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Abstract Decadal variability in the climate system from

the Atlantic Multidecadal Oscillation (AMO) is one of the

major sources of variability at this temporal scale that

climate models must properly incorporate because of its

climate impact. The current analysis of historical simula-

tions of the twentieth century climate from models par-

ticipating in the CMIP3 and CMIP5 projects assesses how

these models portray the observed spatiotemporal features

of the sea surface temperature (SST) and precipitation

anomalies associated with the AMO. A short sample of the

models is analyzed in detail by using all ensembles avail-

able of the models CCSM3, GFDL-CM2.1, UKMO-Had-

CM3, and ECHAM5/MPI-OM from the CMIP3 project,

and the models CCSM4, GFDL-CM3, UKMO-HadGEM2-

ES, and MPI-ESM-LR from the CMIP5 project. The

structure and evolution of the SST anomalies of the AMO

have not progressed consistently from the CMIP3 to the

CMIP5 models. While the characteristic period of the

AMO (smoothed with a binomial filter applied fifty times)

is underestimated by the three of the models, the e-folding

time of the autocorrelations shows that all models under-

estimate the 44-year value from observations by almost

50 %. Variability of the AMO in the 10–20/70–80 year

ranges is overestimated/underestimated in the models and

the variability in the 10–20 year range increases in three of

the models from the CMIP3 to the CMIP5 versions. Spatial

variability and correlation of the AMO regressed precipi-

tation and SST anomalies in summer and fall indicate that

models are not up to the task of simulating the AMO

impact on the hydroclimate over the neighboring conti-

nents. This is in spite of the fact that the spatial variability

and correlations in the SST anomalies improve from

CMIP3 to CMIP5 versions in two of the models. However,

a multi-model mean from a sample of 14 models whose

first ensemble was analyzed indicated there were no

improvements in the structure of the SST anomalies of the

AMO or associated regional precipitation anomalies in

summer and fall from CMIP3 to CMIP5 projects.
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1 Introduction

Decadal climate prediction has taken a prominent role for

the first time in the experiments of the Coupled Model

Intercomparison Project Phase 5 (CMIP5; Taylor et al.

2011). The need for useful decadal predictions has been

made not only from scientific papers (e.g., Meehl et al.

2009; Hurrell et al. 2010), but also from the impact of

climate-related events like the current melting of the

Greenland glaciers, the ongoing drought in northern Mex-

ico and central US, as well as past decade-long droughts

over the same region in the recent twentieth century and

over western Africa. Properties of the components of the

climate system determine the time scales of the variations

within the system: days to weeks for the atmosphere, weeks

to years for the biosphere, months to decades for the ice,

and months to decades to centuries for the oceans. Thus,

perturbations to the slower climate system components can

produce climate variability at these long timescales.

Therefore, if one aspires to have reliable decadal
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predictions, climate models have to properly incorporate

the processes that give rise to decadal variability in specific

components of the climate system, in addition to the

mechanisms through which these processes impact the

surface climate affecting human societies.

Phenomena with defined decadal variability that climate

models must properly include are the Pacific Decadal

Oscillation (PDO, Mantua et al. 1997) and the Atlantic

Multidecadal Oscillation (AMO, Enfield et al. 2001; Guan

and Nigam 2009). However, it is not always clear what

drives a given phenomenon, as it is the case of the AMO.

One of the most accepted theories relates the Atlantic sea

surface temperature (SST) fluctuations to variations in the

Atlantic Meridional Overturning Circulation (Latif et al.

2004; Medhaug and Furevik 2011; Zhang et al. 2013), but

one of the newest and most controversial relates the SST

variations to fluctuations in atmospheric concentrations of

anthropogenic and natural aerosols (Evan et al. 2009;

Booth et al. 2012). Decadal control of hydroclimate from

the AMO over North America and Africa is one of the

main reasons to worry about having this phenomenon

properly incorporated in climate models. Multi-year,

summer and fall droughts over North America and Africa

have been observationally linked to decadal SST variability

in the Atlantic (e.g., Enfield et al. 2001; Ruiz-Barradas and

Nigam 2005; Wang et al. 2006; Zhang and Delworth 2006;

McCabe et al. 2008; Shanahan et al. 2009; Kushnir 2010;

Nigam et al. 2011).

The focus of the paper is not to unveil the nature of the

AMO or assess its predictability but to provide a comparison

of the capabilities of the current state-of-the-art models in

simulating the AMO. In other words, the main goal of this

paper is to assess the way models from the CMIP3 and

CMIP5 projects depict the AMO in the twentieth century

climate, an important component of decadal variability on

the climate system, and a key element for decadal prediction.

This evaluation will provide elements to find out if AMO-

like decadal variability, of great importance for hydroclimate

variability over North America and Africa, has improved in

the latest CMIP5 models over those from the CMIP3 project.

A detailed analysis of the spatiotemporal features of the

AMO in the atmosphere and ocean, and its hydroclimate

impact over North America, in CMIP5 models has already

been carried out (Kavvada et al. 2013), so the focus here will

be on the model inter-comparison and assessment against

observations.

The paper is divided as follows. Section 2 gives infor-

mation on the models, simulations and observations used as

well as the methods employed in the assessment. Section 3

assesses the spatiotemporal features of the AMO-related

SST anomalies. Section 4 evaluates temporal variability

and correlation of the AMO indices, and spatial variability

and correlation of AMO-related precipitation and SST

anomalies in summer and fall. Finally Sect. 5 gives some

concluding remarks.

2 Data sets

The present analysis uses SSTs and precipitation from

observations and simulations of the twentieth century cli-

mate from models participating in CMIP3 and CMIP5

projects for the Intergovernmental Panel on Climate

Change (IPCC). Observed SST data comes from the UK.

Met office’s Hadley Centre Sea Ice and Sea Surface

Temperature dataset, version 1.1 (HadISST 1.1, Rayner

et al. 2003). On the other hand observed precipitation is

obtained from the University of East Anglia Climate

Research Unit high resolution gridded data analysis of

station data, version 3.1 (CRUTS3.1; Mitchell and Jones

2005). While the main analysis is carried on with a selected

set of models, a complementary analysis is done with an

extended set of models. The models used in the main

analysis come from leading international climate research

centers from the US, NCAR and NOAA’s GFDL, the UK.

Met Office Hadley Centre, and the German Max Plank

Institute for Meteorology (MPI-M). On the other hand, the

larger set of models used in the complementary analysis are

models that participated in the CMIP3 project and were

also used in an updated version in the CMIP5 project. The

historical simulations analyzed are run by imposing

changing conditions, consistent with observations, which

may have included: atmospheric composition, due to both

anthropogenic and volcanic influences, solar forcing,

emissions or concentrations of short-lived species and

natural and anthropogenic aerosols as well as land use.

2.1 CMIP3 models

The CMIP3 models analyzed include: (1) version 3 of

NCAR’s Community Climate System Model CCSM3

(Collins et al. 2006, and additional references in the CCSM

special issue in the Journal of Climate), (2) version 2.1 of

NOAA’s GFDL Coupled Climate Model GFDL-CM2.1

(Delworth et al. 2006), (3) version 3 of UK. Meteorological

Office and Hadley Centre Coupled Climate Model UKMO-

HadCM3 (Gordon et al. 2000; Pope et al. 2000), and (4)

Germany’s version 5 of European Centre Hamburg Model/

MPI-M’s Ocean Model ECHAM5/MPI-OM (Roeckner

et al. Roeckner et al. 2003; Marsland et al. 2003). The

twentieth century climate simulations started from the late

nineteenth century and went through 1999 or 2000 with no

apparent standardization of the time series of atmospheric

composition greenhouse gases and atmospheric aerosols.

The CMIP3 models used in the complementary analysis are

listed in Table 1.
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2.2 CMIP5 models

The CMIP5 models analyzed include: (1) version 4 of

NCAR’s Community Climate System Model CCSM4

(Gent et al. 2011), (2) version 3 of NOAA’s GFDL Cou-

pled Climate Model GFDL-CM3 (Donner et al. 2011;

Griffies 2011), (3) UKMO Hadley Centre Global Envi-

ronment Model version 2, I nits earth system configuration,

UKM-HadGEM2-ES (Collins et al. 2008), and (4) Ger-

many’s version 6 of European Centre Hamburg Model/

MPI-M’s Earth System Model, low resolution version,

ECHAM6/MPI-ESM-LR (Raddatz et al. 2007; Marsland

et al. 2003). The historical twentieth century climate sim-

ulations started from the mid nineteenth century and fin-

ished in 2005, but unlike the CMIP3 simulations, the

forcing was standardized for all models. Note that the

CMIP5 versions of the models from NCAR and GFDL are

updated versions of the CMIP3 models, but the CMIP5

versions of the models from UKMO and MPI are Earth

System models. The CMIP5 models used in the comple-

mentary analysis are listed in Table 1.

2.3 Methods

The current analysis is based on seasonal data. Seasons are

defined in terms of their boreal hemisphere 3-month

means: winter, December–February; spring, March–May;

summer, June–August; and fall, September–November.

Seasonal anomalies were created by extracting the long-

term mean (1900–1999). AMO indices were generated by

taking the spatial average of SST anomalies in the Atlantic

domain (5–75�W and 0–60�N), and then linearly detrended

by using the least squares method; the index is then

smoothed by applying a (1-2-1) binomial filter 50 times

which preserves the decadal-to-interdecadal variability.

Smoothed versions of the AMO index are generated for

Table 1 Models used in the complementary analysis from CMIP3 and CMIP5 projects (Fig. 6)

CMIP3 model CMIP5 model Model # used

in (Fig. 6 d, e)

Institution

– BCC-CSM1.1 1 Beijing Climate Center, China Meteorological

Administration, China

CGCM3.1 CanESM2 2 Canadian Center for Climate Modeling

and Analysis, Canada

CCSM3 CCSM4 3 National Center for Atmospheric Research, USA

CNRM-CM53 CNRM-CM5.1 4 National Centre for Meteorological Research, France

CSIRO-MK3.5 CSIRO-MK3.6 5 Commonwealth Scientific and Industrial Research

Organization/Queensland Climate Change

Centre of Excellence, AUS

GFDL-CM2.1 GFDL-CM3 6 NOAA Geophysical Fluid Dynamics Laboratory, USA

– GFDL-ESM2G/M 7 NOAA Geophysical Fluid Dynamics Laboratory, USA

GISS-ER GISS-E2-H/R 8 NASA Goddard Institute for Space Studies, USA

UKMO-HadCM3 UKMO-HadCM3 9 Met Office Hadley Centre, UK

CMIP3 model CMIP5 model Model # used

in (Fig. 6d, e)

Institution

UKMO-HadGEM1 UKMO-HadGEM2-ES 10 Met Office Hadley Centre, UK

INMCM3 INMCM4 11 Institute for Numerical Mathematics, Russia

IPSL-CM4 IPSL-CM5A-LR 12 Institute Pierre Simon Laplace, France

MIROC3.2 MIROC5 13 Japan Agency for Marine-Earth Science and

Technology, Atmosphere and Ocean Research Institute

(The University of Tokyo), and National

Institute for Environmental Studies

– MIROC-ESM 14 Japan Agency for Marine-Earth Science and

Technology, Atmosphere and Ocean Research

Institute (The University of Tokyo), and

National Institute for Environmental Studies

ECHAM5/MPI-OM MPI-ESM-LR 15 Max Planck Institute for Meteorology, Germany

MRI-CGCM2 MRI-CGCM3 16 Meteorological Research Institute, Japan

BCCR-BCM2 NorESM1-M 17 CMIP3: Bjerknes Centre for Climate Research,

Norway CMIP5: Norwegian Climate Center, Norway
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observations and each ensemble member available for the

models. Lead/lag regression and correlation analyses are

then used to investigate the spatial and temporal structures

associated with the smoothed AMO in observations and

model simulations of the twentieth century climate. Model

results are presented as the mean of the all-season regres-

sions/correlations of the different ensemble members in

each model, and are compared against all-season regres-

sions/correlations from observations in Sect. 3 and the first

part of Sect. 4, while summer and fall regressions/corre-

lations are used in the second part of Sect. 4. The number

of ensembles used in each of the CMIP3 and CMIP5

models is: 8 for CCSM3 and 6 for CCSM4, 3 for GFDL-

CM2.1 and 5 for GFDL-CM3, 2 and 4 for UKMO-Had-

GEM2-ES, and 4 for ECHAM5/MPI-OM and 3 for

ECHAM5/MPI-ESM-LR. The complementary analysis

with the extended set of models relies on the first ensemble

member only of the historical simulations.

3 Features of the Atlantic Multidecadal Oscillation

3.1 Structure

The warm phase of the mature AMO is characterized by

maximum SST anomalies in the north Atlantic, to the south

of Greenland and to the east of Newfoundland, and a

secondary maximum on the northern tropical Atlantic in

front of the Western African coasts; the secondary maxi-

mum is enclosed for a subtropical/tropical extension of the

anomalies over the north Atlantic (Fig. 1a) that reaches the

Caribbean Sea and leaves under normal conditions the Gulf

of Mexico and western Sargasso Sea. The focus of the SST

anomalies on the region of the sub-polar gyre, where major

water masses pass from/to higher latitudes, suggests these

anomalies may be more than the response to atmospheric

conditions and be linked to subsurface ocean processes

involving heat content and salinity anomalies as well

(Kavvada et al. 2013). Thus, a reasonable depiction of the

observed structure of the AMO by the models may suggest

that the underlying processes that generate the AMO are

reasonably incorporated.

Analysis of the structure of the AMO-related SST

anomalies in the twentieth century climate simulations

from the CMIP3 models (Fig. 1b, d, f, h) emphasizes that

the region with the largest anomalies are in the Labrador

Sea. This region, that is to the northwest of the region of

maximum anomalies in observations, has maximum SST

anomalies in all models, however, the maximum has an

eastward extension in CCSM3 that is placed to the south of

Iceland over the northern half of the sub-polar North

Atlantic; in any case, the models are misplacing the max-

imum SST anomalies found in observations. Only CCSM3

depicts negative anomalies in front of Newfoundland over

the region of the Grand Banks which are not present in

observations. It is also noted that models tend to put SST

anomalies to the north of Iceland, which are not present in

observations.1 The secondary maximum of SST anomalies

in the northern tropical Atlantic found in observations is

absent from the model simulations, however, the models

produce the subtropical/tropical extension of the northern

anomalies with a varied degree of success. While the

southward extension in CCSM3 and GFDL-CM2.1 models

barely reaches the 20�N line, it reaches the deep tropics and

Caribbean Sea as in observations in UKMO-HadCM3 and

ECHAM5/MPI-OM models. It is interesting to note that

while the tropical Pacific has climatological conditions (or

close to zero anomalies) associated to the AMO in obser-

vations, SST anomalies over that region from the model

simulations are extensive.

The Labrador Sea focus in the structure of the AMO-

related SST anomalies seen in CMIP3 models is reduced in

CMIP5 models (Fig. 1c, e, g, i); this is more evident in

CCSM4. Models also tend to place the maximum SST

anomalies farther to the east than observed; these anoma-

lies are in the range of the observed anomalies. Except for

the GFDL-CM3 model, all the other models show negative

anomalies in front of Newfoundland over the region of the

Grand Banks which are no existent in observations. The

anomalies to the north of Iceland have also been reduced in

the CMIP5 models, except by the CCSM4 model which

present the largest anomalies over the Greenland Sea. The

structure of the northern tropical Atlantic anomalies still

have marked deficiencies; while CCSM4 has no tropical

component at all, and ECHM6/MPI-ESM-LR has reduced

its extension, GFDL-CM3 has extended it into the deep

tropical Atlantic, and UKMO-HadGEM2-ES has increased

its magnitude as in observations. The fictitious tropical

Pacific signature of the AMO in the models has increased

in GFDL-CM3 and CCSM4, but it is reduced in the other

two models. From these models, UKMO-HadGEM2-ES

seems to be in better accord with observations, while

CCSM4 is the one with the most obvious deficiencies.

3.2 Characteristic period

The period of the AMO indices can be obtained via their

autocorrelation functions (Fig. 2). The crossing of the

observation-based AMO autocorrelation (thick black line)

with the zero line shows a dominant period of approxi-

mately 56 years (the intersection point allows for an esti-

mate of the time series’ half-period). The continuous

1 The region is data-sparse but not data-void, and the quality of the

data when compared with in situ data is reasonable according to an

analysis made by Hughes et al. (2009).
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(a)

(b) (c)

(d) (e)

(f) (g)

(h) (i)

Fig. 1 All-season regressions of smoothed AMO indices on corre-

sponding SST anomalies in observations (top), CMIP3 (left panels)

and CMIP5 (right panels) climate simulations for the period

1900–1999. a Observed regressed anomalies from HadISST; mean

regressed anomalies from CMIP3 simulations from b CCSM3,

d GFDL-CM2.1, f UKMO-HadCM3, and h ECHAM5/MPI-OM

models; mean regressed anomalies from CMIP5 simulations from

c CCSM4, e GFDL-CM3, g UKMO-HadGEM2-ES, and i ECHAM6/

MPI-ESM-LR models. Regressions from model simulations were

calculated for all the ensembles available for a given model, then the

mean regression was calculated; the number in parenthesis denotes

the number of ensembles used from each model to generate the mean

regressed anomalies. Yellow-to-red/blue shading denotes positive/

negative SST anomalies plotted with a 0.1 K contour interval
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colored lines representing the mean autocorrelation for

each of the CMIP5 models (Fig. 2a) display a general

underestimation of the AMO period: 40 years in

ECHAM6/MPI-ESM-LR, 44 years in GFDL-CM3, and

52 years in CCSM4; however the period is 68 years in

UKMO-HadGEM2-ES. It is interesting to point out that if

the temporal comparison is done using the time needed for

the autocorrelation to decay to 1/e of its value models are

farther apart from observations: while observations indi-

cate a 44 year de-correlation period, models are grouped

together around the 16–24 years range! Note that these

estimations of the time scale of the smoothed AMO tend to

be shorter than others using heavier filters that maximize

the low frequency modulation of the decadal pulses (e.g.

Enfield et al. 2001; Ting et al. 2011).

Comparison of the AMO autocorrelations from CMIP5

models with the corresponding from the CMIP3 models

does not show a marked difference between the associated

periods of the AMO (Fig. 2b–e), except in the case of the

UKMO models whose period went from a 16 year period

in the CMIP3 model to a 68 year period in the CMIP5

model. De-correlation times decreased in the CMIP5 ver-

sions of the NCAR, GFDL and MPI models, while it

increased in the UKMO models.

The integrated view of the autocorrelation of the

smoothed AMO indices can be expanded via the spectral

analysis of the time series (Fig. 3) to provide a deeper

insight into what may be behind the variability in obser-

vations and models. It is clear that both sets of CMIP3 and

CMIP5 models underestimate low frequency variability in

the 70–80 and 30–40 year ranges while overestimate var-

iability in the 10-20 year range. Variability in the

10–20 year range has increased, and exceeded that vari-

ability from observations, in GFDL, UKMO and MPI

CMIP5 models with respect to the CMIP3 models, but not

in the NCAR models. Conversely, variability in the

70–80 years range has increased, but it is still under that

variability from observations in GFDL, UKMO and MPI

CMIP5 models with respect to the CMIP3 models, but

decreased significatively in the NCAR models.

3.3 Evolution

A more complete view of the surface features of the AMO

is reached by displaying the evolution of the SST anoma-

lies around the mature stage via all-season lead/lag

regressions (Fig. 4). During the warm phase of the AMO

positive SST anomalies emerge from the Davis Strait and

Labrador Sea in observations (Fig. 4a) and follow a

southeastward propagation in the higher mid-latitudes and

a subsequent southwestward displacement toward the

lower latitudes which track the east branch of the sub-

tropical gyre as time progresses until they reach maximum

amplitude and extension in the mature state; the subtropical

anomalies are weaker than those in the mid-latitudes, with

a local maximum developing off the western Africa coasts.

Anomalies gradually decrease in magnitude, with the sig-

nal first dissipating over the tropical latitudes and subse-

quently further to the north.

The structure and evolution around the mature stage of

the SST anomalies associated with the warm phase of the

AMO in the models have only a general agreement with

observations and have marked differences between the

CMIP3 and CMIP5 versions. All modeled SST anomalies

associated with the AMO reach maximum values and

extension at the mature phase, as in observations, without

consideration of the type of model. However the magnitude

of the anomalies and structure in general do not match

those from observations. The CMIP5 version of the NCAR

model, CCSM4, changed dramatically the magnitude and

structure of the SST anomalies displayed by the CMIP3

version of the model, CCSM3 (Fig. 4b, c): while CCSM3

has a similar propagation to the one in observations orig-

inating over the Labrador Sea and anomalies reach a

maximum extension on the northern tropical Atlantic, the

anomalies from CCSM4 seem to originate over the

Greenland Sea and never reach tropical latitudes. The

CMIP5 version of the GFDL model, GFDL-CM3, also

exhibits notable changes of the AMO-related SST anom-

alies when compared with the corresponding from its

CMIP3 version, GFDL-CM2.1 (Fig. 4d, e): while GFDL-

CM2.1 has little propagation of the anomalies over the

Labrador Sea and anomalies reach tropical latitudes in the

mature stage, the anomalies from GFDL-CM3 are smaller,

propagate more actively in the mid-latitudes, and reach

tropical latitudes 2 years before and after the mature stage

Fig. 2 Autocorrelations of the smoothed AMO indices from obser-

vations and CMIP3 (dashed lines) and CIMP5 (continuous lines)

climate simulations for the period 1900–1999. Autocorrelations from

observations come from HadISST (black), mean autocorrelations

from CMIP5 simulations come from CCSM4 (continuous red),

GFDL-CM3 (continuous green), UKMO-HadCM3 (continuous blue),

and ECHAM6/MPI-ESM-LR (continuous violet) models, while mean

autocorrelations from CMIP3 simulations come from CCSM3

(dashed red), GFDL-CM2.1 (dashed green), UKMO-HadCM3

(dashed blue), and ECHAM5/MPI-OM (dashed violet) models.

a Autocorrelations from observations and CMIP5 simulations, mean

autocorrelations from b CCSM4 and CCSM3 simulations, c GFDL-

CM3 and GFDL-CM2.1 simulations, d UKMO-HadCM3 and

UKMO-HadGEM2-ES simulations, and e ECHAM5/MPI-OM and

ECHAM6/MPI-ESM-LR simulations. Autocorrelations from AMO

indices from model simulations were calculated for all the ensembles

available for a given model, then the mean autocorrelation and the

standard deviation among the ensembles were calculated; the number
in parenthesis denotes the number of ensembles used from each

model to generate the mean autocorrelation, while the error bars
represent the standard deviation. The thin gray line represents the 1/e

value used to visually estimate the e-folding time of the correlations.

The x-axis is given in years

c
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similarly to observations, but their structures have some

differences, including anomalies over the eastern tropical

Pacific and negative anomalies over the Labrador Sea 2 and

4 years after the mature state which are not seen in

observations. The CMIP5 version of the UKMO model,

UKMO-HadGEM2-ES, similarly to the GFDL model, also

has some changes on the SST anomalies when compared

with those from its CMIP3 version, UKMO-HadCM3

(Fig. 4f, g): while UKMO-HadCM3 has anomalies with

little change over the Labrador Sea, with anomalies that

reach the tropical latitudes in the mature state and linger

just off the African coasts 2 years after it, the anomalies

from the UKMO-HadGEM2-ES are smaller, and propagate

in the mid-latitudes and reach the tropical latitudes 2 years

before and after the mature stage as in observations;

UKMO-HadGEM2-ES is the only model that reproduces

the magnitude of the observed AMO-related anomalies in

the tropical North Atlantic as well as their structure in the

mature stage and 2 years before and after it, although

negative anomalies are evident over the Greenland Sea

which are not displayed in observations. The CMIP5 ver-

sion of the MPI model, MPI-ESM-LR, is not the exception

and also has changes when the AMO-related anomalies are

compared with those from the CMIP3 version, ECHAM5/

MPI-OM (Fig. 4h, i): while ECHAM5/MPI-OM has the

largest anomalies over the Greenland Sea and anomalies

reach the tropical latitudes only in the mature stage, the

MPI-ESM-LR reduces the anomalies over the Greenland

Sea, increases the anomalies in the mid-latitudes but

reduces the extension of the tropical anomalies in the

mature state.

4 Assessment

An objective way to compare the temporal and spatial

features of the smoothed AMO indices and regressed pre-

cipitation and SST anomalies can be achieved by the use of

Taylor diagrams (Fig. 5). Comparison of the temporal

features of the AMO indices (Fig. 5a) indicates the

majority of the models have poor correlation with obser-

vations and under-estimate the observed variability, except

for the GFDL and the UKMO-HadGEM2-ES models.

While the CMIP5 version of the GFDL model improves the

Fig. 3 Histogram of mean spectral analysis peaks from spectral

analyses of smoothed AMO indices for the period 1900–1999. The y-

axis denotes the sum of relative variance in the following ranges

2.5–10 years, 11–20 years, 21–30 years, 31–40 years, and

71–80 years. Spectral peaks from the AMO index from observations

are shown with the gray bars; the corresponding peaks for the CMIP5

models are shown by the symbols in blue, and those for the CMIP3

models are in red; see legend to identify particular models. The

number in parenthesis denotes the number of ensembles used for each

model. Spectral analyses were calculated for each ensemble member,

and then a mean spectrum was obtained by averaging the spectrum of

the ensembles for each model
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

Fig. 4 Lead/lag regressions of the all-season smoothed AMO indices

on SST anomalies from observations and CMIP3 and CMIP5 climate

model simulations for the period 1900–1999. The first two columns
display regressions 4 and 2 years in advance of the mature phase of

the AMO (t-4 years and t-2 years respectively), the center column
displays the mature phase (t), and the last two columns display

regressions 2 and 4 years after the mature phase of the AMO

(t_2 years and t ? 4 years). Regressed anomalies from a HadISST

observations, b CMIP3’s CCSM3, c CMIP5’s CCSM4, d CMIP3’s

GFDL-CM2.1, e CMIP5’s GFDL-CM3, f CMIP3’s UKMO-HadCM3,

g CMIP5’s UKMO-HadGEM2-ES, h CMIP3’s ECHAM5/MPI-OM,

and i CMIP5’s MPI-ESM-LR simulations. Regressions from model

simulations were calculated for all the ensembles available for a given

model, then the mean regression was calculated; the number in
parenthesis denotes the number of ensembles used from each model

to generate the mean regressed anomalies. Yellow-to-red/blue shading
denotes positive/negative SST anomalies plotted with a 0.1 K contour

interval
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variability of the smoothed AMO index from the CMIP3

version, it slightly decreases the correlation with the

observed index; on the other hand, the CMIP5 version of

the UKMO model greatly improves the variability as well

as the correlation with the observed index.

Comparison of the spatial variability from the regressed

precipitation and SST anomalies on the smoothed AMO

indices is carried on summer and fall, the seasons when the

AMO impacts the most the regional hydroclimate. It is clear

that the models are not up to the task of simulating the impact

of the regional hydroclimate yet (Fig. 5b, c): the spatial

variability of the precipitation anomalies is under-estimated,

and the spatial correlations with observations are under 0.3

over the North American domain in either season. On the

other hand, the spatial variability and spatial correlations in

the SST anomalies improve from CMIP3 to CMIP5 versions

of the MPI and UKMO models, being the most successful the

UKMO-HadGEM2-ES model in both seasons; the most

dramatic degeneration, is in the NCAR models.

While the previous analysis uses the ensembles avail-

able of four models, the ensuing comparison uses the first

ensemble of a larger sample of CMIP3 and CMIP5 models.

Smoothed indices for the AMO were created for each of

the models and regressed on SST and precipitation in

summer and fall. Regressions from observations, multi-

model means and their differences with observations are

shown in Fig. 6a–c. Observations indicate that SST

anomalies increase in the midlatitudes from summer to fall

but decrease in extension in the northern tropical Atlantic.

Concomitant to the seasonal evolution of oceanic anoma-

lies is the deficit in precipitation over North America in

summer, which expands and intensifies from northern

Mexico to the US in fall; on the other hand, western Africa

experiences wet conditions in both seasons. Both CMIP3

and CMIP5 multi-model means do not simulate the inten-

sification of SST anomalies over the Mid Atlantic from

summer to fall, and are colder than observations indicate,

especially in fall. The associated impact on the regional

precipitation anomalies in the multi-model means show

increased precipitation in summer and a very weak deficit

in precipitation in fall over North America. In short, the

multi-model means show wetter North America and drier

western Africa than observations in summer and fall.

Spatial correlations of the observed and simulated

anomalies do not indicate an improvement of the CMIP5

versus CMIP3 models (Fig. 6d, e). While there are some

CMIP5 models that perform better than their CMIP3

comparison models (refer to Table 1 to identify the mod-

els), their multi-model means have smaller spatial corre-

lations with observations than those from the CMIP3 multi-

model means: 0.43/0.58 for SST anomalies (over the oce-

anic domain displayed in the Fig. 6) from CMIP5/CMIP3

multi-model mean in summer, and 0.38/0.58 in fall; 0.13/

0.14 and 0.06/0.25 for precipitation anomalies (over the

continental domain to the west of 60�W shown in Fig. 6)

from CMIP5/CMIP3 in summer and fall respectively.

It is worth to point out that in the context of North

America hydroclimate, particularly over the central US,

models are unable to properly simulate the impact of the

AMO in summer and fall. This is in spite of having the

broad oceanic features of the AMO, better in CMIP3 than

in CMIP5 multi-model means. Independently of the ver-

sion, this problem seems to be related to the inability of the

models to modify the regional low level circulation that

modulates the moisture fluxes affecting the region (Kav-

vada et al. 2013; Sheffield et al. 2013).

5 Concluding remarks

Decadal variability in the climate system from the AMO is

one of the major sources of variability at this temporal

scale that climate models must aim to properly incorporate

because its surface climate impact on the neighboring

continents. This issue has particular relevance for the

current effort on decadal climate prediction experiments

been analyzed for the IPCC in preparation for the fifth

assessment report. The current analysis does not pretend to

investigate into the mechanisms behind the generation of

the AMO in model simulations, but to provide evidence of

improvements, or lack of them, in the portrayal of spatio-

temporal features of the AMO from the previous to the

currents models participating in the IPCC. If climate

models do not incorporate the mechanisms associated to

the generation of the AMO (or any other source of decadal

variability like the PDO) and in turn incorporate or enhance

variability at other frequencies, then the models ability to

simulate and predict at decadal time scales will be com-

promised and so the way they transmit this variability to

the surface climate affecting human societies.

The current analysis of historical simulations of the

twentieth century climate from state-of-the-art climate

models from the CMIP5 and CMIP3 projects assesses how

these models portray the structure of the evolving SST

anomalies associated with the AMO and its variability. In

addition, spatial variability of SST and precipitation

anomalies associated with the AMO is evaluated for

summer and fall. Comparisons with observations help to

establish if the CMIP5 models are improving over their

previous CMIP3 versions.

The mature stage of the warm phase of the AMO has

evolved from the CMIP3 to the CMIP5 version but it has

not progressed consistently through the models. Observa-

tions show that the AMO has a maximum of SST anom-

alies to the south of Greenland and a secondary maximum

in the northern tropical Atlantic. The renditions of the
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AMO from CMIP3 models have maximum SST anomalies

over the Labrador Sea with a secondary maximum to the

east of Greenland and weak anomalies over the tropics.

The CMIP5 versions of the models in general reduce the

double maximum of SST anomalies over the mid-latitudes

of the Atlantic to a one maximum southeastward of

Greenland and varied representations of the maximum in

the tropics: while CCSM4 has no extension over the

tropical Atlantic, and GFDL-CM3 highlights more the

eastern tropical Pacific than the tropical Atlantic, UKMO-

HadGEM2-ES portrays the best the AMO structure, fol-

lowed by the MPI-ESM-LR.

(a)

(b) (c)

(d) (e)

Fig. 5 Taylor diagrams of smoothed AMO indices and their regres-

sions from observations and CMIP3 and CMIP5 climate model

simulations for the period 1901–1999. a Diagram for temporal

features of the all-season smoothed AMO indices; standard deviations

have been normalized with respect to the observed standard deviation

of 0.17 K. b and c diagrams for spatial features of regressed

continental precipitation anomalies over the (130–60�W, 0–60�N)

domain in summer and fall respectively; spatial standard deviations

have been normalized with respect to the observed standard

deviations in summer, 0.16 mm day-1, and fall, 0.18 mm day-1.

d and e diagrams for spatial features of regressed SST anomalies over

the (130�W–10�E, 0–75�N) domain in summer and fall respectively;

spatial standard deviations have been normalized with respect to the

observed standard deviations in summer, 0.09 K, and fall, 0.10 K.

Displayed standard deviations and correlations from models are the

means of the different ensembles from each model; the number in

parenthesis denotes the number of ensembles used from each model

to generate the mean standard deviation and mean correlation. CMIP3

models are shown in red symbols, and CMIP5 models in blue
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(a)

(b)

(c)

(d)

(e)
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The evolution of the SST anomalies associated with the

warm phase of the AMO in models reaches maximum

values and extension at the mature stage as in observations

but have marked differences in magnitude and structure

between the CMIP3 and CMIP5 versions. Anomalies seem

to originate along the Davis Strait and Labrador Sea before

the mature stage in observations, then propagate south-

eastward and reach maximum magnitude south of Green-

land and extend into the tropics in the mature stage; in the

post-mature stages the anomalies over the tropics start to

abate and the anomalies in the mid-latitudes move to the

east of Greenland. While the CMIP3 models seem to have

this general displacement of anomalies originating along

the Davis Strait and Labrador Sea, their CMIP5 versions

seem to originate over the Greenland Sea. As in the case of

the analysis of the mature stage, the evolution of anomalies

is captured poorly by CCSM4, and in a better way by

UKMO-HadGEM2-ES.

The evolution of the SST anomalies associated with the

AMO is closely related to the characteristic period of the

AMO in the models. While observations indicate a period

close to 56 years, the NCAR, GFDL and MPI CMIP3 and

CMIP5 models underestimate this value with periods in the

40–52 years range; the UKMO models however go from an

extremely low period close to 16 years in the CMIP3

version, to an overestimation close to 68 years. On the

other hand, if the period is judged using the time at which

correlations decay to a 1/e of its value, all models under-

estimate the 44-year value suggested from observations

with periods in the 16–24 years range. It is clear that both

sets of CMIP3 and CMIP5 models underestimate low

frequency variability in the 70–80 and 30–40 year ranges

while overestimate variability in the 10–20 year range.

Variability in the higher 10–20 year range increases from

CMIP3 to CMIP5 in three of the models surpassing the

variability in this range from observations.

The temporal variability and correlations of the AMO

indices from the majority of the models are low when

compared with the observed AMO index. The exceptions

are for the indices from the CMIP5 versions of the GFDL

and the UKMO models with variability close to observa-

tions and correlations slightly above 0.5. The success of the

CMIP5 version of the GFDL model in these assessments of

the AMO indices is surprising considering that the structure

and the evolution of the SST anomalies were not the best

among the models, as it was the case for the CMIP5 version

of the UKMO model.

On the other hand, comparison of the observed spatial

variability and spatial correlations of the regressed pre-

cipitation and SST anomalies of the AMO indices in

summer and fall indicates that models are not up to the task

of simulating the impact on the regional hydroclimate. The

spatial variability and correlations in the SST anomalies

improve from CMIP3 to CMIP5 versions of the MPI and

UKMO models, being the most successful the UKMO-

HadGEM2-ES model in both seasons; the most dramatic

degradation is in the NCAR models.

Analysis of AMO regressions from the extended set of

models reveals no improvements in the oceanic and hy-

droclimate impact associated with the AMO from CMIP3

to CMIP5 projects. Pattern correlations with observed SST

and precipitation anomalies are smaller in CMIP5 than in

CMIP3 models in summer and fall.

The current analysis does not provide evidence on why

the models perform in the way they do but suggests that

that the spurious increase in high 10–20 year variability

from CMIP3 to CMIP5 models may be behind the unsat-

isfying progress in depicting the spatiotemporal features of

the AMO. This problem, coupled with the inability of the

models to perturb the regional low-level circulation,

the driver of moisture fluxes, seem to be at the center of the

poor representation of the hydroclimate impact of the

AMO.
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