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Abstract This study aims to characterize the spatiotem-
poral features of the low frequency Atlantic Multidecadal
Oscillation (AMO), its oceanic and atmospheric footprint
and its associated hydroclimate impact. To accomplish this,
we compare and evaluate the representation of AMO-
related features both in observations and in historical
simulations of the twentieth century climate from models
participating in the IPCC’s CMIP5 project. Climate models
from international leading research institutions are chosen:
CCSM4, GFDL-CM3, UKMO-HadCM3 and ECHAM®6/
MPI-ESM-LR. Each model employed includes at least
three and as many as nine ensemble members. Our analysis
suggests that the four models underestimate the charac-
teristic period of the AMO, as well as its temporal vari-
ability; this is associated with an underestimation/
overestimation of spectral peaks in the 70-80 year/
10-20 year range. The four models manifest the mid-lati-
tude focus of the AMO-related SST anomalies, as well as
certain features of its subsurface heat content signal.
However, they are limited when it comes to simulating
some of the key oceanic and atmospheric footprints of the
phenomenon, such as its signature on subsurface salinity,
oceanic heat content and geopotential height anomalies.
Thus, it is not surprising that the models are unable to
capture the majority of the associated hydroclimate impact
on the neighboring continents, including underestimation
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of the surface warming that is linked to the positive phase
of the AMO and is critical for the models to be trusted on
projections of future climate and decadal predictions.
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simulations - Timescale of variability - Hydroclimate
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1 Introduction

The planetary-scale mode of sea surface temperature
swings in the North Atlantic basin, known as the Atlantic
Multi-decadal Oscillation (AMO) after Kerr (2000), has
been noted in several past studies (Kushnir 1994; Enfield
et al. 2001; Sutton and Hodson 2005; Guan and Nigam
2009; Ting et al. 2009; Frankcombe 2010; Medhaug and
Furevik 2011) and has attracted considerable attention in
the recent years due to its extensive impact on regional as
well as global weather and climate (e.g., Ting et al. 2011).
The principal drivers of these basin-wide SST perturbations
are, however, unclear and a common consensus with
respect to the origin of North Atlantic SST variability
remains to be reached. Some of the most prevailing oceanic
and atmospheric mechanisms proposed as key drivers of
the AMO include density and salinity fluctuations driven
by variations in the Atlantic Meridional Overturning
Circulation, AMOC (Bjerknes 1964; Latif et al. 2004;
Medhaug and Furevik 2011), changes in wind forcing and
air-sea interactions (Huang et al. 2011), the secular
increase of greenhouse gases such as CO,, CH, etc.
(Webster et al. 2005; Mann and Emanuel 2006), as well as
fluctuations in atmospheric concentrations of anthropo-
genic and natural aerosols (Evan et al. 2009; Booth et al.
2012). A question of key significance addresses the issue of
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how one can effectively separate the naturally induced,
multidecadal North Atlantic SST perturbations from the
upward, externally forced, SST trends that are attributed to
global warming (e.g., Ting et al. 2009; Guan and Nigam
2009). This along with supplemental, open questions
involving the influence of the extra-tropical North Atlantic
variability on the signal and evolution of the tropical
Atlantic SSTs (the decadal variability of the inter-hemi-
spheric SST gradient across the Equator) and the extent to
which these interactions manifest complementary features
are the focus of ongoing climate research studies.

Persistent, large-scale SST anomalies exert a meaningful
and often predictable influence on climate. AMO’s hydro-
climate impact on the neighboring continents is thus well
anticipated and constitutes a cause of great concern, due to
the large timescale of the phenomenon and its remarkable
socioeconomic effects. Impacts on the regional surface cli-
mate associated with the AMO include droughts over North
America (Sutton and Hodson 2005; Nigam et al. 2011),
decreased rainfall over the Sahel and changes in the fre-
quency and intensity of North Atlantic hurricanes (Knight
et al. 2006; Zhang and Delworth 2006; Enfield and Cid-
Serrano 2006, Ting et al. 2009; Guan and Nigam 2009) as
well as decadal variations in surface air temperature over NE
Brazil (Knight et al. 2006) and parts of Northern Europe.

Apart from the atmospheric response, multidecadal
variability in the North Atlantic climate system also
exhibits a signature on subsurface oceanic heat content and
salinity, as well as on Arctic sea ice. As noted in several
studies, the North Atlantic Ocean presents an extensive
record of perturbations involving SST and salinity (Rever-
din et al. 1997; Zhang and Vallis 2006; Polyakov et al.
2005a, b) as well as sea ice anomalies (Deser and Blackmon
1993; Deser et al. 2002). Fresh water anomalies (reduced
salinity) over the Labrador Sea, a region of deepwater for-
mation, stratify the ocean layer, contributing thus to the
weakening of the thermohaline circulation and deep water
formation. This allows for the layer to cool down due to the
lack of vertical mixing with the warmer subsurface water,
which in turn and via a positive feedback, inhibits further
the deep convection due to a reduction in the heat lost to the
atmosphere (Gelderloos et al. 2012).

Furthermore, most of Earth’s warming signal stemming
from human forcing resides in the upper ocean (Hansen
et al. 2005; Levitus et al. 2005). That is not to say that
temperature anomalies in the deeper (1,000-3,000 m) layer
below the sunlit zone are not important for climate vari-
ability on a global scale, but that their contribution to the
net integral of ocean heat content is small, when compared
to that of the upper ocean (Levitus et al. 2000). The oceanic
heat content acts as a key indicator of climate perturbations
on seasonal, interannual and longer time scales (e.g., Chu
2011; Lozier et al. 2008), accounting for the total amount
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of heat that is made available to the atmosphere, via heat
transport (i.e., surface heat fluxes that dominate variability
on seasonal and annual timescales) and heat storage (Kelly
and Dong 2004). Examining, thus, the spatial and temporal
patterns of sub-surface temperature and ocean heat content
is essential in understanding regional warming trends and
relating them to low-frequency modes of climate vari-
ability. The evolution and respective changes between
surface and sub-surface temperature and salinity is also a
strong fingerprint of decadal fluctuations in the oceanic
overturning circulation (AMOC) and can thus provide
significant insight on the vertical structure of the AMO
(Zhang 2007) and its linkage to meridional density and
salinity transport processes (Sundby and Drinkwater 2002).
Assessing such long-term variability, however, can be
challenging due to the short record of sub-surface data that
is available, in relation to the extensive variability time-
scale (Keenlyside et al. 2008).

Advancing our ability to identify the principal drivers
and impacts of the AMO, and the relative roles of
anthropogenic and natural contributions to AMO’s spatio-
temporal evolution can therefore facilitate (1) the formu-
lation of a more refined image of the North Atlantic SST
variability and its local and remote climate influences and
(2) the accuracy and reliability of climate model projec-
tions of future trends. Achieving these goals, however,
remains a challenge; proxy data (ice-core records, tree
rings etc.) and climate simulations with models of varied
complexity (e.g., Frankcombe 2010; Hodson et al. 2010)
offer supplemental tools for improving our understanding
of such low frequency, planetary-scale interactions. A
holistic image of the AMO and its climate impacts, as well
as its accurate representation in climate simulations is yet
to be reached, however.

In this study, the structure and evolution of the Atlantic
Multidecadal Oscillation have been investigated in obser-
vations and model simulations of the twentieth century
climate from models participating in the CMIP5 project
(Taylor et al. 2012). We have sought to identify ways in
which the spatiotemporal evolution of North Atlantic SSTs
that are associated with the AMO compares between
models and observations, while also constructing a
3-dimensional image of its structure, by examining dec-
adal-scale perturbations on the North Atlantic surface,
subsurface, as well as the overlying atmosphere.' Some of
the central questions that have been addressed include:

! The use of coupled, ocean—atmosphere models from the CMIP5
project allows for the ocean circulation to freely evolve, facilitating,
in this way, a more accurate understanding of the AMO-related ocean
state and its imprint on local as well as remote climate features. A
downside of this approach, however, is that in such models, there are
so many fields that are varying simultaneously, that it becomes very
challenging to separate cause from effect.
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e How robust is the AMO structure and how does it
evolve through time (i.e., how coherently does it evolve
in space and time)?

e Is the AMO associated with deep, coherent salinity and
heat content anomalies?

e How do simulations from four state-of-the-art global
climate models participating in the CMIP5 project
portray the observed features of the AMO and its
surface climate impact?

The paper is organized as follows. A description of the
observational datasets, the coupled ocean—atmosphere
models and their simulations from the CMIP5 project is
provided in Sect. 2, along with some working definitions
employed in this study; the AMO structure at the surface,
its time signature and its evolution in observations and
simulations of the twentieth century climate are presented
in the following section, while Sect. 3.2 reviews the asso-
ciated subsurface salinity and temperature features; the
atmospheric response to the AMO and its climate impact
are reviewed in Sect. 3.4; a summary and concluding
remarks are given in Sect. 5.

2 Data and analysis methods
2.1 Data

To investigate the structure, properties and impacts of the
AMO, we used a variety of observational variables
including sea surface temperature (SST), sub-surface
potential temperature and salinity, as well as geopotential
height, surface air temperature and precipitation. The SSTs
were obtained from the Met Office’s (UKMO) Hadley
Centre Sea Ice and Sea Surface Temperature dataset,
HadISST version 1.1 (Rayner et al. 2005), available on a
1° x 1° grid at a monthly resolution for the 1870-present
period. Both subsurface temperature and salinity fields
were obtained from the National Oceanographic Data
Center (NODC) (Levitus et al. 2001) and the SODA Ocean
Reanalysis product, version 2.2.4 (Carton et al. 2005). The
NODC dataset included subsurface temperature anomalies
on a 1° x 1° horizontal grid with 26 vertical levels (sfc.-
2,000 m) at seasonal resolution for the winter 1955-fall
2010 period. NODC subsurface salinity measurements
were provided as 5-year (pentadal) averaged anomalies
(Boyer et al. 2005) at annual resolution on a 1° x 1°
horizontal grid and with 26 vertical levels, for the period
1955-2006. The SODA 2.2.4 dataset was provided at a
0.5° x 0.5° horizontal grid with 40 vertical levels, at
monthly resolution for the period between January 1871
and December 2008. Geopotential height data were
obtained from the National Center for Environmental

Table 1 Ensemble members used for Figs. 1, 2, 3, 7 and 8

IPCC CMIP5 twentieth century models Runs used
GFDL-CM3 1,2,3,4,5
CCSM4 1,2,3,4,5,6
ECHAM6/MPI-ESM-LR 1,2,3

UKMO-HadCM3 1,2,3,4,56,7,8,9

The bold numbers indicate the model runs that were used for the
remaining Figs. 4, 5, and 6

Prediction (NCEP) Reanalysis (Kalnay et al. 1996) at a
horizontal resolution of 2.5° x 2.5° and with 17 vertical
levels, at monthly resolution for the January 1949-—
December 2009 period. Finally, we obtained precipitation
and surface air temperature data from the CRU TS3.1
monthly data set (Mitchell and Jones 2005), available over
land points at a 0.5° x 0.5° resolution for the January
1901-October 2009 period.

Models from the CMIPS5 project that we used to analyze
the twentieth century climate simulations included those
from leading climate research centers around the world:
NCAR’s CCSM4 (6 ensemble members), NOAA’s
GFDL-CM3 (5 ensemble members), UK Meteorological
Office’s UMKO-HadCM3 (9 ensemble members) and the
German Max Planck Institute’s ECHAM6/MPI-ESM-LR
(3 ensemble members). For most models, the historical
simulation scenario covered the period 1850/1860-2005.
The time varying forcing agents that were employed
included emissions or concentrations of natural and
anthropogenic aerosols (or their precursors), solar forcing,
greenhouse gases (CO,, CHy4, N,0), atmospheric compo-
sition as well as land use change (Meinshausen et al. 2011).
Table 1 shows the model simulations (ensembles) that were
used (based on availability at the time) for the analysis of the
different oceanic and atmospheric, AMO-related fields.

2.2 Methods

The current analysis aimed at documenting the spatio-
temporal characteristics and evolution of the observed and
modeled low frequency AMO pattern, along with its
impact on various seasonal resolution fields for the period
1900-1999. Seasonal averages of the different monthly
variables were calculated based on the usual Northern
Hemisphere meaning of the three-month season average:
December—February for winter, March-May for spring,
June—August for summer and September—November for
fall. Seasonal anomalies of the different fields were cal-
culated by subtracting the seasonal climatology (i.e., the
long-term mean using the 1900-1999 base period, unless
noted otherwise) from the seasonal fields. Observed and
simulated AMO indices were created by taking the
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following steps: a. constructing the observed and simulated
AMO indices by first averaging the respective seasonal
SST anomalies (SSTA) over the Atlantic region (5°-75°W,
0°-60°N),” and subsequently, linearly de-trending them
over the January 1900-October 1999 period, using the
least-squares method, b. smoothing these indices by
applying a binomial (1-2-1) filter 50 times to efficiently
remove interannual variations without aliasing the decadal-
scale pulses and c. normalizing the de-trended and
smoothed time series to unit variance, by dividing each
time series by the respective standard deviation of the
calculated index. Finally, indices for a specific season were
created by extracting that season from the all-season,
smoothed and normalized index.

Lead/lag regressions of the all-season (derived from step
a.) AMO indices on the different field variables were cal-
culated for both observational and model-generated data.
Regressions from model simulations were computed for
each ensemble member of a given model, separately, and a
mean value of the combined regression results was sub-
sequently obtained and shown (rather than demonstrating
the regressions on the mean ensemble field of a given
model).

It should be noted that the defined seasons for the pro-
vided temperature anomalies from NODC were calculated
in a slightly different way, in comparison to the ones from
other datasets that were used in this analysis: January-
March was used for winter, April-June for spring, July—
September for summer and October-December for fall.
Finally, since the NODC salinity anomalies were given at
annual resolution, we linearly interpolated this dataset in
time, to create its seasonal version. Despite the fact that
this technique did not produce meaningful seasonal values
and it wasn’t thus optimal for researching the time evolu-
tion or spatial footprint on a particular season, it allowed
the investigation of all-season, contemporaneous salinity
regressions and latitudinal salinity profiles (seasonal dif-
ferences were leveled out in this case.)

3 Results

3.1 Observed versus modeled, spatiotemporal features
of the AMO

Climate simulations of the twentieth century constitute a
real challenge for the models, since they largely depend on
their ability to simulate natural variability given the

2 Note the similarity in the domain used to define the area-averaged
SST anomalies by Sutton and Hodson (2003) (7.5°=75°W, 0°-60°N),
as well as the difference in the way of smoothing the area-averaged
SST anomalies, via the use of a 37-point Henderson filter.
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relatively modest role of the observed GHG and aerosol
forcing that is being used (in comparison with the twenty-
first century, forced projections). Thus, a first-order ques-
tion that one can ask is whether the models possess the
necessary elements to portray the characteristic, basin-wide
SST anomalies that relate to the AMO. The structure of the
SST anomalies associated with the warm phase of the
AMO in observations and simulations is shown in Fig. 1,
via simultaneous all season regressions. Positive anomalies
are present over the entire North Atlantic basin in obser-
vations, with maximum values of as high as 0.4 K arising
just south of Greenland in the mid-latitudes, between 40°
and 50° N and 35° to 45°W and with a secondary maxi-
mum (half the size of the one over the mid-latitudes) noted
over the northern tropical Atlantic, off of the coast of
northwest Africa; normal conditions are evident in the
western subtropical latitudes.

The four models capture the general spatial structure of
the SST anomalies as portrayed in observations, with some
clear differences, however. Most models exhibit a region of
positive anomalies in the mid-latitudes, while placing the
maximum of the anomalies further to the east (southeast-
ward of Greenland) than observations show; furthermore,
the models also exhibit weaker positive anomalies over the
Davis Strait and the Labrador Sea, while also showing a
weaker secondary maximum off of the northwestern Afri-
can coast, in comparison to observations. It is interesting to
note that GFDL-CM3 is the only model that portrays the
same anomalies over the Labrador Sea as seen in obser-
vations, with the subtropical/tropical extension of the
anomalies appearing further to the west; anomalies are also
shown over the equatorial Pacific, a feature not present in
observations. On the other hand, anomalies in CCSM4 are
constrained to the northern latitudes, with two local max-
ima southward of Iceland and over the Greenland Sea, but
with normal conditions off of the northwest African coast.
Similarly to GFDL-CM3, CCSM4 demonstrates anomalies
over the equatorial Pacific that are not present in obser-
vations. Anomalies over the N. Atlantic mid-latitudes from
ECHAMGO/MPI-ESM-LR and UKMO-HadCM3 appear
weaker and stronger, respectively, in comparison to obser-
vations. In addition, the latter two models appear unable to
capture the magnitude of the observed anomalies in the
subtropical/tropical Atlantic, with UKMO-HadCM3 being
closer to observations than ECHAM6/MPI-ESM-LR.

After investigating the spatial structure of the AMO at
the surface, we now concentrate on the propagation of its
spatial footprint through time. For this purpose, we com-
pare the time series of the observed and model-based AMO
indices for the January 1900—October 1999 period, while
choosing to display the AMO time series of the ensemble
member (of each model) that manifests the highest corre-
lation with observations (Fig. 1, bottom panel.). The AMO
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Fig. 1 All-season regressions of standardized smoothed AMO indi-
ces on SSTs for the winter 1900—fall 1999 period. Regressions for the
models are calculated for each ensemble member separately and then
an average is computed for each model. Red/blue shading denotes
positive/negative SST anomalies; contour interval is 0.1 K. The
indices are constructed by first calculating a spatial average of SST
anomalies over the (5°-75°W, 0°-60°N) region and then detrended,
using the least squares method. The indices are finally smoothed by
applying a 1-2-1 binomial filter 50 times and normalized by using

their standard deviation. Regressions are shown after 5 applications of
smth9 in the GRADS plotting software. Botfom Panel Observed
HadISST smoothed AMO index and other four model-derived
smoothed AMO indices which have the highest correlations, R, with
the observed index: GFDL-CM3, Ensemble 5 (R = 0.75), UKMO-
HADCM3, Ensemble 4 (R = 0.56), ECHAMGO6/MPI-ESM-LR,
Ensemble 3 (R = 0.01) and CCSM4 Ensemble 4 (R = 0.29). The
correlation range for the different ensembles within each model is
shown adjacent to the model’s name
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Table 2 Correlations of the smoothed AMO indices between model simulations of the twentieth century climate and the observed smoothed

AMO index for the period 1900-1999

IPCC ARS twentieth century simulations Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 Run 9
GFDL-CM3 0.40 0.51 0.49 0.56 0.75 - - -

CCSM4 0.14 0.14 —-0.39 0.29 —0.03 —0.18 - -
ECHAMG6/MPI-ESM-LR —-0.47 —0.1 0.01 - - - - -
UKMO-HadCM3 0.38 0.36 —-0.23 0.11 0.48 0.23 —0.14 0.39 0.29

The statistical significance of the regressions is assessed via a two-tailed Student’s 7-test at the 5 % level, using an effective sample size Ne = 25
(degrees of freedom). Critical correlation is found to be (R.) equal to 0.38. Correlations above this value are statistically significant

index from GFDL-CM3, Run 5, is the closest to the
observed index, with a simultaneous correlation of 0.75.
This is followed by the AMO index from UKMO-HadCM3,
Run 5, with a 0.48 correlation, and the index from CCSM4,
Run 4, with a correlation of 0.29. Finally, the AMO index
from ECHAMO/MPI-ESM-LR, Run 3, shows the least
co-variability with observations, with a maximum correla-
tion of 0.01. All correlation coefficients for the ensemble
members of each model are shown in Table 2. The statis-
tical significance of the correlations is assessed via a two-
tailed Student’s ¢ test at the 5 % level using an effective
sample size that accounts for serial correlation (Quenouille
1952), Ne (=N/[1 + 2ry 1y + 21y o1y + ...]), where N is
the time-series length (here 300 seasons after the smooth-
ing); ry 1, y2... are the first, second,...-order autocorrela-
tions for the observed time series (x), and ry 1, 7y 5... are the
corresponding first, second, ...-order autocorrelations for
the time series of each ensemble member of each model
ensemble mean (y); stable Ne (and thus ¢ test) values are
obtained by summing up to the 6th-order. The degrees of
freedom corresponding to the ensemble mean for all four
models are found to be in the 24-26 range so a value of 25
was used. Based on this analysis, the critical correlation is

Ne
1—r2

found to be +0.38. Correlations above this value are con-
sidered statistically significant.

Supplemental information regarding the spatial and
temporal features of the smoothed AMO indices derived
from observations and the ensemble means of the four
models is found in Fig. 2, via the use of Taylor diagrams
(Taylor et al. 2012). Comparison of the temporal features
of the AMO indices indicates that the majority of the
models have poor correlation with observations and
under-estimate the observed variability, with the excep-
tion of GFDL CM3, which shows a slightly above 0.5
correlation to observations and a standardized, standard
deviation of ~0.94. Regarding the spatial variability and
spatial correlations between the observed and modeled
SST anomalies of the mature phase of the AMO, UKMO-
HadCM3 is the best among the four models in depicting
AMO’s observed, spatial structure, with a correlation of

subsequently calculated via the formula: t = r* and is
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0.74, followed by MPI-ESM-LR and GFDL CM3, with
correlations of 0.55 and 0.24, respectively. CCSM4 is the
least efficient in capturing the spatial structure and vari-
ability of the AMO, with temporal and spatial correla-
tions of —0.01 and —0.16, respectively. To resume,
UKMO-HadCM3 and MPI-ESM-LR seem to be most
efficient in capturing the spatial features of the mature
phase of the AMO, whereas GFDL CM3 appears to be
the best model in capturing AMO’s temporal structure
and variability.

Next, we focus on the time scale of the AMO indices, by
looking at their autocorrelation functions (Fig. 3). The time
span defined by the crossing of the autocorrelation line of
the AMO index with the zero line at both ends indicates the
half-period of the AMO index.® The crossing of the auto-
correlation of the observed AMO index with the zero line
(thick black line) shows a dominant period of approxi-
mately 58 years. The color lines, representing the mean
autocorrelation for each model, display varying amplitudes
and a general underestimation of the AMO period. These
appear to be relatively close together, particularly the ones
corresponding to UKMO-HadCM3, CCSM4 and GFDL-
CM3 models, with periods of 52, 50 and 48 years,
respectively (looking at the zero line crossing); the
ECHAMO/MPI-ESM-LR autocorrelation function demon-
strates the shortest period (40 years). An estimate of the
observed and model-based AMO periods is shown in
Table 3. It is interesting to point out that while the char-
acteristic time of the AMO indices by the models is up to
31 % apart from the observed value when considering the
zero crossing metric, it is further apart (within 65 % of the
observed value) when considering the time needed for the
autocorrelations to decay to 1/e of their values, a measure
of the memory or persistency of the AMO. Graphically,
this suggests that higher frequency variability remains
present in the model indices, in contrast to the observed
AMO index. Spectral analysis of the smoothed AMO

3 That is, the time it takes for the anomaly to grow from
climatological conditions to reach its maximum value and then go
back to climatological conditions before going in the opposite
direction.
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Temporal Feuturszs: All-Season AMO
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Fig. 2 Taylor diagrams of smoothed AMO indices and their regres-
sions from observations and CMIP5 climate model simulations for the
period 1900-1999. Normalized standard deviations, correlations and
standard deviations are calculated between observations and the
different ensembles’ mean for each model, to compare the temporal
and spatial variability and correlations between observations and the
four models. The temporal (spatial) standard deviations are normal-
ized with respect to the observed, temporal (spatial) standard
deviation of 0.17 K (0.46 K). The horizontal (x axis) shows
normalized standard deviation values, whereas the arc-part of the
diagrams shows the respective correlation values. Each model is
shown in a different color (see legend) and the number in parenthesis
denotes the number of ensembles used from each model to generate
the mean standard deviation and mean correlation

indices is displayed in Fig. 4 (histograms of the spectral
peaks, derived from the mean spectral peaks of the dif-
ferent model ensembles are shown in 10-year bins). The
observed smoothed AMO index (Fig. 4) reveals a spectral
peak in the 70-80 years range, which is four times larger
than the peak in the 10-20 years range. However, the mean
spectral peaks in the 10-20 years range of the smoothed
indices from model simulations have a more prominent
role than their corresponding 70-80 year peaks (and than
the ones seen in observations); in fact, these higher fre-
quency peaks are comparable to (actually slightly larger
than) their 70-80 year peaks. This helps explain why the
peaks displayed in the autocorrelation of the indices in
Fig. 3 are so narrow.

An additional insight with respect to the models’ skill to
simulate low-frequency variability over the North Atlantic
Ocean associated with the AMO is investigated by the
evolution of the SST anomalies associated with the AMO
via all-season lead/lag regressions, 4 years before and after
the mature phase of the AMO (Fig. 5). Observations
indicate that positive SST anomalies emerge from the
Davis Strait and Labrador Sea following a southeastward
propagation in the higher mid-latitudes and a subsequent
southwestward advection in the lower latitudes, as time
evolves, tracking the east branch of the subtropical gyre
until they reach maximum amplitude and extension in the
mature phase. The subtropical anomalies appear weaker
than those in the mid-latitudes, with a local maximum
developing off of Northwest Africa. In the post-mature
phase, the anomalies gradually abate, with the signal first
dissipating over the tropical latitudes and subsequently
further to the north. Positive anomalies over the North
Pacific appear more extensive in the SODA-based AMO
evolution than in the HadISST dataset.*

The modeled AMO structure and evolution around the
mature phase of the AMO (24 years) agrees partially with
observations, particularly in the mid-latitudes just before
and after the mature phase (£2 years). Noticeable differ-
ences are present, however, in the CCSM4 evolution,
which manifests a focus on the northern North Atlantic
over the Greenland Sea that is not present in observations;
furthermore, GFDL-CM3 and ECHAM6/MPI-ESM-LR
show negative anomalies at the end of the +4 years lag
period, a feature that is also not present in observations.
Except for CCSM4, anomalies in the other three models
reach maximum latitudinal extension into the tropics in the
mature phase; GFDL-CM3 and UKMO-HadCM3 exhibit a
greater ability in capturing AMO-related anomalies in the
tropical North Atlantic, which remains almost completely
quiescent in the other two models, during the pre- and post-
mature phases (in contrast to observations). It can therefore
be inferred that even though the models do capture the
northward focus of the observed SSTA maxima, they lack
the ability to effectively reproduce their structure and
evolution, especially over the tropical part. The quick
setting and dismissal of the simulated tropical SST anom-
alies may be related to the superficial nature of the
anomalies, with little consideration of subsurface pro-
cesses, in the models.

* To investigate this difference, we used NOAA’s Extended Recon-
structed SST data set (ERSSTv3b, Smith et al. 2008) to generate a
smoothed AMO index and lead/lag SST regressions (not shown); the
emerging pattern agrees with the lead/lag regressions from HadISST,
with SST anomalies over the Pacific being less widespread than the
ones noted in the SODA lead/lag regressions.
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Fig. 3 Standardized smoothed AMO indices are calculated for each
ensemble member of each model; subsequently, their corresponding
autocorrelations are calculated and a mean autocorrelation is finally
computed and displayed. Autocorrelations are calculated fort — 15 to
t + 15 years and compared to the autocorrelation time series derived

Table 3 Timescale in years of the smoothed AMO indices estimated
from their autocorrelation functions displayed in Fig. 2

Model/Obs Zero-crossing 1/e-crossing
Observations 58 44

GFDL CM3.1 (4 runs) 48 22

CCSM4 (6 runs) 50 16.5
ECHAMG6 (3 runs) 40 15.5
HadCM3 (9 runs) 52 16.5

If considering the anomalies of a given sign decay until the auto-
correlation reaches a certain value, this defines a quarter of the period
of the phenomenon. If the zero line is used to define the period of the
smoothed AMO index, its period is given in the zero-crossing column,
but if the 1/e line is used instead, the period is given under the
1/e-crossing column

3.2 Subsurface features of the AMO: salinity

The identification of footprints of low-frequency variability
of North Atlantic SSTs on ocean surface and sub-surface
fields is essential for the construction of a more holistic
image of the AMO. The current study focuses on the sfc-
50 m oceanic layer in an attempt to assess the spatial
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from observations (black line). The standard deviation (SD) error bars
among the different autocorrelations are also calculated and drawn
here, to indicate the dispersion of the individual ensemble autocor-
relations for each model from the ensemble mean

distribution, magnitude and vertical structure of any AMO-
related salinity anomalies during the winter 1955—fall 1999
period, which is common among observations and model
simulations. The AMO indices are re-calculated for this
shorter period (by using NODC, SODA and simulated SST
fields, respectively, Fig. 6).

The regressed observed SST anomalies from the 1955 to
1999 period (Fig. 6, left column, upper two panels) display
only a small variation in their structure, when compared
with those of the larger period (Fig. 1), with slightly
weaker/stronger anomalies over the mid/tropical Atlantic
and almost normal conditions over the subtropical western
Atlantic (off of the eastern US coast). Negative anomalies
are now discernible, north of the Greenland Sea. The
associated anomalies over the Atlantic mid-latitudes appear
of the same magnitude to the ones over the tropics. The
simulated anomalies for this shorter period retain their
spatial structure, as seen in the longer period, but are
unable to capture the extension and magnitude of the cold
anomalies off of the US coast as well as the increase in
magnitude of the anomalies over the tropical Atlantic.
Except for GFDL-CM3, the other three, simulated
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Fig. 4 Histogram of mean
spectral analysis’ peaks from
smoothed AMO time series. A
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frequency peaks derived from a 1.44
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legend) and the number in
parenthesis denotes the number
of ensembles used from each
model to generate the mean 0.2
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regressed anomalies are of smaller magnitude, in compar-
ison to the longer period ones. (Fig. 6, left column, lower
four panels).

Regressed salinity anomalies are analyzed as a vertical
mean along the sfc-50 m layer (Fig. 6, central column) and
as a vertical profile (Fig. 6, right column). Contained,
positive, vertically-averaged (sfc-50 m) salinity maxima
are noted in observations in the mid-latitudes, south of
Greenland (Fig. 6, central column, upper two left panels),
while negative values are evident in NODC along the
northeastern US coast. We note that the negative salinity
anomalies in NODC agree with the observed, negative SST
anomalies, a co-occurrence absent from the SODA-derived
regressions. Negative salinity anomalies are also found in
the western northern tropical Atlantic, between the Equator
and 25°N, while positive anomalies are discernible over the
Davis and Fram Straits as well as over the Labrador and
Greenland Seas, in both NODC and SODA datasets.

The latitudinal profile of the regressed salinity anoma-
lies along the 35°-50°W band in the upper 50 m indicates a
coherent vertical structure (Fig. 6, right column, upper two
panels). The observed contrasting anomalies identified in
the vertical average (south of Greenland and in the northern
tropical Atlantic) extend into the subsurface. It is worth
noting that lead/lag regressed salinity anomalies (not
shown) indicate a counterclockwise propagation of sub-
Arctic water into the North Atlantic, from the Davis Strait
extending southward into the Labrador, Greenland and
Norwegian Seas. Such decadal pulses are evident in past
incidents of low salinity and sea surface temperature

10 20 30 40 50 60 70 80 90
Period (years)

A UKMO-HadCM3(9), O MPI-ESM-LR(3)

anomalies in the region, such as the Great Salinity
Anomaly of 1968-82 (Slonosky et al. 1997). Our analysis,
hence, supports the notion that N. Atlantic surface tem-
perature and salinity show coherent, low frequency fluc-
tuations, which are consistent with heat and freshwater
interactions between the Arctic and the N. Atlantic basins
(Polyakov et al. 2005a, b).

Mean regressed positive salinity anomalies from the
four models (Fig. 6, central column, four lower panels) are
reminiscent of the regressed SST positive anomalies that
have already been analyzed (Fig. 6, left panels). While
GFDL-CM3, ECHAM6/MPI-ESM-LR and UKMO-Had-
CM3 exhibit maximum positive salinity anomalies over
the regions of maximum SST positive anomalies in the
mid-latitudes, CCSM4 manifests negative anomalies, with
only hints of a positive signal off of the southwestern tip
of Greenland; anomalies over the subtropical region off of
the northwest African coast are portrayed in different ways
by all four models. GFDL-CM3 captures the extent and
spatial variability of AMO-related salinity anomalies,
while exaggerating, however, their magnitude; prominent
positive anomalies are evident south of Greenland, along
with negative anomalies off of the northeastern US (seen
in the NODC map) and off of the northwestern African
coast. ECHAMG6/MPI-ESM-LR and UKMO-HadCM3
depict salinity maxima slightly displaced eastward (in
comparison to the observations). Finally, none of the
models is able to simulate the positive salinity anomalies
over the Straits around Greenland (from the NODC and
SODA maps).
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Fig. 5 All-season lead/lag regressions of the smoothed AMO indices
on SSTs for the winter 1900—fall 1999 period: SST anomalies are
shown 4 years before and after the mature phase: pre-mature
conditions are shown 4 years (t — 4 column) and 2 years (t — 2
column) before the mature phase (t column), while post-mature
conditions are shown 2 years (t + 2 column) and 4 years (t + 4

column) after the mature phase. The upper two rows show regression
anomalies from observations by HadISST and by the SODA 2.2.4

The salinity profiles from the model simulations (Fig. 6,
four lower right panels) show that the profile from the
GFDL-CM3 model is the closest to the observed one, even
though it manifests mid-latitude negative anomalies that are
not present in observations. Salinity profiles from CCSM4
and ECHAMG6/MPI-ESM-LR are in the least agreement
with observations, despite the fact that they demonstrate a
coherent salinity structure through the sfc-50 m layer. On
the other hand, the salinity profile from UKMO-HadCM3
does not show any resemblance to the observed profiles and
is characterized by negative salinity anomalies underneath
the positive ones, in the mid-latitudes. In short, the models
appear challenged in portraying the position and magnitude
of AMO-related, salinity anomalies, with GFDL-CM3
being the most successful in capturing the spatial variability
of the SSTA-associated, salinity field.
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ocean reanalysis. The remaining rows show the related AMO SST
anomalies from model simulations of the twentieth century climate
from GFDL CM3, CCSM4, ECHAM6/MPI-ESM-LR and UKMO-
HadCM3. Regressions are calculated for each ensemble member
separately and a mean regression is subsequently computed. Red/blue
shading denotes positive/negative anomalies; contour interval is
0.1 K. Regressions are shown after 5 applications of the smth9
function in the GrADS plotting software

3.3 Subsurface features of the AMO: ocean heat
content

As mentioned in the Introduction, heat content has been
identified as an important marker in climate variability
studies. It is therefore important to examine some of the
directly observable sub-surface signatures of the AMO,
such as the sub-surface temperature and oceanic heat
content.

Subsurface temperatures from NODC, SODA and
model simulations are used to obtain vertically integrated
heat content anomalies for the sfc-400 m layer. Figure 7
shows lead/lag regressions of the AMO on the oceanic heat
content 4 years before and after its mature phase, at 2-year
intervals. It is worth noting the coincidence of the anom-
alies between the NODC and SODA datasets. Four years
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Fig. 6 All-season regressions of the smoothed AMO indices on SST
and salinity for the period winter 1955-fall 1999. Regressions on
SSTs are displayed in the left-hand side panels, on the vertically
averaged (0-50 m) salinity field are displayed on the central panels,
while on salinity latitudinal profiles are shown on the right-hand side
panels. Regressions are calculated for each ensemble member
separately and a mean value is subsequently computed and shown.
Red/blue shading denotes positive/negative SST and salinity anom-
alies. The contour intervals for the maps are 0.1 K and 0.2ppt for SST

before the mature warm phase of the AMO, the Atlantic is
crossed by negative heat content anomalies in the mid-
latitudes (~45°N), extending from the Newfoundland to
the UK (along the Gulf Stream’s northern extension) and

15N 30N 45N 60N

and salinity anomalies, respectively, having skipped the zero contour
line. The right-hand side panels show latitude-depth cross-sections of
the longitudinally averaged (35°-50°W) regressions of the AMO
index with the 3-dimensional salinity field; the contour interval is
0.1ppt. The upper two rows show regression anomalies from
observations by NODC and SODA 2.2.4 ocean reanalysis. The
remaining rows show the related AMO salinity anomalies from model
simulations of the twentieth century climate from GFDL-CM3,
CCSM4, ECHAM6/MPI-ESM-LR and UKMO-HadCM3

positive anomalies in the subtropics, off of the eastern US
coast and along the southern tip of Greenland that reach as
far as the Nordic Sea; the deep tropics are marked by cold
heat content anomalies. Two years later (that is, 2 years
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before the mature warm phase), the cold heat content
anomalies that were crossing the mid-Atlantic earlier,
have now moved to the Nordic Sea and along the eastern
US coast, while the warm heat content anomalies over
southern Greenland appear expanded southward. The
warm anomalies off of the eastern US have moved further
to the east, toward the central subtropics, at about 30°N,
with a southward extention to the tropics, off of the
northwest African coast. Finally, the cold anomalies that
were present in the deep tropics earlier have almost
disappeared.

As time evolves toward the mature phase, the positive
anomalies over southern Greenland propagate southeast-
ward along the European and African western coasts, while
the subtropical warm anomalies weaken. The cold anom-
alies along the eastern US extend toward the central

Atlantic and the ones over the western northern tropical
Atlantic are being replaced by warm anomalies. During the
post-mature phases, in both the NODC and SODA maps,
the cold anomalies continue to propagate toward the central
mid-Atlantic; warm anomalies around the southern tip of
Greenland are being displaced further to the east, allowing
for cold anomalies to develop over the Labrador Sea and
the Davis Strait. Furthermore, the warm link between the
mid and tropical Atlantic off of the northwestern African
coast is weakened. It is important to note that the SST
anomalies (Fig. 6) over the Davis Strait and Labrador Sea,
as well as those over the Fram Strait (northeast of Green-
land) and along the coastal, eastern US, are coincident with
the same sign anomalies in heat content over the same
regions, not only during the mature phase (e.g., compare
Fig. 6, upper two panels in left column with Fig. 7 upper

NODC

SODA

GFDL CM3

CCsSM4

ECHAMG6/

HadCM3 MPI-ESM—-LR

UKMO—

EQ

Fig. 7 All season regressions of the smoothed AMO indices on
(0—400 m) vertically integrated, de-trended ocean heat content for the
period, winter 1955—fall 1999. The upper two rows show regression
anomalies from observations by NODC and by the SODA 2.2.4 ocean
reanalysis, and the remaining rows show the related AMO heat
content anomalies from model simulations of the twentieth century
climate from GFDL CM3, CCSM4, ECHAM6/MPI-ESM-LR and
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UKMO-HadCM3. Model regressions are calculated for each ensem-
ble member separately, and a mean value is subsequently computed
and plotted here. Red/blue shading denotes positive/negative anom-
alies; the contour interval is 5 x 107 J/m?. Regressions are displayed

after five applications of the smth9 function in the GrADS plotting
software
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Fig. 8 Seasonal regressions of the smoothed AMO indices on 500
mb geopotential heights for the period winter 1949—fall 1999. The
upper row was generated by regressing seasonal smoothed AMO
indices from the HadISST data set on the NCEP reanalysis heights.
The remaining rows show the related AMO height anomalies from
model simulations of the twentieth century climate from GFDL CM3,

two panels in central column) but also in the pre- and post-
mature phases (not shown).

GFDL-CM3 appears to be the most efficient model in
capturing the spatial pattern and systematic evolution of the
observed, warm and cold heat content interchanges, espe-
cially during the mature and post-mature phases. Among
the other 3 models, CCSM4 lacks the ability to efficiently
portray a reasonable evolution of the AMO-related,
heat content anomalies, whereas UKMO-HadCM3 and
ECHAMGO/MPI-ESM-LR exhibit a better propagation of
sub-surface temperature anomalies, with a principal focus
in the northern mid-latitudes. The tropical North Atlantic in
the latter two models appears more quiescent during the
pre- and post-mature phases, similarly to the pre- and post-
cursor periods of the SSTA evolution (not shown for this
shorter period but very similar to the ones examined in
Fig. 5).

120w 60W 0 120W 60W 0

CCSM4, ECHAMGO/MPI-ESM-LR and UKMO-HadCM3. Model
regressions are calculated for each ensemble member separately and
a mean value is subsequently computed and plotted here. Red/blue
shading denotes positive/negative anomalies; contour interval is 4 m.
Regressions are shown after two applications of the smth9 function in
the GRADS plotting software

3.4 AMO’s atmospheric footprint

A thorough characterization of the AMO is not complete
without its associated signature on the atmosphere and
surface climate over the neighboring continents. Investi-
gation of seasonality is of great importance, given the
possibility of canceling/building effects that may arise
from season to season throughout the year. The seasonality
of AMO’s influence on the overlying atmosphere is ana-
lyzed via regressions of the AMO index on the 500 mb
circulation anomalies (Fig. 8). It is important to note that
these simultaneous regressions include both the atmo-
spheric weather noise (the part of atmospheric variability
that does not emerge as a result of boundary or external
forcing mechanisms (Schneider and Fan 2007) and AMO’s
atmospheric response, which tends to abate SST variabil-
ity. To extract AMO’s forced response in atmospheric and

@ Springer



A. Kavvada et al.

other climate features (i.e., hydroclimate), one needs to
remove the weather noise-related surface fluxes and vari-
ability from the observed SST evolution, as shown in Fan
and Schneider (2012), by i.e., employing an interactive
model configuration of a coupled GCM forced by weather
noise surface fluxes, to isolate the individual contribution
of local weather surface fluxes to the N. Atlantic SST
variability. Such an approach could advance investigation
of the mechanisms that lead to such low-frequency SST
pulses, as shown in Schneider and Fan (2012).

Observations (top four panels, Fig. 8) show prominent
winter geopotential height anomalies that decrease to a
minimum during the summer. A resemblance to the neg-
ative NAO pattern of high pressure over the Icelandic
region and a contrasting pattern of low pressure over the
western Atlantic-Azores region are discernible during
winter. Furthermore, the geopotential height patterns
exhibit same-sign anomalies for different atmospheric
levels (not shown here), indicating the existence of an
equivalent barotropic structure. A supplemental feature that
is worth mentioning is the high—low—high wave pattern that
emerges during the fall season over the US-Labrador Sea
region, with a ridge (trough) over the western (eastern) US;
this is essential in relating circulation anomalies to per-
turbations in surface temperature and precipitation over the
continental US (examined further below.)

The four models exhibit some problems while attempt-
ing to simulate the observed seasonality of the atmospheric,
SST-related features and the associated regional circulation
patterns. While portraying their own version of the
observed winter ridge/trough over the Icelandic/western
Atlantic-Azores region, most of them are unable to capture
the atmospheric seasonality that is characterized by a
summer minimum in the anomalies. It is revealing to find
out that while GFDL-CM3 was shown to be the best model
in reproducing observed features over the ocean, it is the
worst in capturing the respective atmospheric patterns via
geopotential height regressions; some of the key, contra-
dictory features (with respect to observations) include
maximum positive anomalies over the Icelandic region
during spring rather than winter, as well as minimum
height anomalies during the winter and fall seasons
(instead of summer). On the other hand, CCSM4, which
was the worst in simulating the observed oceanic features
of the AMO, exhibits a reasonable seasonal cycle on the
atmospheric front (the strongest among all models): it
displays maximum (minimum) anomalies in winter (sum-
mer), but of greater amplitude in comparison to observa-
tions, including an enhanced subtropical/tropical response
that is not seen in observations. The respective atmospheric
features in ECHAM6/MPI-ESM-LR are marginally stron-
ger than in GFDL-CM3, with a seasonal cycle of similar
skill to the one in GFDL-CM3, however: maximum
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anomalies are displayed in winter, with the strongest
minimum anomalies being observed during fall. Finally, in
UKMO-HadCM3 a seasonal cycle similar to the one in
observations is discerned, but of much weaker amplitude:
in fact, the response is so weak that it is characterized by
normal conditions during the defined summer season. At
last, it is worth noting that none of the models captures the
fall wave pattern over North America and parts of the
northeastern Atlantic; this is important as low and mid-
tropospheric geopotential height variability can be related
to winds and low-level circulation that is associated with
moisture transport and is therefore conducive to more
efficiently understanding and modeling hydroclimate
changes and extreme events (i.e., droughts) over the US
Great Plains and other regions (Ruiz-Barradas and Nigam
2005).

3.5 AMO and precipitation patterns

The main rainy season for the majority of the domain
examined in this study occurs in the months of summer and
fall, but among these seasons, fall is the season during
which we observe the greatest association between the
AMO and regional geopotential height anomalies, as well
as circulation and surface climate features. The warm
phase of the AMO is characterized by prominent SST
anomalies that are linked to important precipitation
anomalies in observations (Fig. 9, upper panel). The
structure of the fall-SST anomalies in the mid-latitudes and
northern tropical Atlantic® is similar to the all-season
regressed anomalies (Fig. 1) but with a stronger maximum
in the mid-latitudes. The associated precipitation anomalies
display a general decrease in rainfall over the US, which is
particularly prominent in the eastern half®; furthermore, a
rainfall decrease is noted over the western and southeastern
portions of northern South America. On the other hand,
enhanced rainfall is observed over Central America, the
Guinean zone in Africa,7 southern Europe, and the UK
(Fig. 9, upper panel). The previously studied 500 mb
anomalous geopotential height pattern (ridge-trough-ridge)
that is present during fall, is a good example of how
mid-level circulation anomalies generate precipitation

5 The AMO-related SST anomalies in the North Atlantic are
minimum in spring, a time when the SST anomalies over the
northern tropical Atlantic reach the maximum extension and have the
largest impact over northeastern Brazil during the rainy season (not
shown). This is all reminiscent of the so called interhemispheric
mode.

S The influence of the AMO in central US rainfall is considerably less
extensive in summer than in fall (not shown).

7 The impact of the AMO on regional rainfall over Africa depends on
the season. As noted above, the Guinean zone is affected in fall, but
the Sahelian zone to its north is most affected in summer (not shown).
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anomalies over land: the wave pattern of high—-low-high at
the 500 mb pressure level over the US enables the gener-
ation of near-the-surface, northerly winds, reduced mois-
ture transport and a low-level subsidence that can
subsequently lead to enhanced dryness over the central and
southeastern US.

As far as the models are concerned, fall SST anomalies
manifest some similarities to the all-season regressions,
with some distinct differences, however, due to the sea-
sonality of the phenomenon (Fig. 9, middle and lower
panels). As in the case of the all-season regressions, models

1

(with the exception of GFDL-CM3) tend to place the
maximum SST anomalies in the North Atlantic too far to
the east of the Labrador Sea, in comparison to observa-
tions. CCSM4 is the only model with no subtropical/trop-
ical extension of the SST anomalies; on the other hand,
GFDL-CM3 and ECHAM6/MPI-ESM-LR demonstrate a
similar-magnitude, subtropical/tropical extension of the
North Atlantic SST anomalies (as in observations), a phe-
nomenon that was absent from the all-season regressions.
Finally, UKMO-HadCM3’s fall SSTA structure appears
similar to the all-season one, remaining unable to match the
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Fig. 9 Fall regressions of smoothed AMO indices on SST and
precipitation for the winter 1901—fall 1999 time period. The upper
panel shows the regression of the observed HadISST smoothed AMO
index on its own SSTs and CRUTS3.1 precipitation. The remaining
panels show the related AMO SST and precipitation anomalies from

model simulations of the twentieth century climate from GFDL-CM3,
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CCSM4, ECHAM6/MPI-ESM-LR and UKMO-HadCM3. Regres-
sions are calculated for each ensemble member separately and an
average is subsequently calculated and shown here. Blue/red and
green/brown denote positive/negative anomalies for SST and precip-
itation fields, respectively; contour intervals are 0.075 mm/day and
0.1 K, respectively
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observed magnitude of the SSTA extension into the
Tropics.

Now the four models remain challenged when focusing
on their ability to capture the vast hydroclimate features
that are related to the warm phase of the AMO, during fall.
The observation-based, reduced rainfall in central and
eastern US is only partially captured by ECHAM6/MPI-
ESM-LR and in a minimum way by UKMO-HadCM3. On
the other hand, the reduced rainfall over South America is
broadly captured by GFDL-CM3 in its western portion,
with CCSM4 and UKMO-HadCM3 having only a few
hints of the reduced rainfall over its southeastern part. The
broad region of enhanced rainfall over the Guinean zone in
Africa is also problematic for all four models; while
GFDL-CM3 portrays decreased rainfall over the region,
accompanied with enhanced rainfall over the Sahelian zone
(extending too far to the north, however, with respect to
observations), the other three models are unable to simulate
the magnitude and spatial extent of these precipitation
anomalies.

3.6 AMO-related, surface air temperature variability

Given the decadal scale of the phenomenon, it is also
important to identify AMO’s signal in surface air temper-
ature, in order to differentiate it from the man-induced
impact on regional temperatures. Regressions of the AMO
indices on surface air temperature during fall are shown in
Fig. 10. Warming associated with the warm phase of the
AMO in observations is manifested over the western US,
the Labrador Peninsula and southern Greenland, large parts
of Europe, northwestern Africa, as well as western South
America (Fig. 10, upper panel). The AMO influence on
surface air temperature is seasonally dependent: while fall
is the season with the most extended warming over the
domain used for the current study, winter is the season
when warming appears to be maximum over eastern US
and Canada, with a generalized cooling observed over
Europe, except for a region of intense warming occurring
over the Scandinavian Peninsula (not shown).

AMO-related fall surface air temperature anomalies are
not being fully captured, in magnitude or position, by any
of the four model simulations employed here. The warming
over western US is only timidly shown by ECHAM6/MPI-
ESM-LR. The remaining models (with the exception of
CCSM4) weakly portray the warming over the Labrador
Peninsula and southern Greenland. In addition, the broad
extension of the warming over northwestern Africa is also
weakly and sparsely simulated by all four models. Finally,
the warming over western South America appears exag-
gerated by GFDL-CM3, with an extent that surpasses the
one in observations, while ECHAMO6/MPI-ESM-LR
depicts the warming in a muted way.
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4 Summary and discussion

The basin-wide, sea surface temperature variability known
as the Atlantic Multidecadal Oscillation and its signature
on surface and sub-surface fields, as well as its impact on
the climate of neighboring continents, has been analyzed in
this study, in an effort to construct an integrated view of the
phenomenon. North Atlantic SSTs exert a significant and
oftentimes predictable influence on climate, with devas-
tating socioeconomic impacts, such as the ones derived
from multi-year drought and enhanced rainfall incidents
over N. America. Thus, the characterization of the AMO is
of vital significance in assessing the efficiency of decadal
climate prediction experiments of current state-of-the art
models participating in the CMIPS5 project. The need for a
proper incorporation of such low frequency natural vari-
ability phenomena, such as the AMO, has been noted in
past studies (Meehl et al. 2009; Hurrell et al. 2009; Nigam
et al. 2011) and is essential for a better attribution of nat-
ural and human-induced effects in model projections of
present and future climate events.

A clarified description of AMO’s spatiotemporal struc-
ture and evolution emerges from century-long observa-
tions. The mature warm phase of the smoothed AMO is
associated with warm anomalies in the North Atlantic mid-
latitudes over the sub-polar gyre region and the Labrador
sea and a secondary maximum of warm anomalies in the
northern tropical Atlantic (also see Nigam et al. 2011). The
relative magnitude of the maximum SST anomalies is
inverted when the analysis is confined to the second half of
the twentieth century, despite the fact that the structure
remains unchanged.

A period of 58 years is inferred for the smoothed AMO
from observations, which is smaller than other estimations
in the 65-75 years range (e.g., Enfield et al. 2001; Sutton
and Hodson 2005); these other estimates are based on the
use of heavy smoothing of the area-averaged anomalies, as
compared with the 1-2-1 binomial filter used here. Spectral
analysis shows that oscillations in the 70-80 year range are
dominant in the observed smoothed AMO index, but are
combined with oscillations in the 30-40 year range and
shorter periods. Models, however, underestimate the life
span of the phenomenon by increasing variability in the
10-20 year range, to the extent that it becomes more
dominant than variability in the 70-80 year range.

Sea surface temperature anomalies are shown to be
associated with vertically-integrated heat content anoma-
lies (sfc-400 m) that evolve coherently in time, as well as
vertically integrated (sfc.-50 m) salinity anomalies—par-
ticularly the positive anomalies developing over the Lab-
rador Sea and the negative ones off of the US coast. While
this configuration of SST/salinity/heat content anomalies
over the deep water formation region of the sub-polar gyre
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Fig. 10 Fall regressions of smoothed AMO indices on surface air
temperature for the winter 1901-fall 1999 time period. The upper
panel shows the regression of the observed HadISST smoothed AMO
index on CRUTS3.1 surface air temperature. The remaining panels
show the related air temperature anomalies from model simulations of

points toward a more active thermohaline circulation dur-
ing the warm phase of the AMO, the cold phase of the
AMO suggests a weaker thermohaline circulation and fresh
water anomalies, similar to the ones evolving during Great
Salinity Anomaly events (as noted in Slonosky et al. 1997).
An atmospheric signal associated with the N. Atlantic low-
frequency variability is also discerned from observations,
when looking at regressions of the seasonal AMO index
on the respective 500 mb geopotential height field.
Regional geopotential height anomalies, including both the
weather noise that is forcing the SSTA evolution, as well as
the atmospheric feedback to the Atlantic impact, appear
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the twentieth century climate from GFDL CM3, CCSM4, ECHAM®6/
MPI-ESM-LR and UKMO-HadCM3. Regressions are calculated for
each ensemble member separately and an average is subsequently
calculated and shown here. Blue/red denotes positive/negative
anomalies; contour interval is 0.1 K

stronger in winter and weaker during summer, while per-
sisting, however, throughout the entire year, as noted in
Kushnir et al. (2010) and Wang et al. (2010). The fall
season appears to be of critical importance as far as the
interactions between the AMO and the regional surface
climate of the adjacent continents are concerned; an
anomalous wave pattern extending from North America to
eastern Europe is linked to reduced (enhanced) rainfall
over large portions of the Americas (western Africa, over
the Guinean region) and generalized warming over the
western Americas, Greenland, Europe and northwestern
Africa, during that season.

@ Springer
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The four CMIP5 models examined in this study capture
the focus of North Atlantic SSTAs in the mid-latitudes,
while moving, however, the maximum anomalies further to
the east than observations indicate, and while remaining, in
general, unable to portray the extension of same-sign
anomalies into the tropics, during the pre- and post-mature
phases of the AMO. The characteristic period of the AMO
remains underestimated with an error range between 6
(UKMO-HadCM3) and 18 years (ECHAM6/MPI-ESM-
LR). UKMO HadCM3 appears to be most successful in
simulating the AMO’s spatial evolution and variability
around the mature phase (£4 years). Furthermore, the
models tend to associate N. Atlantic SST anomalies
(especially the warm ones) with the sfc-400 m heat content
variations (as seen in observations), while appearing more
challenged, however, when simulating the observed tem-
poral evolution of these anomalies close to the mature
phase of the AMO. At the mature phase, GFDL-CM3 and
UKMO-HadCM3 portray some of the observed features (of
the SST and heat content fields), such as the contrasting
warm anomalies over the sub-polar gyre region (Labrador
Sea and Davis Strait) and the cold anomalies off of the
eastern US coastline. GFDL-CM3 is the only model cap-
turing the spatial distribution of the salinity anomalies,
while exaggerating, however, their spatial extent off of the
US coast. In general, GFDL-CM3 exhibits the most
favorable oceanic description associated with the AMO,
while CCSM4 exhibits the least favorable one (CCSM4
salinity and heat content anomalies are the weakest among
models, and have the least resemblance to the observed
structure).

None of the four models employed in this study is able
to capture the anomalous circulation pattern that is seen in
observations during the fall season. CCSM4, despite its
unsuccessful depiction of the AMO-related, oceanic fea-
tures, displays a more realistic atmospheric structure (in
comparison to the other models) via the seasonality of the
500 mb geopotential heights. Regarding the fall hydrocli-
mate characteristics associated with the AMO, ECHAMG6/
MPI-ESM-LR is best at representing the reduced rainfall
over the US (although it is deficient in capturing its spatial
extent); over the same region, UKMO-HadCM3 displays
similar to the observations but of minimum amplitude
features, whereas CCSM4 and GFDL-CM3 are unable to
reproduce the reduced precipitation impact, manifesting
normal and increased precipitation patterns, respectively.
Finally, regarding the AMO-related, surface air tempera-
ture anomalies, GFDL-CM3 demonstrates the strongest,
warming signal among the models but is unable to capture
the warming over western North America, while
ECHAMO/MPI-ESM-LR marginally captures the extensive
warming; CCSM4 and UKMO-HadCM3 are only able to
represent the warming over northwestern Africa, in a
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minimum way. One can therefore argue that representation
of low frequency variability and its associated hydrocli-
mate structure remains challenged in these simulations and
that there is an uneven (incoherent) progress noted between
these models and their respective predecessors (their
CMIP3 versions), as noted in recent studies (Ting et al.
2011; Ruiz-Barradas et al. 2012). Furthermore, the models
remain unable to efficiently depict a holistic perspective of
the AMO-related oceanic and atmospheric features. More
research is therefore necessary to unravel potential mech-
anisms that are critical in low frequency variability struc-
ture and evolution in the North Atlantic and that might not
be well represented in models, hindering thus their ability
to more efficiently portray the observed, AMO signature.
Such mechanisms include the ability of climate models (or
lack thereof) to a. efficiently produce the Pacific basin link
of the Atlantic impact (Ting et al. 2011; Guan and Nigam
2009)—this connection has been noted in several studies in
the past (Enfield and Mayer 1997; Ruiz-Barradas et al.
2000; Latif 2001), b. to capture the role of the ocean in
long-term variability (i.e., by efficiently simulating its
surface and sub-surface structure), c. to understand and
simulate the coupling between the ocean and the overlying
atmosphere and the connection between circulation fea-
tures, weather noise (momentum, heat, freshwater) and
ocean-induced surface fluxes (via the atmospheric response
to SST evolution) and regional hydroclimate (for instance,
the relation between the recent N. American drought events
of 2012 in the context of North Atlantic and equatorial and
northern Pacific impact). Some research questions that
arise from the current study and are yet to be fully
answered include: a. the connection between the region of
origin, the excitation mechanism and the propagation of
salinity anomalies between the Arctic and N. Atlantic
basins (Sundby and Drinkwater 2002) and the ways in
which these anomalies relate to low-frequency, sea surface
temperature variability in the N. Atlantic and b. the relative
contribution of the surface versus deeper layers of the
ocean to the increase in oceanic heat content and the ways
in which this relates to the spatiotemporal pattern of multi-
decadal, N. Atlantic SST variability.

5 Conclusions

To conclude, we believe that our analysis sheds light on the
structure and evolution of the low-frequency AMO, while
also inciting supplemental interest for AMO’s footprint on
both surface and sub-surface variables. The modeled AMO
image that emerges via the newly released historical sim-
ulations demonstrates limited success, particularly on the
continental climate impact front. A greater focus on
building AMO’s sub-surface signature, throughout the
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entire North Atlantic basin and its co-variability with
salinity and meridional overturning circulation fluctuations
could potentially help improve the incorporation of AMO-
related mechanisms in climate models. However, this may
not be enough to substantially advance the way the atmo-
sphere responds to mid-latitude sea surface temperature
anomalies in the models. Without a proper incorporation of
low-frequency natural variability in climate simulations,
decadal predictability and the accuracy of climate projec-
tions under different climate change scenarios remain
compromised.
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