et al. (2011), who
found that up to 40% of coral d18O trends can be ex-
plained by factors other than temperature during the
instrumental period. To test the impact of the coral d18O
trends, we conducted a series of experiments using
similarly detrended coral d18O series (Fig. 10). Coral
detrending strongly affects the estimate of LIA cooling
episodes, in some cases (HadSST2i) turning the decade
surrounding A.D. 1760 into one of the warmest of the
millennium. However, LF verification scores are then
uniformly negative, casting doubt on the validity of this
choice. The effect is weaker before approximately
A.D. 1600 (when most coral series have dropped out of
the network), but does have the effect of raising Ni~no-
3.4 SST by 0.18–0.38C during the A.D. 1150–1450 pe-
riod (when Palmyra data are available). By stripping
the twentieth-century Palmyra coral of its LF content,
similar signals in the fossil Palmyra corals are also re-
moved from the reconstruction. This scenario is likely
to be an extreme one, as studies that attempt to de-
convolve the temperature versus hydrological contri-
butions to coral d18O trends through a multiproxy

approach find that there is a significant temperature
contribution to coral d18O trends [e.g., Nurhati et al.
(2011) at Palmyra and Hendy et al. (2002) for the Great
Barrier Reef].
We conclude that for a given proxy network, the

detrending choice and target dataset wield the largest
influence on the reconstructed centennial variability. A
case can be made that coral detrending jettisons key LF
information and should therefore not be done in at-
tempts to reconstruct LF variability. It is, however, dis-
concerting that the SST target used for calibration
should exert such a major control on the LF character of
the reconstruction. Complementary tests show this to be
the case whether proxy screening is applied or not: it is
mostly driven by the weight assigned to each proxy over
the calibration interval during the estimate of regres-
sion coefficients. Because it is impossible to decide
based on current evidence which SST dataset is closer to
the truth, and therefore which reconstruction to trust,
we now average the three RegEM solutions together to
obtain a millennial history of Ni~no-3.4 SST. We shall
discuss the significance of this instrumental divergence
in section 5.

FIG. 7. Most likely trajectories of Ni~no-3.4 over the past millennium. Plotted for each panel are the 20-yr low-pass-
filtered RegEM data with 95% confidence interval (red) and CPS solutions (green), the unfiltered RegEM solution
(dark gray), and the number of available proxies (light gray shaded region). Numbers in the lower right corner of each
plot are the linear correlation coefficients between 20-yr low-pass-filtered CPS and RegEM solutions. Recon-
structions are only plotted after A.D. 1150, before that CPS reconstructions are not defined.
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Forced changes to teleconnections also matter

FIG. 9. Teleconnections with ENSO in LME simulations for a) surface air temperature and b) precipitation.

c) and d) same as a) and b) for LME simulations with and without the effects of volcanism. Stippling indicates

regression differences insignificant at the 90% level, as measured using a Wilcoxon rank-sum test.

738

739

740

43

Stevenson et al. (2017), in review



Megadrought

Volcanic Aerosol 
Forcing

Precipitation, land temperature changes

Changes in tropical Pacific m
ean state

La
nd

 su
rfa

ce
 co

oli
ng

Ae
ro

so
l-d

riv
en

 
ci

rc
ul

at
io

n 
ch

an
ge

s

ENSO,  
AMO

Circulation shifts

Regional 
Hydroclimate 

Variations

Megapluvial

W
ea

ke
r E

NSO
 co

up
lin

gAM
O excitation

FIG. 12. Schematic illustrating the interaction between atmosphere/ocean modes of variability, volcanic forc-

ing, and mega-events.

744

745

46

Stevenson et al. (2017), in review


