15 APRIL 2017

RUPRICH-ROBERT ET AL.

Assessing the Climate Impacts of the Observed Atlantic Multidecadal Variability

Using the GFDL CM2.1 and NCAR CESM1 Global Coupled Models?

YOHAN RUPRICH-ROBERT

Atmosphere and Ocean Sciences, Princeton University, and NOAA/Geophysical Fluid Dynamics
Laboratory, Princeton, New Jersey

RYM MSADEK

NOAA/Geophysical Fluid Dynamics Laboratory, Princeton, New Jersey, and CECI UMR 5318,
CNRS/CERFACS, Toulouse, France

FREDERIC CASTRUCCIO AND STEPHEN YEAGER

Climate and Global Dynamics Laboratory, National Center for Atmospheric Research,* Boulder, Colorado

ToM DELWORTH
NOAA/Geophysical Fluid Dynamics Laboratory, Princeton, New Jersey

GOKHAN DANABASOGLU

Climate and Global Dynamics Laboratory, National Center for Atmospheric Research,* Boulder, Colorado

(Manuscript received 11 February 2016, in final form 8 November 2016)

ABSTRACT

The climate impacts of the observed Atlantic multidecadal variability (AMYV) are investigated using the GFDL
CM2.1 and the NCAR CESMI1 coupled climate models. The model North Atlantic sea surface temperatures are
restored to fixed anomalies corresponding to an estimate of the internally driven component of the observed
AMV. Both models show that during boreal summer the AMV alters the Walker circulation and generates
precipitation anomalies over the whole tropical belt. A warm phase of the AMYV yields reduced precipitation
over the western United States, drier conditions over the Mediterranean basin, and wetter conditions over
northern Europe. During boreal winter, the AMV modulates by a factor of about 2 the frequency of occurrence
of El Nifio and La Nifia events. This response is associated with anomalies over the Pacific that project onto the
interdecadal Pacific oscillation pattern (i.e., Pacific decadal oscillation-like anomalies in the Northern Hemi-
sphere and a symmetrical pattern in the Southern Hemisphere). This winter response is a lagged adjustment of
the Pacific Ocean to the AMYV forcing in summer. Most of the simulated global-scale impacts are driven by the
tropical part of the AMYV, except for the winter North Atlantic Oscillation-like response over the North
Atlantic-European region, which is driven by both the subpolar and tropical parts of the AMV. The tele-
connections between the Pacific and Atlantic basins alter the direct North Atlantic local response to the AMV,
which highlights the importance of using a global coupled framework to investigate the climate impacts of the
AMV. The similarity of the two model responses gives confidence that impacts described in this paper are robust.

1. Introduction
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During the last century, the observed annual mean
North Atlantic sea surface temperatures (SSTs) have
exhibited a long-term warming trend superimposed
onto multidecadal fluctuations. This multidecadal vari-
ability has been referred to as the Atlantic multidecadal
oscillation (AMO) by Kerr (2000). In the present study,
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we use the term Atlantic multidecadal variability
(AMYV) rather than AMO, as there is so far no firm
evidence of a unique periodicity in the multidecadal
fluctuations of the North Atlantic SST (e.g., Gray et al.
2004; Knudsen et al. 2011; Frankcombe et al. 2010).
The SST anomalies that define the AMYV are charac-
terized by a basin-scale anomalous pattern that has the
same sign over the whole North Atlantic, as was first
described by Kushnir (1994) and Schlesinger and
Ramankutty (1994). These SST anomalies are uniform
in sign but show a maximum loading over the subpolar
gyre (SPG) region extending to the subtropics through
the eastern side of the basin [see Knight et al. (2005),
Trenberth and Shea (2006), and Ting et al. (2009, 2014)
for different estimates of the AMV time series and
spatial structure].

The origins of the observed AMYV are still uncertain.
Numerous studies based on global climate model
(GCM) simulations have shown that the northward
oceanic heat transport fluctuations associated with the
Atlantic meridional overturning circulation (AMOC)
variability are the main driver of the AMV (e.g., Knight
et al. 2005; Zhang 2008; Medhaug and Furevik 2011;
Ruprich-Robert and Cassou 2015). Yet, during the last
century, the North Atlantic SST has also been affected
by changes in external forcing, both anthropogenic
(Chang et al. 2011; Booth et al. 2012) and natural
(Ottera et al. 2010; Swingedouw et al. 2013), making the
assessment of the contribution of the internal AMOC
fluctuations to the observed AMV difficult (e.g.,
Rotstayn and Lohmann 2002; Terray 2012).

Whatever its origins, there is observational evidence
that the AMV is associated with, and possibly the source
of, marked climate anomalies over many areas of the
globe. Sutton and Hodson (2005) and Sutton and Dong
(2012) argued for the existence of a causal link between
the warm phase of the AMV (referred to as the positive
phase; AMV+) and warmer conditions over central
Europe, drier conditions over the Mediterranean basin,
and wetter conditions over northern Europe during
boreal summer. Other studies have linked AMV+ to a
warmer and drier climate over North America (Enfield
et al. 2001; Sutton and Hodson 2007; Schubert et al.
2009; Kushnir et al. 2010). Consistent with these North
American and European climate impacts, a number of
studies suggested that the AMYV could impact the mid-
latitude winter atmospheric circulation by modulating
the number of blocking events over the North Atlantic—
Europe (NAE) region (Hikkinen et al. 2011; Davini
et al. 2015) or by driving North Atlantic Oscillation
(NAO)-like anomalies (Peings and Magnusdottir 2014,
2015; Omrani et al. 2014; Gastineau and Frankignoul
2015). McCabe et al. (2004) and more recently Chylek
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et al. (2014) further linked the multidecadal North
American drought frequency with both the AMYV and its
Pacific counterpart, the interdecadal Pacific oscillation
[IPO; e.g., Zhang et al. 1997; Power et al. 1999; see
Newman et al. (2016) for a recent review of the Pacific
decadal variability]. Yet, whether these concomitant
forcings of the Atlantic and Pacific arise from a co-
incidence or reveal a causal link between Atlantic and
Pacific decadal anomalies remains uncertain.

In addition to impacting the Northern Hemisphere
midlatitudes, the AMV has been shown to have signifi-
cant impact on tropical climate with a decrease of South
Anmerican rainfall and an intensification of West African
and East Asian monsoons observed and simulated dur-
ing AMV+ (e.g., Folland et al. 2001; Zhang and
Delworth 2006; Mohino et al. 2011; Wang et al. 2012;
Martin and Thorncroft 2014; Krishnamurthy and
Krishnamurthy 2015). Vimont and Kossin (2007), fol-
lowing Goldenberg et al. (2001), have further shown that
the AMV can impact Atlantic hurricane activity, with
more hurricanes occurring during AMV +.

The numerous AMV teleconnections listed above
highlight the importance of better understanding and
predicting the AMV. However, the shortness of the
historical record compared to the AMV period sug-
gested by observations (~60-80 yr; cf. Fig. 1a) makes it
difficult to rigorously isolate the drivers and the impacts
of the AMYV. In this context, numerical coupled climate
models offer a valuable alternative to investigate AMV
impacts and associated mechanisms. Ting et al. (2011,
2014) showed that the historical simulations from phase
3 of the Coupled Model Intercomparison Project
(CMIP3) were able to reproduce some of the observed
climate impacts associated with the AMV, like rainfall
over Sahel and the Amazon, but they stressed the lack of
any statistically significant response in terms of pre-
cipitation over the United States and Southeast Asia.

However, estimating the impacts of the AMYV using
GCM can only offer limited insight into the observed
teleconnections insofar as the simulated AMYV pattern is
usually different from the observed one (e.g., Zhang and
Wang 2013). To tackle this issue, Zhang and Delworth
(2006) used a hybrid coupled model in which the fully
dynamic ocean component was replaced by a horizon-
tally motionless slab ocean over the Atlantic constrained
through heat flux corrections to follow the twentieth-
century evolution of the observed AMV. They showed
that the observed AMYV yields climate impacts in the
North Pacific that project onto the northern part of the
IPO. They argued that this forcing occurs through
changes in the Northern Hemisphere storm tracks and
through a reinforcement of the response by ocean dy-
namics and positive air-sea feedbacks over the North
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a) Internal and Forced Components of the North Atlantic SST index
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FIG. 1. (a) Internal (red and blue) vs external (black line) components of the observed North Atlantic SST
decadal variability following the Ting et al. (2009) definition. (b) Regression map of the observed annual mean SST
(ERSST.v3; Smith et al. 2008) on the internal component of the North Atlantic SST index (i.e., the AMV index;
units are degrees Celsius per std dev of AMV index). Both SST field and AMV index time series have been low-pass
filtered prior to computing the regression, using a Lanczos filter (21 weights with a 10-yr cutoff period). The black
latitude lines in (b) show the subpolar and tropical domains used for the SPG_AMYV and Trop_AMYV experiments

(see section 2b).

Pacific (Zhang and Delworth 2007). Their proposed
mechanism hence involved mainly an extratropical
teleconnection. This contrasts with Dong et al. (2006),
who used a different approach in which the coupled
model SSTs were relaxed toward fixed SST anomalies
corresponding to the observed AMV to argue that the
link occurred through a tropical Atlantic-tropical Pa-
cific teleconnection that involved changes in the Walker
circulation (WC). Neither of these studies investigated
the respective role played by the extratropical and the
tropical parts of the AMV. Recent studies focused on
the impact of the tropical Atlantic on the tropical Pacific
at decadal time scales corroborated Dong et al. (20060)’s
mechanism (Kucharski et al. 2011, 2015; McGregor et al.
2014; Li et al. 2015; Ham and Kug 2015; Zanchettin et al.
2016). However, the mechanism proposed by Zhang and
Delworth (2007) could still hold in addition to the
tropical teleconnection, and the relative importance of
each teleconnection in setting the Pacific response to the
AMYV remains to be established.

Given the numerous potential climate impacts of the
AMYV at decadal time scale, it is crucial to improve our
knowledge of the mechanisms associated with AMV
teleconnections. A better understanding of these
mechanisms could help advance the prediction of AMV
impacts. In this study, we investigate the global impacts
of the observed AMYV, identify the respective role
played by the extratropical and tropical parts of the
AMYV, and estimate the importance of the other oceanic
basins in modulating the global AMV impacts. We use a
model approach similar to Dong et al. (2006), but using
two different GCMs and large-ensemble simulations for
both models. The structure of the paper is as follows.
The model setup and the idealized experiments are

described in section 2. The simulated AMV climate
impacts are documented in section 3, and their mecha-
nisms are investigated in Section 4. Section 5 focuses on
the tropical Pacific response to the AMV. We assess the
signal-to-noise ratio of the response to the AMV in
section 6 before concluding and discussing the results in
sections 7 and 8.

2. Methodology

We perform idealized experiments using two global
coupled models in which the North Atlantic SSTs are
restored to a time-independent spatial pattern corre-
sponding to an estimate of the internally driven com-
ponent of the observed AMV anomaly.

a. Decomposing the internal and forced components
of the observed AMV

To isolate the internal component of the observed
AMV from the externally forced part, we follow the
approach proposed by Ting et al. (2009). In this method
the externally forced SST variability is estimated by
applying a signal-to-noise maximizing EOF analysis to
the global annual mean SST derived from the CMIP5
multimodel ensemble (only one simulation from each
of the 36 models has been used to reduce the bias to-
ward any specific model). Historical simulations and
representative concentration pathway 8.5 (RCP8.5)
simulations are chosen for the 1870-2005 and the 2006—
13 periods, respectively. The time series associated
with the leading global signal-to-noise EOF [i.e., the
first principal component (PC1)] is taken as the time
series of the radiatively forced component of SST. The
spatial pattern of the forced component of the observed
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SST is obtained by regressing the observed global SST
onto the PC1 time series. The observed SST dataset is
from the Extended Reconstructed Sea Surface Tem-
perature, version 3 (ERSST.v3; Smith et al. 2008). The
internal component of the observed North Atlantic
SST index (hereafter referred to as the AMYV index for
clarity) is then obtained as the residual of the observed
North Atlantic basinwide average SST (from the equa-
tor to 60°N and from 75° to 7.5°W) after subtracting
the forced component (Fig. 1a). The spatial pattern of
the AMYV is obtained by regressing the annual mean
observed SST at each grid point onto the AMV index
(Fig. 1b). Both the AMYV time series and the SST field
have been low-pass filtered prior to the regression
using a Lanczos filter (21 weights with a 10-yr cutoff
period), and the regression has been computed over the
1870-2013 period.

b. Description of the coupled model experiments

We use two different coupled models in this study: the
GFDL CM2.1 and the NCAR CESM1(CAMS) (here-
after CESM1). The detailed formulation and simulation
characteristics of CM2.1 are described by Delworth
et al. (2006) and Wittenberg et al. (2006). The ocean
component of CM2.1 has 50 vertical levels and a 1° X 1°
horizontal resolution, increasing to !/3° meridional
spacing near the equator. Its atmospheric component
consists of 24 vertical levels and 2° latitude X 2.5° lon-
gitude grid spacing. CESM1 is used with the same
components as the long control simulation of the CESM
Large Ensemble Project (Kay et al. 2015). All compo-
nents of CESM1 have approximately 1° horizontal res-
olution. The atmospheric component CAMS5.2 has 30
hybrid vertical levels. The ocean component uses 60
vertical levels and a meridional mesh refinement down
to 0.27° near the equator.

Five sets of experiments are performed:

1) Full_AMV+ and Full_ AMV—: SST anomalies cor-
responding to plus or minus one standard deviation
of the AMV index (i.e., plus or minus the AMV
pattern shown in Fig. 1b) are imposed over the North
Atlantic. In these experiments, the model daily SST
is restored to the observed AMV anomalies super-
imposed on the model’s own daily climatology over
the North Atlantic region from 0° to 73°N. To pre-
vent instabilities between the restored and un-
restored regions, 8° buffer zones are defined over the
northern and southern boundaries with a restoring
coefficient decreasing by 0.125 per degree of latitude
so that a full restoring is performed only between 8°
and 65°N. Outside of the restoring region, the model
evolves freely, allowing a full response of the climate
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system. Details on the restoring method are provided
in the appendix.

2) Trop_AMYV: Similar to the Full_ AMV+ and Full_
AMYV — experiments but only the tropical part of the
AMV is imposed from 0° to 28°N, with full restoring
done between 8° and 20°N (see region in Fig. 1b).

3) SPG_AMYV: Similar to the Full_AMV experiments
but only the subpolar part of the AMV is imposed
from 37° to 73°N, with full restoring done between
45° and 65°N (cf. Fig. 1b).

4) XTrop_AMV: Similar to the Full_ AMV experi-
ments but only the extratropical part of the AMV
is imposed from 28° to 73°N, with full restoring done
between 36° and 65°N. Because of computational
constraints, these experiments have been done only
with CM2.1.

5) Damped_Global_AMYV: Similar to the Full AMV
experiments but in addition to restoring the North
Atlantic to the observed AMV anomaly, the SST
over each grid point of the globe outside of the North
Atlantic is restored to its own climatology. These
experiments have been done only with CM2.1.

6) Damped_TropPac_AMV: Similar to the Full_ AMV
experiments but in addition to the AMV being
restored over the North Atlantic, the SSTs over the
tropical Pacific (28°S-28°N from the Maritime Con-
tinent to the eastern Pacific border) are restored to
their own climatology (see region in Fig. 9¢). These
experiments have been done only with CM2.1.

For all experiments we perform large-ensemble sim-
ulations with 100 members for CM2.1 and 30 members
for CESM1 to robustly estimate the AMV climate im-
pacts and their associated signal-to-noise ratio. As dis-
cussed later, the smaller ensemble size for CESM1 does
not affect the robustness of the results. For CM2.1 the
ocean and atmosphere of the ensemble members have
been initialized randomly (5 years apart from each
other) from an independent control integration. For
CESM1, ensemble members are obtained using a com-
bination of macro- (sampling three different ocean ini-
tial states) and micro- (perturbation of atmospheric
initial conditions) ensemble generation, following
Hawkins et al. (2015). To capture the potential response
and adjustment of other oceanic basins to the AMV
anomalies, the simulations have been integrated for 10
years. We chose not to extend the simulations beyond 10
years because of the presence of drift (see the online sup-
plemental material). All external forcings are kept con-
stant at their preindustrial values during the integrations.

Comparing the Full AMYV experiments to the Trop_
AMYV and SPG_AMYV experiments allows us to attri-
bute the climate impacts to particular subdomains of the
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AMYV pattern. Note that the anomalies imposed over a
given region can propagate outside of the restoring re-
gion through atmospheric and oceanic teleconnections.
Therefore, we chose to keep a 10° latitude band with no
restoring between the tropical and extratropical sub-
domains in order to better separate the respective im-
pacts of those parts of the AMV. The XTrop_AMV
experiments will allow us to investigate the sensitivity of
the climate response to the choice of the extratropical
domain. For the Damped_Global_AMYV case, the 5-day
restoring of the model SST toward its climatology out-
side of the North Atlantic drastically inhibits the gener-
ation of SST anomalies in those regions through oceanic
and low-frequency ocean—atmosphere feedback processes.
These experiments provide information about the role
played by ocean dynamical adjustment outside of the
North Atlantic on the global AMV impacts simulated
in the Full_AMYV experiments. The Damped_TropPac_
AMV experiments allow us to isolate the role played
by the tropical Pacific response and, in particular, the
El Nifio-Southern Oscillation (ENSO) response in the
AMYV climate impacts.

Unless otherwise stated, the results presented in the
article correspond to the ensemble mean of each ex-
periment. Each year of the individual ensemble mem-
bers is used to evaluate the statistical significance of the
results using a two-sided Student’s ¢ test.

3. Results: Description of the global AMYV climate
impacts

a. The boreal summer response (June—September)

Restoring the two models to the observed AMV
pattern yields as expected a temperature response very
similar to observations over the North Atlantic, with the
strongest warming over the Atlantic SPG (~+0.5°C),
extending in a comma-shaped pattern to the tropics
(~+0.3°C) (Figs. 2a,b). The magnitude of the simulated
temperature anomalies is, however, not twice as high as
the observed anomalies shown on Fig. 1b, as one would
expect from the difference between a positive and a
negative phase of the AMV. This is due to the fact that
we do not impose a very strong nudging in the experi-
mental protocol to allow ocean—-atmosphere coupling
and variability at high frequencies, which tend to dissi-
pate the heat anomalies imposed at the surface.

The models simulate remarkably similar global tele-
connections. We note a warming of about 0.1°-0.15°C
over the northern and eastern Indian Ocean and over
the Maritime Continent. Over the Pacific, temperature
anomalies project strongly onto a negative phase of the
IPO (Fig. 3) with negative SST anomalies in the tropical
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Pacific that extend toward the pole in both hemispheres
in a horseshoe-like pattern that surrounds positive SST
anomalies in the west. Unlike CESM1, CM2.1 simulates a
warming over the central equatorial Pacific that breaks
the spatial coherence of the IPO pattern. We will discuss
in section 5 the possible reasons for this difference. Sig-
nificant temperature anomalies are found over land, with
positive anomalies larger than 0.3°C over the western part
of the United States and over the Mediterranean region.
In both models, a warming is also simulated over most of
the Eurasian continent. The models show less agreement
over the Southern Hemisphere, although both show a
warming over northeastern Australia, over sub-Saharan
Africa, and over South America. Finally, both models
simulate a warming of the whole Arctic; however, the
amplitude of this signal is much stronger in CESM1 than
in CM2.1. Further analyses are ongoing to understand the
reasons for the differences over this region.

The AMV warming leads to low pressure anomalies
over most of the Northern Hemisphere, particularly
over North America, the North Atlantic, and North
Africa, with large anomalies over the subtropics in both
models (Figs. 2c,d). The broad North Atlantic low
pressure anomaly is mass compensated by positive
pressure anomalies over most of the Pacific. Such a
seesaw pattern indicates a modification of the WC by the
AMV. This is consistent with the studies of McGregor
etal. (2014) and Li et al. (2015), who suggest that over the
last 30 years the tropical Atlantic warming has contrib-
uted to the strengthening of the WC, which is in contrast
with the long-term weakening trend of the WC observed
over the last century (Kociuba and Power 2015).

In addition to the SLP anomalies associated with the
modification of the WC, there is a northward shift and a
reinforcement of the northern part of the intertropical
convergence zone (ITCZ) over the North Atlantic, the
eastern Pacific, and the Sahel (Figs. 2e,f). Increased
rainfall is also found over the equatorial Indian Ocean,
whereas reduced precipitation prevails over the western
and central tropical Pacific in both hemispheres. This
corresponds to a southwestward tilt of the South Pacific
convergence zone (SPCZ) and a southward shift of
the ITCZ.

Over the extratropics, the two models simulate a small
but significant rainfall increase over the North Atlantic
that is consistent with the imposed SST warming, which
increases the evaporation and thus the amount of pre-
cipitable water (not shown). Reduced rainfall is found
over the extratropical eastern North Pacific especially in
CM2.1, which is driven by both a decrease of atmo-
spheric humidity convergence and a decrease of evap-
oration resulting from the simulated cold SST response
(not shown). Both models tend to indicate a north-south
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FIG. 2. Differences between the 10-yr average of the Full_AMYV + and the Full_AMYV — ensemble simulations for
the JJAS season. (a),(b) T2m, (c),(d) SLP, and (e),(f) precipitation. Results from (left) CM2.1 and (right) CESM1
are shown. Stippling indicates regions that are below the 95% confidence level of statistical significance according to
a two-sided Student’s 7 test. Note that the contours intervals of T2m in (a) and (b) have been multiplied by 1.75

compared to Fig. 1b to allow a straightforward comparison.

dipole of precipitation over Europe, with drier condi-
tions over the Mediterranean area and wetter conditions
over northern Europe (significant only in CM2.1), which
is consistent with the documented impact of a positive
AMYV in observations (Sutton and Dong 2012). In
agreement with Sutton and Hodson (2005) and Schubert
et al. (2009), we also find that AMV + is associated with
warmer and drier conditions over the western part of the
United States. The two models also show drier condi-
tions over South America and precipitation increase
over India, which suggests an impact of the AMV on the
Asian monsoon, in agreement with previous observa-
tional studies (e.g., Seager et al. 2010a; Krishnamurthy
and Krishnamurthy 2015).

b. The boreal winter response (December—March)

During December-March (DJFM), the simulated
North Atlantic SSTs are less reminiscent of the imposed
AMYV pattern than during June-September (JJAS) es-
pecially over the SPG and in CM2.1 (Figs. 4a,b). This
comes from the fact that, during winter, SSTs are less
constrained by the restoring term because of the deeper
mixed layer that dilutes the imposed anomaly over a
deeper oceanic column. The pattern differences be-
tween the two models over the SPG come from a mixed
layer deeper in CM2.1 than in CESM1 as well as from
the presence of a drift mentioned in section 2b and de-
tailed in the supplementary material (see Figs. S1-S3).



15 APRIL 2017

a) CM2.1 IPO

RUPRICH-ROBERT ET AL.

2791

b) CESM1 IPO
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FIG. 3. Spatial structure of the IPO in (a) CM2.1 and (b) CESM1 as estimated by the regression of the annual
mean SST (color shading; units are degrees Celsius per std dev of the IPO index) on the IPO index (i.e., the time
series associated with the first EOF of the 7-yr low-pass-filtered annual SST computed over the Pacific region; from
30°S to 63°N). The phase represented here is conventionally known as the negative phase of the IPO. Also shown is
the regression on the IPO index of the DJFM mean Z500 (contours; units are meters per std dev of the IPO index,
with interval of 1.5m from —9 to +9 m). All variables have been 7-yr low-pass filtered prior regression.

The simulated seasonal variations of the AMYV over the
SPG region bear some resemblance with the seasonal
cycle of the observed AMYV as estimated by Ting et al.
(2014; cf. Fig. 8 in their paper). That is, during JJAS two
anomaly maxima can be seen, one southeast of the
Greenland tip and another one east of the Grand Banks;
during DJFM a maximum is located east of the Grand
Banks (especially in CM2.1), whereas a minimum is seen
over the Labrador Sea. This suggests that the seasonal
cycle of the mixed layer depth may contribute to the
seasonal modulation of the observed AMV.

Outside of the North Atlantic, the two models agree
quite well on the global impacts of the AMV. Both
models simulate a slight warming of the Indian Ocean
and a negative phase of the IPO over the Pacific. They
show a warming of about 0.3°C over Mexico and the
eastern part of United States, a warming over eastern
Brazil, and positive anomalies over the Mediterranean
area and over southern Asia, with a warming reaching
up to 0.4°C over the Himalayan plateau in CESM1. The
models also agree on the simulated warming over Si-
beria and on the cooling of the northwestern part of
North America, but these anomalies are only significant
in CM2.1. AMV + drives a cooling of the northern part
of South America and Australia, which contrast with the
warming seen in JJAS over these regions. As for the
JJAS season, CESM1 simulates a significant warming of
the Arctic that is only found in the northeastern rim of
Siberia in CM2.1.

We find that the AMV leads to significant changes in
the atmospheric winter circulation also as illustrated by
the SLP and precipitation anomalies (Figs. 4c—f). A
northward shift of the ITCZ and a southwestward shift
of the SPCZ are again found over the tropical band,
together with reduced pressure over the tropical

Atlantic and increased pressure over the Pacific. These
features are coherent with the La Nifa-like temperature
pattern seen in Figs. 4a,b. In addition, both models
simulate a precipitation decrease over Mexico and over
the southern United States.

Over the North Pacific, the AMYV leads to a weaken-
ing of the Aleutian low associated with an east-west
dipole in the precipitation anomalies over the North
Pacific. The North Pacific SST response is also consistent
with the Aleutian low weakening as discussed by Zhang
and Delworth (2015). In their study they linked a
northward shift of the westerlies to a northward shift of
the oceanic gyre circulation through a Sverdrup balance
and to the propagation of oceanic Rossby waves from
the central Pacific to the western coast, explaining the
warmer SST off Japan. Over the northeastern side of the
North Pacific, the SST cooling is driven by an anomalous
advection of cool air from the Arctic. The decrease of
the Aleutian low is paired with negative SLP anomalies
over the Arctic centered northeast of Siberia. This
whole North Pacific SLP response is similar to the one
observed during La Nifia events (cf. Fig. 2 in Trenberth
et al. 1998). Furthermore, the precipitation and SLP
signals are reminiscent of those documented in the
“water hosing” experiments of Zhang and Delworth
(2005), Dong and Sutton (2007), and Okumura et al.
(2009), although the impacts are weaker in our experi-
ments as expected from the weaker imposed forcing.

While the North Pacific response is quite similar in
CM2.1 and CESM1, the North Atlantic response is no-
tably different. CESM1 simulates an increase of pre-
cipitation over southern Europe associated with a
north-south dipole of SLP anomaly that bears some
resemblance to the NAO in its negative phase (NAO—).
The SLP anomalies in CM2.1 do not project strongly
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FIG. 4. As in Fig. 2, but for the DJFM season.

onto the NAO, even though negative SLP anomalies are
present over the Azores. Assuming a barotropic atmo-
spheric response to the AMYV, one would expect
anomalies in the geopotential height at 500 hPa (Z500)
of the same sign as the SLP anomalies. However, the
7500 shows only weak negative and statistically in-
significant anomalies around the Azores in both models
(Figs. 5, 6b, and 7b). In CESM1, only the positive Z500
anomalies centered over Greenland and Iceland are
statistically significant. In CM2.1 there are positive Z500
anomalies centered over the northwest of the United
Kingdom, which project onto a negative phase of the
east Atlantic pattern (EAP—; the EAP is defined in
observations as the second mode of variability of the
atmosphere over the NAE region; e.g., Barnston and
Livezey 1987). The different patterns between SLP and
7500 anomalies over the extratropics can partially be

explained by the thermal expansion of the lower tro-
posphere associated with the large-scale warming of the
surface temperature.' To reduce this thermal effect on
7500 we subtract its zonal mean and focus on Z500%
(asterisk denotes the departure from the zonal average).
The Z500* anomalies in CESM1 clearly project onto an
NAO- (Fig. 5b). For CM2.1 this diagnostic suggests
that the NAE atmospheric response might project
onto a mix of both an NAO— and an EAP— (Fig. 5a).
Despite the different patterns, for both models the at-
mospheric response to the AMV tends to decrease the

! This expansion leads to positive Z500 anomalies as well as to a
divergence on average over the atmospheric column, which yields
negative SLP anomalies. This large-scale adjustment can mask the
atmospheric dynamical response to the North Atlantic warming.
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FIG. 5. Difference between the 10-yr average of the Full_ AMV + and the Full_AMV — ensemble simulations for
the DJFM season for Z500 (contour interval of 2.5 m) and the departure of Z500 from the zonal mean (Z500%; color
shading) for (a) CM2.1 and (b) CESML. Stippling indicates regions that are below the 95% confidence level of

statistical significance for the Z500* anomalies.

westerly atmospheric mean flow over the NAE region
and thereby decrease the mean advection of relatively
warmer oceanic conditions over land during winter,
which is consistent with the study of Yamamoto and
Palter (2016) based on observations. This may explain
the absence of significant positive 2-m temperature
(T2m) anomaly over central Europe in our simulations.

CM2.1 DJFM - T2m

We have verified that the nature of the CM2.1 atmo-
spheric response described above and hence its differ-
ences from the winter CESM1 atmospheric response are
only marginally impacted by the North Atlantic SPG
drift in CM2.1 as described in section 2b (cf. Fig. S5 in
the supplementary material). It is then very likely that
the different amplitude and structure of the atmospheric

CM2.1 DJFM - Z500 / SF200
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FIG. 6. Difference between the 10-yr average of the positive and the negative phases of (a),(b) Ful_AMYV, (c),(d)
Trop_AMYV, (e),(f) SPG_AMYV, and (g),(h) sum of the Trop_AMYV and SPG_AMYV fields for CM2.1 in DJFM. (left)
T2m (color shading) and (right) Z500 (color shading) and SF200 (contour interval of 0.4 X 10°m?s™"). Stippling
indicates regions that are below the 95% confidence level of statistical significance.
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response between the two models are due to different
sensitivities to the AMYV forcing as discussed later.

Over the Pacific, both CM2.1 and CESM1 show Z500
anomalies reminiscent of the negative phase of the
Pacific-North American pattern (PNA; e.g., Barnston
and Livezey 1987), with positive Z500 anomalies cen-
tered over the Aleutian low and Mexico and negative
anomalies centered over Canada and south of Hawaii.
The latter center of action is more visible when looking
at the anomalies of the streamfunction at 200hPa
(SF200; Figs. 6b and 7b), and it suggests a link between
the tropical Pacific response and the PNA signal through
tropical-extratropical teleconnections. This will be dis-
cussed in the next section.

4. Origins of the AMYV climate impacts and
associated mechanisms

a. Tropical versus extratropical contribution to the
AMYV climate impacts

We investigate the respective contribution of the
tropical and extratropical parts of the AMV to the

2s7 L

climate impacts described in section 3 by performing
two additional sets of experiments in which only the
subpolar (SPG_AMV) or the tropical (Trop_AMYV)
part of the AMV pattern is imposed (cf. section 2b for the
experiment details). We find that in both models, the
Pacific IPO-like and PNA-like responses are primarily
driven by the tropical part of the AMV (Figs. 6¢,d and 7c,d).
This result corroborates the studies of Kucharski et al.
(2015) and McGregor et al. (2014), who highlighted that
the tropical Pacific cooling observed during the last de-
cades was forced by the tropical Atlantic warming
through a modification of the WC. It is also consistent
with the study of Zhang and Zhao (2015), who high-
lighted the link between the tropical Atlantic and the
Pacific Ocean in the context of mean model biases. In line
with Sutton and Hodson (2005), we find that the AMV
impacts over the Americas are mainly explained by the
tropical part of the AMV but that they are reinforced by
the subpolar part of the AMV (Figs. 6e and 7e), especially
over North America in CESM1.

Both models show marginal impacts over North
Africa and Europe in terms of T2m anomalies in
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response to the tropical AMV anomalies only, whereas a
warming of North Africa and a cooling of Europe is
simulated in both models in response to the SPG
anomalies. This cooling is consistent with the Z500 di-
pole anomaly seen in both models over the NAE region,
which tends to decrease the atmospheric flow blowing
from the relatively warm ocean to the relatively cool
continent in winter. This atmospheric response is in line
with the study of Gastineau and Frankignoul (2012),
who pointed to the importance played by the subpolar
gyre anomalies in the atmospheric response to the
AMOC decadal variability. Yet, in their study, the North
Atlantic atmospheric response projects onto the NAO,
whereas in our SPG_AMYV the Z500 dipole response is
shifted eastward compared to the model NAO.” The
eastward-shifted Z500 dipole is, however, consistent
with the atmospheric response found by Peings and
Magnusdottir (2015) when they prescribe a surface
AMV-like forcing in an atmospheric model coupled to a
slab ocean (cf. Fig. 2 in their paper).

The SPG_AMV experiment generates a strikingly
larger atmospheric response in CESM1 than in CM2.1.
For the former, we note that the subpolar gyre part of
the AMYV leads to impacts that are weaker but similar in
pattern to those driven by the tropical part of the AMV
in terms of T2m and Z500 over the North Pacific region,
which is consistent with the weak but significant warm-
ing simulated in the tropical North Atlantic in the
CESM1 SPG_AMY experiment. This suggests that part
of the tropical signature of the AMV could be forced by
the subpolar part of the AMV as suggested by Dunstone
et al. (2011) and Smirnov and Vimont (2012).

The cooling over Europe simulated by the SPG_AMV
experiments contrasts with the slight warming simulated
in the Full_AMYV experiments. This discrepancy can be
explained by the fact that our definition of the tropical
and subpolar domains does not cover the whole North
Atlantic when summing up the two regions; specifically,
the subtropical North Atlantic (~25°-40°N) warming is
not prescribed in either Trop_AMV or SPG_AMV,
while itis included in Full_AMYV. To test this hypothesis,
we performed an additional experiment with CM2.1
called XTrop_AMYV in which the AMV SSTs are im-
posed over the 28°-73°N region (cf. section 2b). The
XTrop_AMYV experiment shows impacts over Europe
of opposite sign to those simulated in the SPG_AMV
experiments (Fig. S6 in the supplementary material),
indicating that the 25°-40°N latitude band of the AMV

2 Pattern correlation of —0.50 and —0.25 for CM2.1 and CESM1
over the NAE region for the NAO pattern defined as the first EOF
of Z500 over the same NAE region.
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may contribute to the European warming seen in Full_
AMV. Yet, in XTrop_AMYV, the imposed anomalies
north of 28°N tend to propagate over the tropical At-
lantic. Therefore, we cannot fully attribute the differ-
ences of climate responses between XTrop_AMV and
SPG_AMYV experiments to the 25°—40°N latitude band
forcing. There could also be nonlinear processes at play
when the atmosphere is constrained by both the tropical
and the subpolar gyre SSTs.

To further test whether the response to the tropical
and extratropical forcings associated with the AMV are
linear, we compare the sum of the Trop_AMV and
SPG_AMYV experiments (Figs. 6g,h and 7g,h) with the
Full_AMYV experiments (Figs. 6a,b and 7a,b). We find
that the NAO-like response present in the CESM1 Full
AMYV experiment is not reproduced by the sum of the
SPG_AMYV and Trop_AMYV experiments. This suggests
that both the tropical and the extratropical parts of the
AMV are needed to force an NAO response in CESM1.
While such nonlinearity of the atmospheric response to
the AMYV forcing in the NAE region is consistent with
the findings of Peings and Magnusdottir (2015), it is in
contrast with the study of Davini et al. (2015), suggesting
model dependency of the response. The linearity of the
impacts does not hold for the Arctic temperature re-
sponse in CESM1 either, possibly because—when ap-
plying together—the SPG forcing is amplified by the
tropical AMV forcing in this model. A similar statement
can be made for the temperature response over the
Eurasian continent in CM2.1, for which the Full_AMV
experiment tends to show warmer conditions than the
sum of Trop_AMYV and SPG_AMV.

We showed previously that the tropical part of the
AMYV leads to a Pacific response that projects onto the
IPO and PNA. This result contrasts with the Zhang and
Delworth (2007) study, in which it was argued that the
AMYV impacts the PN A and the northern part of the IPO
through teleconnections between the extratropical At-
lantic and the extratropical Pacific. They stated that the
extratropical North Atlantic warming associated with
AMV+ leads to a weakening of the northward atmo-
spheric momentum transport driven by the eddy activity
over all Northern Hemisphere midlatitudes. We in-
vestigate this potential teleconnection by looking at the
storm-track response (Fig. 8). Over the North Atlantic,
there is no significant signal in the Full_AMYV experi-
ments in either model (Figs. 8a,b). This contrasts with
the modeling studies of Zhang and Delworth (2007),
Peings and Magnusdottir (2015), and Davini et al.
(2015), who find a strong North Atlantic storm-track
response to the AMV forcing. Over the North Pacific,
there is a northward shift of the storm track in both
models as found by Zhang and Delworth (2007).
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However, our results suggest that such a shift is weak
and only marginally significant. This storm-track re-
sponse appears to be driven in both models by the
tropical part of the AMV (Figs. 8c,d) rather than the
extratropical part (Figs. 8e,f). Therefore, we conclude
that Zhang and Delworth (2007)’s mechanism is not at
play here. We further conclude that the North Pacific
storm-track response seen in our Full AMV experi-
ments should be interpreted as a consequence of the
atmospheric mean-state changes (cf. Figs. 6b and 7b; i.e.,
the interaction between the background flow and the
storm track activity, consistent with the canonical storm-
track response observed during ENSO events; e.g.,
Seager et al. 2010D).

b. Influence of ocean dynamics and low-frequency
air-sea coupling on the simulated AMV impacts

To estimate the importance played by the ocean in
determining the climate impacts of the AMV, we per-
form an experiment similar to the Full AMV experi-
ment but in which the SSTs outside of the North Atlantic
are restored to their own climatology: the Damped_
Global_AMYV experiment (cf. section 2b). The T2m
anomalies and the Z500 anomalies simulated by
Damped_Global_AMYV (Figs. 9c,d) show patterns ex-
tremely similar to those in Full_AMYV albeit with much
reduced amplitude (Figs. 9a,b), suggesting that the struc-
ture of the primary large-scale climate impacts of the
AMV can be broadly reproduced without ocean dynamics.
In particular, the PNA-like signal is present in Damped_
Global_AMYV but strongly diminished compared to the

Full_AMYV case, indicating that this response is amplified
by oceanic processes.

Over the North Atlantic, Damped_Global AMV
simulates an atmospheric response that projects onto an
NAO- pattern.” This signal contrasts with the EAP-like
anomalies seen in Full_AMYV, and it demonstrates that
in CM2.1, the direct effect of the AMV on the NAE
atmosphere (i.e., the NAO anomaly) is modified by the
remote effects of the AMV on other oceanic basins (e.g.,
the tropical and North Pacific responses). To better
understand the direct local response to the AMV (i.e.,
the response that is not perturbed by remote tele-
connections), we compare the Damped_Global AMV
experiment with the SPG_AMYV ones. In the latter al-
most no atmospheric anomalies were visible outside of
the North Atlantic (Fig. 6f), suggesting only a direct
impact of the AMYV forcing. However, the atmospheric
signal over the NAE region was shifted eastward com-
pared to the Damped_Global_AMYV case. This suggests
that both the SPG and the tropical part of the AMV
contributes to the NAO response in Damped_Global_
AMYV and that it is in addition modified by the remote
atmospheric response of the Pacific to the tropical part
of the AMYV in the Full_AMYV experiments. Indeed, the

3 Correlation map coefficient of 0.78 (0.56) over the NAE region
with the NAO pattern defined as the first EOF of Z500 over the
same region after (before) removing the thermal expansion of the
atmosphere. This is removed here by subtracting from each grid
point the spatial average of Z500 over the NAE region.
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FIG. 9. As in Fig. 6, but for (a),(b) Full_AMYV, (c),(d) Damped_Global_AMYV, and (e),(f) Damped_TropPac_
AMY experiments of CM2.1 during DJFM. The black lines in () outline the tropical Pacific domain restored to its

climatology in the Damped_TropPac_AMYV experiments.

regression map of Z500 on the IPO index” shows that the
negative phase of the IPO is associated with negative
7500 anomalies over Greenland (Fig. 3; i.e., the oppo-
site atmospheric response to that shown in the Damped_
Global_AMYV experiment).

¢. Role of the tropical Pacific in the simulated AMV
climate impacts

We investigate here the mechanism through which the
tropical part of the AMYV leads to a PNA-like response
over the North Pacific. Previous studies suggest that this
teleconnection can occur either by westward propaga-
tion of atmospheric Rossby waves from the tropical
Atlantic to the North Pacific (e.g., Lee et al. 2009) or
through atmospheric changes in the tropical Pacific (e.g.,
Horel and Wallace 1981). The latter would imply first a
modification of the WC that would lead to tropical Pa-
cific rainfall anomalies. The heat anomalies associated
with these precipitation changes would then generate a
tropical-extratropical Rossby wave propagation in the
Pacific, with a structure that projects on the PNA. Given
the strong ocean—atmosphere coupling in the tropical
Pacific, preventing SST anomalies there reduces the

4The IPO time series corresponds to the principal component
associated with the EOF shown in Fig. 3a.

atmospheric response. Hence, to test the second mech-
anism we analyze the Damped_TropPac_AMYV experi-
ments (Figs. 9e.f; cf. section 2b). We find that the
magnitude of the PNA response in this experiment is
about 35% smaller than that of the Full_ AMYV experi-
ment [—0.146 vs —0.095 as estimated by the PNA index
definition of Wallace and Gutzler (1981)]. The stronger
PNA signal in Full_AMYV implies that part of this AMV
teleconnection is relayed by the tropical Pacific
response. The PNA amplitude in Damped_TropPac_
AMV is, however, stronger than in the Damped_
Global_AMV experiments, the latter having a PNA
index value of —0.061 (i.e., 60% weaker than in Full_
AMYV). This indicates a positive feedback between
ocean and atmosphere anomalies over the North Pacific
and/or a role played by the Indian Ocean warming re-
sponse. The former feedback is consistent with the study
of Zhang and Delworth (2015), who highlighted the
existence of a two-way coupling between the Pacific
decadal oscillation (e.g., Newman et al. 2016) and
the PNA.

5. Mechanisms of the tropical Pacific response

We investigate the mechanisms through which the
tropical Pacific response to the AMYV is set by looking
at the transient response (month by month) in the
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FIG. 10. Time evolution of the differences between Full_ AMV + and Full_AMYV — from (top) JFM1 to (bottom)
JFM2. (a),(c),(e),(g),(i) Sea surface temperature (color shading) and winds at 850 hPa (vectors) and (b),(d),(f),(h),
(j) precipitation (color shading), velocity potential of the wind at 200 hPa (contour interval of 0.1 X 10° m?s™ 1), and
winds at 850 hPa (vectors). Stippling indicates regions below the 95% confidence level of statistical significance.

Full_AMYV experiments. A slight warming can be seen
over the eastern equatorial Pacific during January—
March (JFM) and April-June (AMJ) of the first year
(JFM1 and AMIJ1; Figs. 10a,c and 11a,c). This comes
from the turbulent surface heat fluxes (not shown) due
to both the advection of heat anomalies from the At-
lantic by the mean flow and the local decrease of the
trade winds. In CM2.1, the equatorial Pacific warming is
stronger than in CESM1, and it persists until the summer
[July-September (JAS1)], extending to the western part
of the Pacific. As the wind anomalies are similar be-
tween the two models, this suggests more atmospheric
heat advection from the North Atlantic by the mean
flow in CM2.1. This difference is consistent with the
larger JJAS T2m response in CM2.1 (Fig. 2a) compared
to that in CESM1 (Fig. 2b). In AMJ1, there is an in-
crease of the trade winds over the western part of the
Pacific that is reinforced in the following months
(Figs. 10e,g,i and 1le,g,i). These wind anomalies are
eventually associated with negative SST anomalies over
the entire equatorial Pacific so that the two models
simulate overall a La Nifia-like pattern during the sec-
ond boreal winter (Figs. 10g,i and 11g,i).

The strengthening of the western Pacific trade winds
during AMJ1 and JASI is consistent with the changes of
the WC diagnosed from surface wind, velocity potential
at 200hPa (VP200), and precipitation (Figs. 10d,f and
11d,f). Indeed, the tropical Atlantic warming enhances
the atmospheric deep convection in the Atlantic. Similar
to an atmospheric Gill-Matsuno response to a north
equatorial forcing (e.g., see Gill 1980, their Fig. 3), this
warming is able to excite an equatorial Kelvin wave east
of the SST forcing, which is associated with easterly wind
anomalies in the lower troposphere (cf. wind anomalies
in Figs. 10e and 1le). West of the SST forcing, the
warming excites Rossby wave packets associated with
off-equatorial cyclonic flows in the lower troposphere
around 20°N (cf. SLP anomalies around Mexico in
Figs. 2c,d) and equatorial westerly wind anomalies (cf.
wind anomalies in Figs. 10e and 11e). These results are
consistent with Dong and Sutton (2002) and with the
recent study of Li et al. (2015). The latter shows that
when a tropical Atlantic warming is imposed in the dry
dynamical core of the GFDL model (Held and Suarez
1994), the wind anomalies induced by the Rossby waves
and the Kelvin waves lead to both a flow divergence in
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FIG. 11. As in Fig. 10, but for CESM1. The velocity potential of the wind at 200 hPa is plotted with contours at
intervals of 0.15 X 10°m?s™".

the lower atmosphere and to a convergence in the upper
atmosphere over the central Pacific (cf. Li et al. 2015;
Fig. S5). The anomalous Walker cell is closed by a
downward motion over the tropical Pacific, where it is
associated with a precipitation decrease over the equa-
tor and over the southeast of the SPCZ.

From JASI1 to JFM of the second year (JFM2), the
ascendant anomaly over the tropical Atlantic decreases
(Figs. 10h,j and 11h,j). In contrast, the tropical Pacific
subsidence and the precipitation anomalies remain and
seem tightly linked to the reinforcement of the wind
and of the SST anomalies there (Figs. 10g,i and 11g,i)
and with the formation of a new anomalous ascendant
zone centered over the northwest of the equatorial Pa-
cific. This suggests an amplification of the tropical Pacific
response to the direct North Atlantic impact through
local feedbacks such as the Bjerknes feedback, the
thermocline feedback, and the wind-evaporation—sea
surface temperature (WES) feedback as documented in
previous studies by Wu et al. (2005), Dong and Sutton
(2007), Li et al. (2015), and Jia et al. (2016), among
others. Detailed investigation of the relative role played
by these different feedbacks would require further sen-
sitivity experiments and is beyond the scope of this
study. However, the differences in the SST anomalies

during JAS1 between CESM1 and CM2.1 (Figs. 10e and
11e) and the similarity of the wind anomalies suggest
that the WES feedback is not the original player in the
simulated amplification.

The Damped_Global_AMYV experiments show simi-
lar impacts in JAS and October-December (OND) to
the Full AMV experiments (Figs. 12b,c) but much
weaker anomalies in JFM (Fig. 12d). This confirms that
the boreal winter La Nifa-like pattern is not a direct
impact of the AMV but an adjustment of the tropical
Pacific to the AMYV forcing during the previous boreal
summer. Hence, we stress here that the Pacific adjust-
ment to the tropical Atlantic forcing proposed by Li
et al. (2015) has to be interpreted keeping seasonal ad-
justments in mind. This lagged teleconnection is in line
with the seasonal link between Atlantic Nifio—Pacific
ENSO described by Rodriguez-Fonseca et al. (2009),
Martin-Rey et al. (2014), and Polo et al. (2015).

Because there is no seasonal variation of the SST
anomalies imposed over the tropical Atlantic in our
experiments, the intermittence of the atmospheric
bridge between the Atlantic and the Pacific must come
from the seasonal evolution of the mean state. As stated
by Sutton and Hodson (2007), we explain this seasonal
dependency by higher seasonal mean SST anomalies in
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F1G. 12. Differences between the 10-yr mean of Damped_
Global AMV+ and Damped_Global AMV— for (a) JFM,
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potential velocity of the wind at 200 hPa (interval of 0.1 X 10°m?s™ '),
and winds at 850 hPa (vectors). Stippling indicates regions below the
95% confidence level of statistical significance.

the northwestern tropical Atlantic between July and
November than during other months. Over this period,
small SST anomalies can have a strong impact on the
atmospheric deep convection and on the generation of
tropical atmospheric waves through the release of
latent heat.

We further explore the tropical Pacific response by
analyzing the amplitude of the ENSO response. This is
investigated using the principal component associated
with the first EOF of the upper-200-m oceanic heat
content (HC200) computed over the tropical Pacific
(30°S-30°N) during DJFM (ENSO_PC). ENSO_PC
captures the ocean dynamical characteristics of ENSO
such as the deepening and seesaw of the tropical Pacific
thermocline. We use this index rather than the well-
known SST-based ENSO proxies such as the Nifio-3 or
Nifio-3.4 indices because in our experiments these in-
dices appear polluted by the atmospheric advection of
heat anomalies from the Atlantic (cf. Figs. 10 and 11),
and thus they do not properly represent the dynamical
state of ENSO.

To illustrate the mean ENSO response to AMV
forcing, we present in Figs. 13a,b the probability density
function (PDF) of the ENSO_PC indices computed
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F1G. 13. PDF of the ENSO_PCindex in the Full_AMV + (orange
histograms) and Full AMV— (green histograms) experiments,
built from the 10 DJFM values of all the ensemble members of
(a) CM2.1 and (b) CESMI. Superimposed on each PDF is the
cumulative PDF of the ENSO_PC index for the Full_ AMV+ en-
semble (red line) and the Full AMV— ensemble (blue line). The
gray shading indicates the 90% confidence interval in which the
cumulative PDFs are not statistically different from what should be
expected from the background noise of ENSO (based on a boot-
strap sampling method). The vertical dashed line indicates the
median value of the ensemble formed by all members of Full_
AMV+ and Full AMV—.

from the 10 years of the Full AMV+ and Full_ AMV—
ensemble member simulations. To estimate how the
mean-state changes project on ENSO, the EOF analysis
is based on the covariance matrix computed from all
members of both Full. AMV+ and Full. AMV—. The
HC200 field of each member is then projected on the
EOF pattern to obtain the corresponding ENSO index.
Finally, PDFs of these ENSO indices are built sepa-
rately for Full AMV+ and Full AMV— using all the
DJFM values from each member. As expected by the
negative SST anomalies seen in Figs. 10i and 11i,
the ENSO PDFs exhibit a shift toward La Nifia condi-
tions in Full_ AMV+ and toward El Nifio conditions
in Full_ AMV—. Looking at the median value of the
ensemble formed by both the Full AMV+ and the
Full AMV — members (dashed vertical line on Figs. 13a,b),
we can see that in the Full AMV— case only 42%
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(40%) of the members in CM2.1 (CESM1) are on the
La Nina side against 57% (60%) in the Full_AMYV +
case for CM2.1 (CESM1). If we consider the minus
one standard deviation of the ENSO_PC index as the
La Nifa threshold, the PDF shift indicates about a
doubling of La Niifia events between Full_ AMV — and
Full_AMV + (from 3% to 7% in CM2.1 and from 10%
to 18% in CESM1). For CESM1, changes occur in the
warm phase of ENSO as well with a doubling of the
frequency of occurrence of El Nifio events between
Full_AMV + and Full_AMYV — (taking plus one stan-
dard deviation of the ENSO index as the El Nifio
threshold). For CM2.1, however, the shift is not as
marked, with an increase of the frequency of El Nifio
events by a factor of 1.3. Such modulation of the
tropical Pacific interannual variability by the AMV is
consistent with the model studies of Timmermann
etal. (2007) and Dong and Sutton (2007), who show an
increase of the strength and of the occurrence of El
Nifio events following a shutdown of the AMOC in
water hosing experiments.

6. SNR of the AMYV response

The relative importance of the AMV impacts de-
scribed earlier in the paper is assessed in this section by
comparing each to the climate background variability.
Sutton and Hodson (2007) used a signal-to-noise ratio
(SNR) metric to quantify the relative strength of the
AMYV impacts. They defined it as the mean difference
between their AMV+ and AMV — simulations, divided
by the interannual standard deviation. Here, we
propose a different definition of the SNR in order to link
directly this quantity to the predictability associated to
the AMYV impacts. We define the signal S as the square
of half the difference between the Full. AMV + and the
Full AMV — ensemble means:

2
+ — —
§— (AMV AMV ) ’ ()
2
where
1 nl2
4+ =— R
AMV ngﬁﬁ’ and )
1 nl2
AMV—= ) pa (x7). 3)

The variables x* and x~ represent the value of the field
(e.g., T2m) in each member of the Full_ AMV+ and
the Full AMV — experiments, respectively, and n/2 is the
number of ensemble members in each experiment. The
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noise N is defined as the variance of the pool formed by all
members of Full AMV+ and Full AMV — together:

,1"_2
Nf;tTZH% X)

1 nl2 n/2

ZW#W+;WfW, 4)

n—1|/3

where X is the average between the Full_ AMV+ and
the Full_AMYV — ensemble means:

AMV + +AMV —
X = . . )

Doing so, the SNR is equivalent to a variance ratio,
where the signal is the interensemble variance, and the
noise is the sum of the interensemble and the intra-
ensemble variances.’ It can then vary between 0 and 1,
0 meaning no signal and 1 meaning that the entire var-
iance is explained by the difference between the two
ensemble means, which is the way we defined the re-
sponse in the paper. An average over the 10 years of the
simulations is performed before computing the noise in
order to compare the AMV impacts with the decadal
variability of the climate system. We stress here that this
SNR represents a percentage of decadal time-scale
variance. Hence, if an AMV impact over a region has
an SNR of 0.2 associated with a decadal variance of 1°C?,
this indicates that the AMYV impact accounts for about
0.45°C (i.e., v0.2 X /1) of the 1°C anomaly. Further-
more, one can predict 20% of the variance of the de-
cadal fluctuations over this region, assuming a complete
predictability of the AMV. From this perspective, we
stress that the SNR computed here is an upper bound of
the predictability associated with the AMYV impacts.
Figure 14 shows the SNR associated with the AMV
impacts in terms of T2m during the JJAS season at de-
cadal time scale. By construction, the SNR of T2m
shows strong values over the whole North Atlantic. We
stress that our protocol allows us to estimate the SNR
and the predictability of the AMV impacts and not that
of the AMYV itself, as the North Atlantic SSTs are con-
strained in our experiments. Outside of the North At-
lantic region, the SNR in CESM1 is overall stronger than
that of CM2.1. This comes from an overall stronger
background noise in CM2.1 during JJAS over the
Northern Hemisphere (not shown). High T2m SNR can
be found in both models along the Kuroshio—Oyashio
Extension, with values reaching up to 40% over the

5 This metric is also referred to in literature as the signal-to-total-
variance ratio (e.g., Tang et al. 2013).
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FIG. 14. SNR of the T2m anomalies from the Full_ AMYV experiments of (a) CM2.1 and (b) CESM1.

western part of the tropical Pacific in CESMI,
suggesting a large predictability of the AMV impacts
over the Pacific. Over land, the models show high pre-
dictability of the AMV impacts over northern South
America, the Mediterranean basin, central Asia, and
west of the United States. However, they show only
weak SNR over most of the Southern Hemisphere.
During the DJFM season the T2m SNR over the
Northern Hemisphere are weaker than during JJAS
(Figs. 15a,b), which is coherent with the more chaotic
behavior of the atmosphere during wintertime. We note
also an absence of strong SNR over the western part of
the North Atlantic SPG where the imposed signal is

CM2.1 DJFM SNR

weak (cf. Figs. 4a,b), which coincides with the region
where the SST restoring is weak as a result of wintertime
deep mixed layers. Both models show relatively high
T2m SNR over the western part of the North Pacific
(>20%) as well as over the equatorial Pacific (>15%)
consistent with the ENSO response documented in
section 5. CESM1 shows values of 20%-30% over the
Mediterranean region and over the Maritime Continent,
whereas the SNR in CM2.1 is almost zero over these
regions. Over land, both models show an SNR of about
10% over Southeast Asia and 20%-25% over Mexico.
Finally, it is important to point out that the SNR of T2m
suggests only weak decadal predictability of the AMV

CESM1 DJFM SNR
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FIG. 15. SNR of (a),(b) the T2m anomalies and (c),(d) the Z500 anomalies from the Full_AMYV experiments.
Results from (left) CM2.1 and (right) CESM1 are shown. [The black rectangles in (a) and (b) show the north-

western Pacific domain used for the SST index of Fig. 16.]
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impacts over land in the extratropics, with values rep-
resenting overall less than 8% of the decadal variance.
As expected from the stronger Z500 response in CESM1
compared to CM2.1 (Figs. 6b and 7b), the Z500 SNR is
overall higher in CESM1 (Figs. 15c,d). It shows pre-
dictability of the AMYV impacts over a broad Northern
Hemisphere subtropical region extending between the
eastern Pacific and East Asia. Over the extratropics,
high SNR values are present around the Aleutian low,
but the SNR is very small over the NAE region espe-
cially in CM2.1, indicating weak predictability of the
AMY impacts over this region.

To further emphasize the importance of the AMV
forcing on the North Pacific decadal variability, for all
the Ful_ AMV+ and Full AMV— ensemble members,
we consider an index constructed as the spatially averaged
SST over the northwestern Pacific region (NW_Pac; cf.
limits on Figs. 15a,b) using 10-yr averages. Then, we
compute all the possible combinations of the difference
between the NW_Pac indices of the Full AMV-—
members and the Full_ AMV + members and build the
PDF of these combinations of the difference (Fig. 16).
The PDF shows in more than 77% and 84 % of the cases
in CM2.1 and CESM1, respectively, the northwestern
Pacific SSTs of Full. AMV — members are cooler than
those in the Full AMV+ members. We find that the
mean difference for both models is about —0.3°C. In
comparison, the observed difference of the northwest-
ern Pacific SST associated with the well-documented
regime shift that took place during the winter of 1976/77
in the North Pacific (e.g., Hare and Mantua 2000;
Minobe 1999) was 0.4°C (dashed vertical line), as di-
agnosed by the difference between the 1977-86 and the
1967-76 periods. This climate shift caused considerable
impacts on the physical and biological conditions lead-
ing to severe distribution and abundance changes of
plankton and fish species (Ebbesmeyer et al. 1991;
Mantua et al. 1997; Minobe 1997; Overland et al. 2008).
Human impacts were substantial and came mainly
through changes in North Pacific fisheries. This com-
parison shows that if our experiments represent nature
closely enough, such a Pacific shift has a 40% chance to
occur following an AMYV transition from a positive to a
negative phase.

7. Conclusions

We have investigated the climate impacts associated
with an estimate of the internal component of the ob-
served Atlantic multidecadal variability (AMYV) using
the GFDL CM2.1 and the NCAR CESM1 coupled
models by restoring their North Atlantic SSTs to ob-
served anomalies. This coupled approach allows us to
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F1G. 16. PDF of the difference between the NW_Pac indices of
the Full AMV— and Full AMV+ ensemble members from
(a) CM2.1 and (b) CESM1. The dashed vertical line indicates the
observed difference of the NW_Pac index between the 10-yr period
after (1977-86) and the 10-yr period before (1967-76) the Pacific
climate shift of 1976/77. The observed SST (ERSST.v3) difference
is computed after removing the linear trend.

understand the full climate response to the imposed
North Atlantic anomalies. During both boreal winter
(DJFM) and boreal summer (JJAS), we find that the
AMYV can impact the climate of the entire globe. Our
main findings are the following:

1) During JJAS, in both models the AMV warming
drives a northward shift of the Atlantic intertropical
convergence zone and a reinforcement of its north-
ern branch. We showed that the diabatic heating
anomaly associated with these precipitation changes
leads to a modification of the Walker circulation
(WC), with an anomalous rising branch over the
North Atlantic and an anomalous sinking branch
over the Pacific, in accord with previous studies by
Dong et al. (2006), Kucharski et al. (2011), and
McGregor et al. (2014). This perturbed WC gener-
ates precipitation anomalies over the whole tropical
belt, strengthening monsoon activities over Asia and
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2)

3)

4)

Africa as previously found by the model study of
Zhang and Delworth (2006). We show that the AMV
warming also leads to reduced rainfall over the
western part of the United States and to a north—
south dipole of precipitation over Europe, indicating
the AMV has played a role in the global climate
variability observed during the last century. The
latter impacts are consistent with previous observa-
tional and modeling studies by Sutton and Hodson
(2005), Wang et al. (2008), Schubert et al. (2009),
Kushnir et al. (2010), and Sutton and Dong (2012),
suggesting that these are robust impacts of the AMV.
For the DJFM season, we find that the AMV
modulates by a factor of about 2 the frequency of
occurrence of El Nifio or La Nifia events in both the
GFDL and NCAR models. This response is associ-
ated with broad Pacific anomalies that project onto
the interdecadal Pacific oscillation (IPO) in its
negative phase in response to the imposed tropical
AMYV warming. We show that this response comes
from a modification of the WC during summer, which
leads to the development of La Nifia-like conditions
during the following winter through processes that
are associated with the Pacific internal variability as
documented in Li et al. (2015). This lagged response
of the tropical Pacific to the tropical Atlantic is
consistent with the interseasonal triggering of La
Nifla onset by the Atlantic Nifio recently docu-
mented in Polo et al. (2015).

In both models the northern part of the IPO-like SST
response is tightly linked to a negative phase of the
Pacific-North American teleconnection pattern
(PNA). We show that the PNA-like response to the
AMV is mainly driven by atmospheric teleconnec-
tions coming from the tropical Atlantic that are
relayed and amplified by the tropical Pacific adjust-
ment to the AMV forcing. No direct teleconnection
between the extratropical Atlantic and the extra-
tropical Pacific is present in our experiments, which
contrasts with the study of Zhang and Delworth
(2007), who argued for an extratropical teleconnec-
tion taking place through changes in the storm tracks.
We investigate the response of the North Atlantic—
European (NAE) climate to the AMV and show
that, despite the large-scale warming of the Northern
Hemisphere continents simulated in both models
during DJFM, no warming was present over central
Europe. This absence of warming is consistent with
the atmospheric response over the NAE region—
and it projects on the negative phase of the North
Atlantic Oscillation (NAO) for CESM1 and both on
NAO-— and on the negative phase of the east
Atlantic pattern (EAP) for CM2.1. In both cases,
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this atmospheric response reduces the westerly at-
mospheric mean flow and the associated advection of
relatively warmer oceanic conditions over land dur-
ing winter. This is in line with the recent study of
Yamamoto and Palter (2016), who emphasized the
lack of relationship between western Europe and the
observed multidecadal fluctuations of the North
Atlantic SSTs during the last century using a
Lagrangian approach. However, the discrepancy of
the NAE atmospheric response between the two
models and the weak signal-to-noise ratio of the re-
sponse reveal strong uncertainties of the AMYV impacts
over this region.

In both NCAR and GFDL models, the DJFM
atmospheric circulation response over the NAE re-
gion is primarily driven by the subpolar part of the
AMYV, consistent with the AMOC impacts studied in
Gastineau and Frankignoul (2012). However, in our
experiments this response appears to be modified by
the tropical AMYV forcing. Specifically, we show that
in CM2.1 the atmospheric response to the subpolar
part of the AMV projects onto a negative NAO that
is reinforced by the direct atmospheric response to
the tropical part of the AMV. We show also that in
our experiments, the NAE atmospheric response is
eventually modified by the remote impacts of the
tropical AMYV forcing on the Pacific and ultimately it
projects on both NAO— and EAP—.

The signal-to-noise ratio (SNR) of the air tempera-
ture suggests relatively high predictability of the
AMYV impacts during JJAS over the Mediterranean
basin, central Asia, and the Americas from the
United States to the north of South America. During
DJFM the SNR shows only weak predictability over
land. However, the large values and the agreement
between the two models for the SNR of the temper-
ature and the atmospheric circulation over the North
Pacific, Mexico, and Southeast Asia indicates a high
predictive skill of the AMV impacts over these
regions during boreal winter.

Discussion

Our results stress the importance played by the North

Atlantic Ocean variability associated with the AMV in
driving changes at global scale, especially in the Pacific

at

the decadal time scale. Our conclusions are in line

with the recent studies of McGregor et al. (2014),
Kucharski et al. (2015), and Li et al. (2015). In-
terestingly, the AMYV impacts in these studies are also
similar to, although weaker than, the ones presented in
the water hosing experiments of Zhang and Delworth
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(2005), Dong and Sutton (2007), and Okumura et al.
(2009), which documented the climate response
following a dramatic slowdown of the AMOC. In the
present study, we specifically focus on the climate im-
pacts associated with an estimate of the internal com-
ponent of the observed AMV, which has been shown to
be predictable to some extent on multiyear-to-decadal
time scale (e.g., Robson et al. 2012; Yeager et al. 2012;
Msadek et al. 2014). Our results are therefore encour-
aging for the prospect of getting skillful decadal pre-
dictions over regions outside of the North Atlantic
through the impacts of the AMV. The teleconnections
we highlight between the Atlantic and the Pacific are
also consistent with the studies of Chikamoto et al.
(2012, 2015), who showed that phase shifts of the IPO as
those observed in the late 1990s might be predicted few
years in advance if the sign and amplitude of the AMV
were to be predicted.

We further show in this study that most AMV global-
scale impacts are driven by the tropical part of the
AMV. Many studies that assessed decadal predictability
using GCMs point out some predictability of the extra-
tropical North Atlantic SSTs as a result of the potential
predictability in AMOC variability, but the pre-
dictability of tropical SSTs remained limited in most
models (e.g., Pohlmann et al. 2004; Branstator and Teng
2010; Boer 2011; Yang et al. 2013). This lack of pre-
dictability for tropical SSTs is consistent with the fact
that current GCMs tend to simulate weaker than ob-
served tropical SST anomalies associated with the AMV
(e.g., Zhang and Wang 2013). Recently, Clement et al.
(2015) argued that the internal component of the AMV
observed during the twentieth century, and especially
over the tropical region, is driven not by AMOC fluc-
tuations but instead by chaotic atmospheric forcing. In
contrast, our study shows that the North Atlantic ex-
tratropical warming tends to propagate to the tropical
North Atlantic through an atmospheric circulation re-
sponse indicating an extratropical origin for some of the
tropical anomalies (cf. Figs. 6e,f, 7e,f, and S6). We find
that this atmospheric response is too weak to lead to a
tropical SST anomaly with a magnitude comparable to
that of observed AMV. However, this could result
from a poor simulation of clouds and of their associated
feedbacks over the eastern tropical Atlantic in current
GCMs, including underestimated dust-SST-rainfall
feedbacks. The studies of Martin et al. (2014) and
Yuan et al. (2016) indicate that these processes play a
key role in extending SST anomalies from the extra-
tropical region to the tropics via atmospheric feedbacks.
Without a GCM correctly representing such processes,
it appears impossible to reach a conclusion on the level
of predictability of tropical SST variability of the real
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world. Our study hence highlights the strong need for
better understanding the drivers—both internal and
external—of the tropical Atlantic decadal variability.

In the present study, we used the observed AMV,
rather than the simulated one, to explore its climate
impacts through GCMs. We made this choice to mini-
mize the impact of potential model AMV biases (e.g.,
Zhang and Wang 2013). However, the simulated im-
pacts analyzed in this study can still be affected by the
GCM mean biases (e.g., Richter et al. 2014), which can
lead to imperfect teleconnections and spurious ocean—
atmosphere feedbacks as discussed by Newman et al.
(2016) for the North Pacific. Further analyses need to be
done to explore the effects of GCMs’ mean biases on the
representation of the observed AMV climate impacts.
Moreover, our experimental design was designed to
focus on the global influence of the AMYV, but it did not
allow accounting for possible feedbacks of other basins
on the Atlantic SSTs, like the influence of the IPO on the
AMV itself. Such feedbacks are important and should
be investigated in future works. Another neglected as-
pect of our study concerns the possible nonlinearities of
the AMV impacts. We primarily focused here on the
linear climate response to the AMV by investigating the
differences between the AMV+ and AMV— simula-
tions. Another perspective of this work could be to in-
vestigate whether the AMV impacts documented in this
article could change in a warmer world as suggested by
Jia et al. (2016).

We acknowledge that our estimate of the internally
driven component of the observed AMYV is likely subject
to errors resulting from limited observational data and
to misrepresentations of the externally forced climate
response by models (e.g., Wunderlich and Mitchell 2016;
Lehner et al. 2016). Other methods have been proposed
to remove the influence of external variability (e.g., by
removing the linear trend of the North Atlantic mean
SST; e.g., Knight et al. 2005) or by subtracting the global
mean SST from the North Atlantic mean SST (e.g.,
Trenberth and Shea 2006). But, as discussed by Mann
et al. (2014), the former method may overestimate the
amplitude of the internal part of the observed AMV and
misrepresent its phasing, while the latter method does
not take into account the regional dependence of the
externally forced response of the North Atlantic SSTs,
which may result in an erroneous estimation of the
AMYV impacts in the experiments we consider here.
More sophisticated methods based on observations have
been recently proposed to remove the externally forced
signal of the North Atlantic SST, such as a linear inverse
model (e.g., Marini and Frankignoul 2014) or scaling
methods (e.g., Frankcombe et al. 2015). To test the ro-
bustness of our results, it would then be interesting to
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investigate how the different estimations of the internal
component of the observed AMYV impact our findings.

The main caveat of our experimental protocol comes
from our choice to keep a time- and space-invariant
restoring time scale. By so doing, the extratropical
North Atlantic SSTs are less constrained than the
tropical ones because of the spatial variations of the
mixed layer depth (Figs. 15a,b). It is thus very likely that
the extratropical AMV forcing in our experiments is
underestimated relative to the tropical forcing. This
may explain the weak atmospheric response over the
NAE region in our experiments by comparison to
the findings of Zhang and Delworth (2007), Peings and
Magnusdottir (2015), and Davini et al. (2015), which
used an atmospheric model either forced by SST or
coupled to a mixed layer ocean. Nevertheless, it is also
possible that their idealized configuration leads to an
unrealistically strong forcing of the ocean on the atmo-
sphere, especially in the extratropics, because of the
underestimation of the heat flux damping over the
ocean (e.g., Barsugli and Battisti 1998; Sutton and
Matthieu 2002). To give a better estimation of the ex-
tratropical AMYV forcing on the atmosphere, it would
be interesting to perform similar experiments to those
proposed in our study but using a restoring coefficient
proportional to the mixed layer depth (e.g., Ortega
et al. 2017).

In this study, we used the same experimental setup
with CM2.1 and CESM1, and we found different NAE
atmospheric responses, suggesting that uncertainties of
the response to the AMYV forcing over this region come
also from different model sensitivities. These discrep-
ancies could be due to different atmospheric resolutions
or they could be linked to different representations of
the stratosphere in the two models—the latter argued by
Omrani et al. (2014). However, the studies of Peings and
Magnusdottir (2015) and Davini et al. (2015) show that
the stratosphere is not a prerequisite to simulate a
NAO-like response to an AMV forcing. The response
could also be sensitive to the model’s mean state, but to
test this hypothesis we would need further sensitivity
experiments. We note that such different model sensi-
tivities to an AMYV forcing have already been found in
the multimodel study of Hodson et al. (2010).

The general impacts and mechanisms described in the
present study are based on two climate models that show
quite similar results. This gives confidence on the ro-
bustness of our conclusions about the AMV impacts.
However, conducting such experiments within a multi-
model framework using other coupled climate models
will be highly beneficial to strengthen our conclusions.
This will be done as part of the CMIP6 Decadal Climate
Prediction Project (DCPP), which calls for coordinated
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experiments following a protocol similar to the one
proposed in this study (Boer et al. 2016).
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APPENDIX

SST Restoring

The SST restoring is performed using a restoring time
scale 7, of 5 days over a length scale of 10 m, which co-
incides with the thickness of the ocean models’ top layer.
This restoring is done through the addition of heat fluxes
that act as a Newtonian damping term on the prognostic
SST, proportional to its departures from the SST targeted
value. The restoring coefficient value has been chosen to
be small enough to allow realistic high-frequency ocean—
atmosphere feedbacks to occur (Deser and Timlin 1997)
but large enough to maintain the forcing we want to im-
pose. No restoring is performed under the models’ ice-
covered regions. To keep the experimental protocol as
simple as possible 7, is kept constant in space and time.
We note that this may lead to a weak restoring over re-
gions with deep mixed layers (e.g., in the North Atlantic
Subpolar Gyre during winter). In addition, the AMV
pattern to which the SSTs are restored to is the same for
all months. This does not account for the observed sea-
sonal variations of the AMV pattern (see, e.g., Fig. 8 of
Ting et al. 2014).
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