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Abstract The atmospheric response to the AMOC varia-
bility is investigated in the [IPSL-CMS5A medium resolution
climate model, using lagged maximum covariance analy-
sis (MCA) of a control simulation. A robust atmospheric
response is detected in winter, with a negative NAO-like
response following by about 9-year an AMOC intensifica-
tion in the North Atlantic, with a pattern broadly resem-
bling the second mode of AMOC variability. The response
is established through the SST footprint of the AMOC and
the associated surface heat flux damping, with a dipole
of SST anomalies made of cold SST in the Gulf Stream
region and warm SST further northeast around the North
Atlantic Current. The dipole SST anomaly pattern evolves
synchronously with the AMOC changes at its dominant
20-year period, so that the lagged NAO-like response
detected by MCA actually reflects the near-synchronous
AMOC influence on the atmosphere, which is masked at
short time lag by the stronger atmospheric forcing of the
AMOC. The atmospheric response to an intensification of
the AMOC is thus a positive NAO-like pattern, together
with an anomalous low pressure over the Aleutians, oppo-
site to that detected at 9-year lag by the MCA. Since the
NAO also contributes to force the AMOC, there is a posi-
tive feedback between AMOC and NAO in the model, with
the atmospheric feedback strength about 1/4 of that of the
atmospheric forcing, which enhances the low frequency
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variability of AMOC. This is further confirmed by the
lead-lag relation between the dominant mode of ocean and
atmosphere, and by the robust 20-year period of the NAO.
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1 Introduction

Climate models (e.g., Frankcombe et al. 2010) and observa-
tions (Rayner et al. 2011) show that the natural variability
of the Atlantic meridional overturning circulation (AMOC)
induces substantial changes in the meridional oceanic heat
transport, and may thus significantly contribute to the low
frequency climate variability. It has been suggested that the
AMOC influences the observed multidecadal sea surface
temperature (SST) variability in the North Atlantic, which
is often called the Atlantic Multidecadal Oscillation (AMO;
Latif et al. 2004; Vellinga and Wu 2004; Knight et al. 2005;
Mignot et al. 2007). The AMO has some well-established
impact on the climate in the regions surrounding the North
Atlantic, such as the North America and European climate
or the summer rainfall over Sahel or North-eastern Brazil
(Rodwell et al. 1995; Sutton and Hodson 2005; Pohlmann
et al. 2006; Hodson et al. 2010). However, the variability
of AMO is not only due to the AMOC change, as it is also
affected by the external forcings (Ottera et al. 2010; Booth
et al. 2012; Marini and Frankignoul 2013), and the natural
variability of the atmosphere (Ting et al. 2014; Gastineau
and Frankignoul 2015). Lacking long term ocean records, it
is difficult to establish a clear relation between the AMOC,
SST and the atmosphere in observations. Therefore, despite
their shortcomings, climate model provides the best way to
investigate the AMOC variability and its climate influence.
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Most climate models exhibit a pronounced decadal or
multidecadal variability of the AMOC, but the dominant
mechanisms responsible for this variability vary substan-
tially from model to model (Frankcombe et al. 2008; Liu
2012; MacMartin et al. 2013). In some models, the AMOC
variability primarily reflects the stochastic atmospheric
forcing with the ocean setting the time scale (Delworth and
Greatbatch 2000; Dong and Sutton 2005; Jungclaus et al.
2005; Kwon and Frankignoul 2014). However, others sug-
gest that two-way ocean—atmospheric interactions play a
dominant role (Timmermann et al. 1998; Farneti and Val-
lis 2009). However, the atmospheric response to the AMOC
variability appears to be weak, and varies among the cli-
mate models. Msadek and Frankignoul (2009) found a
weak positive feedback between the East Atlantic pattern
and the AMOC in an early version of the IPSL-CM4 model,
while Gastineau and Frankignoul (2012, hereafter GF12)
detected an AMOC influence on the cold season atmos-
phere in six climate models, with an enhanced AMOC fol-
lowed by a negative NAO response after 4-9 years, depend-
ing on the model. Yet, Frankignoul et al. (2013) found in
CCSM3 a significant positive NAO response (3-year lag) to
an AMOC intensification in the red noise regime, but hints
a negative NAO response in the oscillatory regime.

Estimating the atmospheric influence of the AMOC is
difficult because the large atmospheric internal variability
leads to a small signal-to-noise ratio (Teng et al. 2011).
The atmospheric response to the AMOC depends on the
AMOC-induced SST and surface heat flux anomaly, but
the latter may be time-dependent so that the lag at which a
significant response is detected depends on the evolution of
the AMOC fingerprint (GF12). However, if the response is
detected at a lag of about one half of the dominant AMOC
period in climate models with a marked oscillatory behav-
ior, it may be that it actually reflects a faster response of
the opposite sign that is masked at short lags by the atmos-
pheric forcing of the AMOC. Here we suggest that this is
a case in the IPSL-CM5A-MR climate model (Dufresne
et al. 2013).

The purposes of the paper are in the following: (1) to
evaluate the AMOC influence on the atmosphere using
the IPSL-CM5A-MR model; (2) to understand how the
atmospheric responds to the AMOC variability through
the AMOC-induced SST anomaly. The results indicate an
active AMOC influence on the NAO, via its dipolar SST
footprint centered over the Gulf Stream/North Atlantic Cur-
rent region. It is found that the negative NAO-like-pattern
detected when an AMOC amplification leads by about
9 years actually reflects the near-instantaneous AMOC
influence on the atmosphere, with an enhanced AMOC
driving a positive NAO-like response, which suggests a
positive feedback between AMOC and NAO, and an active
coupling on the 20-year period. The rest of the paper is
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arranged as follows. Section 2 describes the model and the
statistical method. In Sect. 3, the ocean feedback signal is
shown, and the relations between the AMOC, SST and the
atmosphere are discussed. The mechanism of the interac-
tion between AMOC and NAO is investigated in Sect. 4.
The last section gives the summary and discussion.

2 Model and methods
2.1 Model

The IPSL-CM5A-MR climate model (hereafter IPSL-MR),
where MR stands for medium resolution, consists of the
LMDZS5A atmospheric model, the NEMO ocean model
(which includes the OPA9 ocean circulation model, the
LIM-2 sea-ice model and the PISCES oceanic biogeochem-
istry model), and the ORCHIDEE land surface model, cou-
pled with the OASIS3 module (Dufresne et al. 2013). The
atmospheric model has 39 vertical levels and the horizon-
tal resolution of 2.5° (in longitude) and 1.25° (in latitude),
instead of 3.75° and 1.87° for the low resolution (LR) ver-
sion of the same IPSL-CMS5A model, hereafter IPSL-LR.
The ocean model uses the ORCA?2 configuration, with an
irregular grid using a nominal resolution of 2° increasing
to 0.5° over tropical regions and the Arctic, and 31 verti-
cal levels with increased resolution in the upper 150 m. In
this study, the last 300 years of the 500-year control run
are considered, after a spin-up of 200 years. To remove the
remaining drift, all the model data are detrended by a third-
order polynomial before the analysis.

IPSL-MR is a version of the IPSL-CMS5A model using
a better resolution, which improves the climate simulation,
especially in midlatitudes. In particular, the location of the
jet stream and the storm tracks is more realistic (Barnes and
Polvani 2013; Arakelian and Codron 2012), which reduce
the cold bias over mid-latitudes (Dufresne et al. 2013).
Therefore, the sea ice cover in the Labrador and Nordic
Seas is slightly reduced, and more convection occurs in the
Southern Labrador Sea (not shown). Nevertheless, a cold
bias remains over the North Atlantic region, with exces-
sive sea ice cover. As shown in Fig. 1a, the mean AMOC,
as diagnosed by the meridional streamfunction within the
Atlantic Ocean, reflects the northward mass flux in the
upper ocean, sinking between 45° and 60°N, and the south-
ward return flow of North Atlantic Deep Water (NADW).
Its maximum value is 13 Sv near 35N and 1000 m depth,
which is a larger than the 10 Sv of IPSL-LR (GF12), but
remains underestimated compared with the observations
(Ganachaud and Wunsch 2003; McCarthy et al. 2012) or
ocean model hindcast simulations (Yeager and Danabaso-
glu 2014). Note also that the Antarctic Bottom Water cell
below 2000 m extends too far north.
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Fig. 1 a Mean meridional overturning streamfunction in the Atlantic
Ocean (in Sv) for the last 300-year control run data in IPSL-CM5A-
MR model. Contour interval (CI) is 2 Sv with positive (negative)
for clockwise (counterclockwisec) circulation. b First and ¢ second
leading EOF mode of the meridional overturning streamfunction
(CI = 0.1 Sv) with explained variance 45 and 23 % respectively.
Here, the EOF amplitude corresponds to a normalized PC with unit
variance

The dominant modes of the yearly AMOC in the MR
model are presented in Fig. 1b, c. The first leading Empiri-
cal Orthogonal Function (EOF) of the meridional over-
turning streamfunction (Fig. 1b) exhibits a basin scale
monopole circulation anomaly with a broad maximum in
the tropical Atlantic at 1500 m depth. It indicates the accel-
eration (deceleration) and deepening (shallowing) of the

AMOC, most importantly between 20°S and 20°N. This
mode explains 45 % of the variance and has a dominant
time scale 50-70 years (not shown). The second EOF mode
(EOF2, Fig. 1c) shows a dipole pattern with a dominant
circulation anomaly taking place mostly between 20N and
60N and a weaker anomaly of the opposite sign south of
20N. Although it only explains 23 % of the variance, the
EOF2 mainly dominates the AMOC variability in the North
Atlantic from 35°N to 60°N, with a dominant period of
20 years (as illustrated in Sect. 3 and Fig. 10). Note that
the EOF1 pattern is specific to IPSL-MR and that EOF2
broadly resembles EOF1 in IPSL-LR, but for its opposite
in sign south of 35°N (see Fig. 2 in GF12).

2.2 Statistical methods
2.2.1 Maximum covariance analysis

To investigate the atmospheric response to the AMOC
variability as a function of season, we used a lagged MCA
between the 3-month averaged sea level pressure (SLP)
in the North Atlantic sector (10N-80N, 100W—40E) and
yearly Atlantic meridional overturning streamfunction
between 30S and 80N. Prior to the analysis, an elementary
binomial filter, using Y4, Y2, %4 as weights, was applied to
the yearly seasonal SLP and yearly AMOC time series, so
that, for example, December—February at year n (DFJ,) is
replaced by %DJFn_l + %DJF,, + %DJFH, to highlight the
low frequency without affecting seasonality. Hence, cause
and effects are only fully separated when the ocean leads
or lag by at least 3 years. The MCA is well documented
(Bretherton et al. 1992; Czaja and Frankignoul 2002), and
is only briefly summarized here. The lagged MCA isolates
pairs of orthogonal spatial patterns (i, v;) and their corre-
sponding time series (x (), yx (t — t)) by performing singu-
lar value decomposition of the covariance matrix between
SLP field X(¢) at time ¢ and the Atlantic meridional over-
turning streamfunction Y(¢ — 1) at time ¢ — t. The covari-
ance between the time series x,(f) and y,(t — ©) is maxi-
mized with cov(x,, y,) = o;, where o, is the kth singular
value of the covariance matrix. At each lag t, the statistical
significance of the squared covariance (SC) and correlation
(R) between the time series x,(f) and y,(tf — 7) is assessed
using a Monte Carlo approach, in which the atmospheric
time series was randomly scrambled 100 times using 3-year
blocks to build the null hypothesis distribution of the SC
and correlation R. Note that in the MCA and EOF analysis,
the SLP are area-weighted by the square root of the cosine
of latitude and, for the AMOC, ocean layer thickness.

The spatial orthogonality of the MCA modes can be a
strong constraint for physical modes (Cheng and Dunker-
ton 1995). To relax the constraint of the spatial orthogo-
nality when displaying the atmospheric response to the
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AMOC, the varimax rotation is performed by using the first
four pairs of MCA modes, so that about 95 % of the SC
is retained at the different lags. The results are basically
insensitive to an increase of the number of the modes. To
display the MCA results, we show the homogeneous maps
for the ocean and heterogeneous maps for the atmosphere
(obtained by projecting the oceanic and atmospheric anom-
aly data on the normalized oceanic time series, respec-
tively) when the ocean leads, and conversely when the
ocean lags. Thus, the linear relation between the variables
is preserved in both cases (Czaja and Frankignoul 2002).
In this study, we focus on the winter (DJF) atmospheric
response to the yearly AMOC (centered on winter), as DJF
provided the most robust relation between 3-month run-
ning mean SLP and the correspondingly centered yearly
AMOC. When investigating the atmospheric response to
the AMOC, the ENSO signal (as given by the first lead-
ing EOF mode of the tropical Pacific defined within 20S—
20N, 100E-80W) is removed from both atmosphere and
ocean as in Frankignoul and Kestenare (2002), using linear
regressions. Note that similar results are obtained when the
ENSO signal is not removed prior to analysis, as shown in
Sect. 3.

2.2.2 Equilibrium feedback assessment

To assess the atmospheric response to a given SST anomaly
pattern, we use the univariate method of Frankignoul et al.
(1998), here named as equilibrium feedback assessment
(EFA) for convenience. The philosophy of the method is
that on the climate time scale, the atmospheric SLP vari-
ability X(f) can be separated into two parts: one is driven
by the SST anomaly 7(¢), and the other is the atmospheric
internal variability N(), such that

X(1) =b x T(1) + N(), )

where the feedback coefficient b represents the atmospheric
response to the SST anomaly forcing. Since the SST cannot
be forced by later stochastic atmospheric fluctuations, the
feedback coefficient b is derived as

b(7) = Cxr(v)Cpp (T), )

where Cy(7) represents the lagged covariance; Cr{(7) is
the SST autocovariance at lag T where 7 is a SST leading
time that is larger than the atmospheric persistence and
the atmospheric response time. Here the method is applied
on monthly data, after removing the ENSO teleconnec-
tions, as previously illustrated. The leading time t is taken
as 2 months. Statistic significance of the coefficient b is
estimated by the Monte Carlo approach, where the year
of atmosphere variable is scrambled randomly 1000 times
with the month sequence retained.
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3 Atmospheric response to the AMOC variability
3.1 MCA analysis

Figure 2 shows the square covariance (SC) and correlation
(R) of the first MCA mode with (black line) and without
(blue line) ENSO. The large similarity between the two
curves indicates little influence of ENSO on the relation
between the North Atlantic atmosphere and the AMOC.
Nonetheless, the ENSO signal is removed in the follow-
ing. When the atmosphere leads, there is a large and sig-
nificant peak in the SC (which is the primary quantity to
be considered as it is maximized) at lag 1 and 2, and a
smaller but still highly significant one around lag 12-13.
This reflects the atmospheric forcing of the AMOC. The
correlation is also highly significant, but it peaks at lag O,
possibly reflecting sampling uncertainties. Figure 3 shows
the atmospheric forcing and its corresponding AMOC
response patterns, as given by the MCA at lag 1 and 12
respectively. When atmosphere leads by 1 year, the atmos-
pheric anomaly resembles the North Atlantic oscillation
(NAO) with a positive pressure anomaly over the Azores
and a negative anomaly over the Arctic (Fig. 3b). It leads
an enhanced AMOC in the North Atlantic with a monopole
cyclonic overturning circulation anomaly centered between
45N and 50N (Fig. 3a), which resembles the AMOC
EOF2 in Fig. lc, except that it is shifted slightly south-
ward. The previous studies (Eden and Willebrand 2001;
Deshayes and Frankignoul 2008) indicate that the AMOC
response to the NAO consist of a fast (on seasonal scale)
barotropic adjustment and a slower, more persistent baro-
clinic reponse. Here, the difference between Fig. 3a and the
AMOC EOF2 might be due to the smoothing that mixes
the fast barotropic and the delayed baroclinic responses of
the AMOC (see Fig. 11 below). The response amplitude is
around 0.5 Sv for a change of the SLP of 300 Pa, at the
center of actions of the NAO. When the atmosphere leads
by 12 years (Fig. 3c, d), the MCA shows that a NAO pat-
terns precedes a slightly weakened AMOC amplitude,
which a pattern again resembling AMOC EOF2, but with
the opposite phase, showing a weaker counterclockwise
circulation located somewhat further north. This weakened
AMOC response at lag 12 reflects the 20-year variability of
AMOC EOF2.

A robust AMOC influence on the atmosphere is detected
at negative lag, as there is a significant SC and R that peak
around lag-9 (Fig. 2). When the ocean leads by 9 years,
the first MCA mode is well separated and significant at the
95 % confidence level for both SC and R. The SC is a lit-
tle smaller than at lag 12, which suggests that the AMOC
influence on the atmosphere is smaller than the atmos-
pheric forcing of the AMOC. Figure 4 shows the rotated
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MCA patterns. The AMOC forcing is a monopole cyclonic
circulation anomaly in the northern North Atlantic with a
maximum at 50°N (Fig. 4a) that again resembles the sec-
ond EOF mode of AMOC, albeit without change of sign
south of 20°N. The slight difference with AMOC EOF2,
south of 20N, may be due to the MCA rotation relaxing the
spatial orthogonal constraint, as the non-rotated MCA pat-
tern shows more similarity with AMOC EOF2 (not shown).
The corresponding AMOC time series (Fig. 5a) has a domi-
nant period of 15-25 years, as shown by its power spec-
trum in Fig. 5b, which is highly correlated with the princi-
ple component of AMOC EOF?2 around 0.83 in phase. The
SLP response at lag-9 resembles a negative NAO pattern,
albeit shifted eastward (Fig. 4b). The maximum response
amplitude is typically about 100 Pa for the northern pole
and —60 Pa for the southern pole, corresponding to about
30 % of the typical magnitude of the winter NAO. This
suggests that the AMOC forcing contributes substantially
to the NAO low-frequency variability.

The AMOC influence on the atmosphere is established
through its SST and surface heat flux fingerprints. Figure 6
shows the regression maps of SST and surface heat flux
lagged by 9 years onto the AMOC MCA time series at lag-
9, so that they are in phase with the atmospheric response

-5 0 5 10 15

Ocean lead I Atmos. lead —>

in Fig. 4b. Nine years after an enhanced AMOC, the SST
anomalies are only significant in the North Atlantic, with
little signal in rest of the global ocean (not shown), which
indicates that the atmospheric response shown in Fig. 4b
is mainly controlled by the North Atlantic air—sea interac-
tions. The SST anomaly has a dipolar pattern with cooling
in the Gulf Stream region and warming downstream around
the North Atlantic Current. The typical amplitude of the
anomalies is around 0.2-0.3 °C. There are also warm SST
anomalies associated with the retreat of sea ice in the Nor-
dic and Labrador Seas, but they are not 10 % significant.
Accompanying the AMOC-induced SST anomaly, there is
a large heat release from the ocean over the anomalously
warm North Atlantic Current and a heat gain in the cold
Gulf Stream region. This indicates that the ocean is forc-
ing the atmosphere through the negative surface heat flux
feedback, as in observations (Frankignoul and Kestenare
2002). However, the negative heat flux anomaly south of
Greenland (ocean gaining heat) reflects the large-scale
atmospheric response because the negative NAO-like sig-
nal weakens the westerly wind over this region. This is
confirmed by the regression on the same AMOC index of
the heat flux one season earlier in SON, when there is no
significant large-scale response to the AMOC, which only
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Fig. 3 Homogeneous map of the winter SLP (b, d) (CI = 50 Pa) and
heterogeneous map of the yearly AMOC (a, ¢) (CI = 0.1 Sv with red
for clockwise) for the first MCA mode, when atmosphere leads the
ocean by 1 (upper panels) and 12 (bottom panels) years. SC is the
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shows the dipolar pattern of the SST and heat flux (not
shown). Through the heat flux anomaly, the dipolar pattern
SST affects the baroclinicity of the lower troposphere and
thus the synoptic perturbation growth. The Eady growth
rate at 850 hPa (Fig. 6¢), defined as 0.31ﬂ8u/8le_1, where
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f is the Coriolis parameter, du/dz is the zonal wind shear
and N is the Brunt—Viiséla frequency, governs the ampli-
tude of the fastest growing atmospheric perturbation
(Hoskins and Valdes 1990). Consistent with the impact of
the Gulf Stream cooling on the meridional SST gradient,
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Fig. 5 a Normalized AMOC time series (blue line) of the first rotated
MCA mode when AMOC leads by 9 years. b Power spectrum of the
AMOC time series (blue line in upper) in variance preserving form

it shows reduced baroclinicity over and off Newfound-
land, extending downstream toward Iceland, and a slight
increase in baroclinicity in the subtropical North Atlantic,
which results in a southward shift of the region of maxi-
mum synoptic growth. This decreases the storm track activ-
ity over the whole subpolar region, as shown by the stand-
ard deviation of the bandpass-filtered (2.2—6 days) 500 hPa
geopotential height calculated from daily output (Fig. 6d).
This is consistent with the negative NAO-like response in
Fig. 4b.

An enhanced AMOC thus precedes a negative NAO-like
signal by 9 years. However, this does not imply causality,
as the AMOC variability is oscillatory, and the 9-year lag
used to detect the response to the AMOC is close to half
of its dominant period. Hence, it could be that the nega-
tive NAO-like response found at lag-9 reflects an in-phase
response of the opposite sign. This is discussed in the next
section.

3.2 Relationship between AMOC, SST
and atmospheric response

The temporal evolution of the SST anomaly with the
AMOC change is shown in Fig. 7. Between the AMOC
intensification (defined by lag-9) and the atmospheric cir-
culation changes 9 years later (designated as lag 0), which

then correspond to an AMOC weakening (see Fig. 8), the
SST anomaly pattern gradually reverses sign in the North
Atlantic, evolving from a warm Gulf Stream and cold NAC
into the opposite, albeit with a reduced amplitude, consist-
ent with an oscillatory decay of the AMOC amplitude. The
SST evolution pattern is similar to that of the heat content
anomaly in the upper ocean 300 m, which is less affected
by the weather noise and more sensitive to anomalous
heat transport. Consistent with the geostrophic relation, an
increased (decreased) AMOC corresponds to the density
decreasing (increasing) eastward at 50°N, where the anom-
alous density is dominated by its salinity component (Fig. 7
middle-right panels). Figure 7 suggests that advective pro-
cesses largely determine the evolution of the SST anom-
aly, in particular near 40°N—-45°N, close to the mean Gulf
Stream position in the model. When the AMOC weakens,
the gyre circulation is decelerated, especially the subtropi-
cal gyre (right panels). Therefore, the northward heat trans-
port is reduced and less warm water is advected in the Gulf
Stream region, and vice versa when the AMOC strength-
ens. The process to form the SST anomaly at downstream
of the North Atlantic Current is mainly related with the heat
anomaly advected alone the North Atlantic Current and the
subpolar gyre. Figure 7 (middle left) clearly shows that the
positive heat content anomaly is advected in the subpolar
gyre while the AMOC weakened, which is further con-
firmed by the eastward propagation of the meridional mean
heat content anomaly in 50-55°N in Hovméller plot (not
shown). The evolution of the salinity in the upper ocean
300 m with the AMOC change (Fig. 7, middle right panel)
indicates that a warm and salty water move along the North
Atlantic Current, while another warm and salty water origi-
nating near the southern tip of Greenland is advected along
the subpolar gyre. The two water masses eventually meet
at the downstream of the North Atlantic Current. For the
SST anomaly at the downstream of the North Atlantic, it
might also involve other processes, such as the air—sea flux
exchanges, overflow from the Nordic Sea and Rossby wave
propagation at depth (Ortega et al. 2015). Hence, the rela-
tion of the upper ocean changes with the AMOC is roughly
consistent with the previous studies (Eden and Willebrand
2001; Johns et al. 2011; Yeager et al. 2012) arguing that
the boundary between the subtropical and subpolar gyre is
a transition zone for the meridional heat transport, where
the overturning circulation accounts for most of it to the
south and the gyre circulation explains a large percent of
the meridional heat transport to the north.

Since the atmosphere responds to SST anomaly within
a few months at most (Deser et al. 2007), and the SST and
AMOC patterns at lag-9 and 0 have opposite sign, it can be
hypothesized that the lag relation in Fig. 4 simply reflects
the atmospheric response to the in-phase SST fingerprint
of the AMOC. This is supported by Fig. 8, which shows
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Fig. 6 Regression map of the
winter a SST (in K), b surface
heat flux (in W m~2, positive
upward), ¢ Eady growth rate
(in 107° s71) and d storm track
activity (in m) on the normal-
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first rotated MCA mode when
the ocean leads by 9 years,
where the regressions are in
phase with the negative NAO-
like response in Fig. 4b. The
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a large similarity between the patterns of the simultaneous
AMOC and SLP changes at lag-9 and 0. A positive NAO-
like pattern and an anomalous Aleutian low is associated
with the enhanced AMOC centered over 50°N at lag-9,
while a similar pattern of the opposite sign (spatial pat-
tern correlation of —0.78) is associated with a weakened
AMOC. At midlatitude, the amplitude ratio is compara-
ble, as a 60 Pa low over the Azores corresponds to 0.5 Sv
AMOC weakening and a 120 Pa high to 1.0 Sv AMOC
intensification.

However, the in-phase regression in Fig. 8b may
simply reflect the atmospheric forcing of the AMOC,
or it may combine atmospheric forcing and response.
We use the EFA method (Sect. 2) to effectively sepa-
rate the atmospheric forcing and response (Frankignoul
et al. 1998; Wen et al. 2010). We construct a time series
describing the evolution of the SST anomaly pattern in
Fig. 7 at lag-9, which is simultaneous with the AMOC
intensification in Fig. 8a, by projecting it onto the
monthly SST anomaly data in D (December), J (January)
and F (February). In order to exclude the sea ice influ-
ence, we limit the SST anomaly to south of 55N. We then
assess the atmospheric response to this SST anomaly on
the monthly time scale using the EFA method. As shown
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in Fig. 9a, the SLP response resembles the SLP regres-
sion on the AMOC index on the interannual time scale
(Fig. 8a). It is a positive NAO-like response with an
eastward shift, which is most pronounced for its south-
ern lobe, and a weaker anomalous low over the Aleutian
region (not significant). There are also some positive
SLP anomalies over the Southern Ocean. Hence, the EFA
method demonstrates that the SST AMOC fingerprint
(the SST anomaly in Fig. 7 at lag-9) indeed generates
a NAO-like response in the atmosphere similar to that
shown in Fig. 8a.

Note that the in-phase regression of the winter SLP on
the monthly SST time series (Fig. 9b) shows large negative
anomalies over the Aleutian and a large anticyclone over
the North Atlantic resembling an East Atlantic Pattern. This
mainly reflects the atmospheric forcing on the SST anom-
aly (Frankignoul and Hasselmann 1977), and it differs from
the SST feedback on the atmosphere (Fig. 9a). In view of
the large internal atmospheric variability, the SST anomaly
mostly reflects the atmospheric forcing on the ocean at the
monthly time scale, while at low frequency, the atmos-
pheric internal variability is largely filtered out and the SST
pattern evolution is mostly controlled by the variability of
the ocean circulation.
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Fig. 7 Regression of winter SST (/eft) and heat content OHC (mid-
dle left), salinity OS (middle right), and potential density OPD (right)
in the upper 300 m onto the normalized AMOC MCA-time series
at lag-9 at different lags, as indicated, where lag-9 is in phase with
the positive AMOC in Fig. 4a, and lag 0 would be in phase with the
negative NAO-like response in Fig. 4b. The contour interval for the
SST, heat content, salinity and potential density is 0.1 K, 10° J m~2,
0.03 psu and 0.02 kg m~2, respectively. The thick black contours indi-

Since the NAO forces the AMOC in the North Atlantic
(Fig. 3a) and in turns the AMOC drives a NAO-like sig-
nal, there is a positive feedback between the AMOC and
the atmosphere, albeit with a slight asymmetry in pat-
tern. According to the MCA in Fig. 3a, the positive NAO

01 02 03

¥ b
0% 50°w 30°W S

-0.09-0.06-0.03 0 0.03 0.06 0.09 -0.06-0.04-0.02 0 0.02 0.04 0.06

cate the 90 % confidence level. The thick green line in the left panels
indicates the climatology of the 20 % winter sea ice concentration.
The green contour in the middle panels is the climatological winter
barotropic stream function (solid for cyclonic flow, contour interval
8 Sv, zero line omitted), while in the right panels it shows the lag
regression of the winter barotropic stream function (contour interval
0.4 Sv, zero line omitted)

forcing enhances the AMOC circulation with a SLP anom-
aly of about 300 Pa over Azores leading by 1 year a 0.5 Sv
AMOC variability. However, this includes the synchronous
NAO-like response to the AMOC forcing (Fig. 8), with a
0.5 Sv AMOC change leading to a 60 Pa SLP change, so
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Fig. 8 Regression of the yearly AMOC and winter SLP on the nor-
malized AMOC MCA-time series in Fig. 5a, at lag-9 (a, b, in phase
with +AMOC in Fig. 4a) and lag O (c, d in phase with the negative
NAO-like response in Fig. 4b) respectively. Contour interval is 0.1 Sv

that the AMOC feedback is about one fourth of the direct
atmospheric forcing. This is a notable positive feedback of
the AMOC on the atmosphere.

4 Active interaction between AMOC and NAO

The feedback is clearly imprinted in the variability of the
atmosphere. The leading mode of winter SLP is the NAO
with 43 % of explained variance, and its principal com-
ponent has a significant autocorrelation at lag of about
10 and 21 years (blue line in Fig. 10), which indicates a
robust low frequency variability at the 20-year period. This
is close to the oscillatory period of AMOC EOF2, as indi-
cated by the autocorrelation of the AMOC PC2 (black line
in Fig. 10), suggesting that the 20 years period of the NAO
is the footprint of the AMOC forcing of the atmosphere.
This is supported by the cross-correlation between the two
PCs (red line in Fig. 10), which shows a significant positive
peak when atmosphere leads by 1 or 2 years, and signifi-
cant negative peaks when ocean leads by 9 years or lags by
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11 years. This resembles the MCA result in Fig. 2a, and is
consistent with a strong AMOC forcing of the NAO and the
damped oscillatory nature of the AMOC.

To give a clearer picture for the interaction between
AMOC and NAO, we used the lag regression of yearly
(non-filtered) winter fields onto the NAO, since the NAO is
its main driver (Sect. 3). The synchroneous regressions (at
lag 0 in Fig. 11) show that the NAO cools the surface ocean
in the Labrador Sea and subpolar gyre and warms it in the
subtropical gyre, consistent with surface heat flux forcing
(Cayan 1992). It also strongly deepens the mixed layer in
the main deep convection regions, and therefore drives an
intergyre gyre circulation, as shown by the barotropical
streamfunction. Corresponding to the positive NAO forc-
ing, the synchroneous AMOC response shows a decrease
in high latitude and an increase at midlatitude with anom-
alous downwelling near 50°N, which reflects the rapid
barotropic adjustment to the Ekman pumping as described
by Eden and Willebrand (2001). When the NAO leads by
1 year (and more so by 2 years), the subtropical and sub-
polar gyre strengthen and the AMOC is intensified further
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Fig. 9 a The EFA response of the winter SLP (CI = 20 Pa) to the
SST anomaly (upper-left plot in Fig. 7) on the seasonal time scale.
b Same as a, but for the synchronous regression of the winter SLP
(CI = 20 Pa) on the SST anomaly. The thick black contours in the
plots indicate the 90 % confidence level
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Fig. 10 Autocorrelation of AMOC PC2 (APC2, black line) and win-
ter SLP PC1 (SPCI, blue line), cross correlation between APC2 and
SPCI1 (red line, SLP leads at positive lag). The dashed light/dark gray
lines denote the 90 and 95 % confidence level for the cross-correla-
tion respectively, where the sample size is fixed about 245 years for
all lead-lag correlations in calculation

north, broadly consistent with the baroclinic adjustment to
the NAO-induced buoyancy flux anomaly (e.g. Deshayes
and Frankignoul 2008; Yeager and Danabasoglu 2014). As
the NAO has no intrinsic year-to-year persistence, the posi-
tive NAO-like pattern at lag 1 reflects an ocean influence.

The SST anomaly at lagl is similar to the SST pattern at
lagO, but with an enhanced warming in the Gulf Stream
region and a weakened cooling in the Labrador Sea, pre-
sumably because of advection and reemergence. This NAO-
like response at lag 1, is in line with a forcing by the AMOC
through its induced SST anomaly. This reflects an active
near-synchronous interaction between the AMOC and NAO.

The active coupling between the AMOC and NAO
could enhance the low frequency variability of the AMOC
on 20-year period. Figure 12 shows the contrast of the
AMOC regression on the nomalized SLP PC1 at the large
lags when NAO leads and lags. Since the intrinsic NAO
memory is limited, the main feature revealed by the regres-
sion at lag-9 and lag 11 reflects the AMOC forcing of the
atmosphere through its SST fingerprint, with a weakened
AMOC generating a negative NAO-like response. How-
ever, as a specific comparison, the AMOC variability at
positive lags when NAO leads is slight larger than that at
the negative lags when there’s no atmospheric forcing
on the AMOC. It’s corresponding to an amplified nega-
tive NAO-like response at lag 11, where the center ampli-
tude over the Aleutian is around 80 Pa with the variability
enhanced 25 % compared with that of 60 Pa at lag-9. This
is probably due to the NAO forcing reinforces the near-syn-
chronous AMOC variability and therefore its following low
frequency variability. The contribution of the active air—sea
interaction to the low frequency variability of AMOC is
further confirmed by the same regression on the NAO index
which is get rid of the AMOC signal (proxied by AMOC
PC2). It shows a similar result when NAO leads with the
moderate reduced amplitude, but a relative large damped
signal when NAO lags (not shown). Hence, the near-syn-
chronous coupling of AMOC-NAO plays an active role on
the low frequency variability of AMOC, and therefore a
robust 20-year period of NAO.

5 Summary and discussion

The winter atmospheric response to the AMOC variabil-
ity is investigated in the IPSL-CM5A-MR climate model.
Using the lagged MCA analysis, a robust atmospheric
negative NAO-like response signal was found to follow
by 9 years an enhanced AMOC in North Atlantic. The
AMOC pattern resembles the second AMOC EOF and has
maximum amplitude between 45 and 50°N, and a domi-
nant timescale of 20 year. Correspondingly, the NAO has
a small, but significant 20 years variability, suggesting that
it responds to the AMOC. The lagged atmosphere signal is
established through the AMOC SST fingerprint with cold
SST in the Gulf Stream region and warm SST at the down-
stream near the North Atlantic Current. Through the surface
heat flux damping, the dipole pattern SST anomaly changes
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Fig. 11 Regression of the winter SLP (in Pa), SST (in K), buoyancy
flux (BFLUX, in 107% m? s=%), ocean mixed-layer depth (OMD, in
m), barotropical streamfunction (BSF, in Sv) and the yearly AMOC
(in Sv) on the winter SLP EOF PC1 at lag 0 and lag 1 respectively
(as Marked on top of the figures), where all the data used are raw data
without low pass filter. The contour intervals (CI) are indicated by the
colorbars. The green thick contour in the SST figures indicates the

the lower tropospheric baroclinicity and thus the storm
track activity, resulting in the negative NAO-like response.
However, we showed that the negative NAO that follows
the AMOC intensification actually reflect a fast response
to the AMOC weakening that follows it 9 years later, con-
sistent with its 20-year dominant period. The atmospheric
response to an enhanced AMOC is thus a positive NAO-
like response over the North Atlantic and an anomalous low
pressure downstream of the Aleutian region, which is oppo-
site to that detected at 9-year lag by the MCA. Such atmos-
pheric response is confirmed by the EFA method applied
to the monthly SST anomaly. Since the NAO drives the
AMOC variability, a positive NAO intensifying the AMOC,
it indicates a positive feedback between the AMOC and
the NAO. The amplitude of the atmospheric response to
the AMOC was estimated to be about 1/4 of that of the
atmospheric forcing. The active near-synchronous interac-
tion between the AMOC and NAO is further confirmed by
the lead-lag relation between AMOC EOF2 and the NAO.
It enhances the low frequency variability of AMOC and
therefore leads to a robust 20-year period of NAO.

@ Springer

Y PONC %
2
209, ===\
W 50°%  30°W \
-90 -60 -30 0 30 60 90 -90 -60 -30 0 30 60 90

-06 -04-02 0 02 04 06
AMOC

0 ol O = o

0.5 0.5

1000 04 1000 0 04

2000 "1 %2 2000 g 03

0.2 0.2

3000 04 3000 04

0 0

4000 gy 4000 0 s

5000 -025000 -02
20 0 20 40 60 20 0 20 40 60

climatology of the 20 % winter sea ice cover. The green thick con-
tours in the rest figures are corresponding variables climatology with
contour intervals 100, 150, 200, 250 x 107° m? s=3 for buoyancy
flux, 200, 400, 600 m for ocean mixed-layer depth and CI = 8 Sv for
barotropical streamfunction (solid for cyclonic flow, zero line omit-
ted) respectively. The black thick contours in all the figures indicate
the 90 % confidence level for two-tailed student ‘#’ test

In the IPSL-MR model, one of the robust phenom-
ena is the bi-decadal variability in North Atlantic. This
phenomenon has been widely reported in many models
(Frankcombe et al. 2010), observations and proxy datas
(Banta and McConnell 2007). Several authors (Kwon and
Frankignoul 2014; Sévellec and Huch 2015) suggested that
the 20-30 years timescale arises from the ocean only, either
due to the interaction between the Gulf Stream—North
Atlantic Current and the equatorward deep return flow, or
to large scale baroclinic instability in the ocean and west-
ward propagation of the subsurface temperature anomalies
across the North Atlantic basin, referred as subsurface basin
mode (Huck et al. 1999). Sévellec and Fedorov (2013)
demonstrated that a damped multidecadal oscillation in the
ocean component of the IPSL-CMS5A model reflected the
latter mechanism. Ortega et al. (2015) further proposed that
this mechanism would be coupled in the LR model with
surface salinity advection along the subpolar gyre and the
atmospheric—seaice interaction in the Nordic Seas (Escud-
ier et al. 2013). They suggested that the two mechanisms
play a comparable role in generating the bi-decadal AMOC
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Fig. 12 Lead-lag regression of the yearly AMOC, winter SST and
winter SLP on winter SLP PCI1 at lag-9 (a—c) and lag 11 (d-f),
where at lag-9 the ocean is leading by 9 years and at lag 11 it lags
by 11 years, respectively. The contour interval for AMOC in the left
column is 0.1 Sv with positive (negative) value for anomalous clock-

variability in North Atlantic. In the IPSL-MR model, there
are some similarities in the interplay between the upper
ocean advection and westward propagation Rossby wave
at depth, which seems to generate the 20-year period of
AMOC. However, the specific mechanism is different from
that proposed for the LR model (specific investigation
for the bi-decadal variability of AMOC in the MR model
would be given in a forthcoming paper). Based on our cur-
rent understanding, the air—sea coupling in the MR model
may enhance the low frequency variability of AMOC, but it
might not play a substantial role to generate it.

Our results demonstrate that the resolution may mod-
ify the coupling of the ocean with the atmosphere. In the
IPSL-CM5A LR model, the AMOC-induced SST anoma-
lies are largely located in the subpolar region (GF12, see
their Fig. 10). However, in the MR model, the out of phase
SST anomaly in the Gulf Stream region seems to also play
an active role in the near-synchronous AMOC-NAO inter-
action. This is presumably because, when the atmospheric
resolution is increased, the mean surface wind changes,
which may increase the heat flux damping and the baro-
clinic instability over that region.

The AMOC feedback to the atmosphere and the asso-
ciated mechanisms may also be model dependent, as a
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wise (counterclockwise), CI = 0.1 K for SST in the middle column
and CI = 20 Pa for SLP in the right. The thick green line in d and e
denotes the climatology of the 20 % sea ice concentration in winter
(DJF). The black thick contours in all the panels indicate the 90 %
confidence level for two-tailed student ‘¢’ test

large range of mechanism explain the decadal to multi-
decadal AMOC variability in different models (Frank-
combe et al. 2008; Liu 2012; MacMartin et al. 2013).
Here, we provide a way to understand the interaction
between the ocean and the atmosphere, which can be
applied to other models. Given the large influence of the
coupling illustrated here, our results impel the climate
decadal prediction.
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