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Abstract. Earth’s climate exhibits internal modes of variabil- 1 Introduction
ity on various timescales. Here we investigate multi-decadal
variability of the Atlantic meridional overturning circulation
(AMOC), Northern Hemisphere sea-ice extent and global
mean temperature (GMT) in an ensemble of CMIP5 mod-
els under control conditions. We report an inter-annual GMT
variability of about+0.1° C originating solely from natu-
e o 1201 Amon others, a cominant mode of ol clmat
variability is the Atlantic multi-decadal oscillation (AMO)

ern Hemisphere sea-ice extent using a graph-theoretical sta . . .
tistical approach, we find the AMOC to contribute 8% to ?Schlesmger and Ramankutty994 in the North Atlantic

GMT variability in the ensemble mean. Our results high- that is evident in ocean records over the last 800Gyug-

ight the importance of AMOC sea-ice feedbacks that ex- 00 25 T L T AT SR A & BOVERe oo
plain 5% of the GMT variance, while the contribution solely P

. have profound influence on other climate phenomena such
related to the AMOC is found to be about 3%. As a conse- ; . : .
quence of multi-decadal AMOC variability, we report sub- as the Atlantic huricane frequency/inont and Kossin

stantial variations in North Atlantic deep-ocean heat content2007’ zhang and Delworth2009, West African monsoon

. 2 1 and Sahel rainfalllohino et al, 2010.
\évrlttjr;rtr:fngssgfrvlé% tcoh:ﬁz(elsof)vi?(ta;: (Ij:sttc?:éaaclir: ;)r:dthcinsi _Model studies suggest that the multi-decadal mode in
tent with the reduced GE/IT warming trend over this period Rlorth Atlantic sea-surface temperatures (SSTs) is closely
91 PENOT. olated to variability of the Atlantic meridional overturning
Although these temperature anomalies are largely density-. . . . :
- . - circulation (AMOC) Timmermann and Latjf1998 Knight
compensated by salinity changes, we find a robust negative . .
. . ét al, 2005 Delworth et al, 2007 Park and Latif 2011,
correlation between the AMOC and North Atlantic deep- Ba et al, 2013 with models exhibiting AMOC variabil-
ocean density with dgnsity lagging Fhe AM.OC by 5to 11yr ity on mL;Iti-decadaI to multi-centennial timescaldsehary
in most models. While this would in principle allow for a

. . . et al, 201% Wouters et a.2012. The origin of these multi-
self-sustained oscillatory behavior of the coupled AMOC- decadal modes is not yet fully understood. Already simple

deep-ocean system, our results are inconclusive about thg : -
. . ox models are found to produce multi-decadal variability

role of this feedback in the model ensemble. . ) .
as a result of delayed advectiotriffies and Tziperman
1995 Lee and Wang2010, andDijkstra et al.(2009 re-
port a multi-decadal mode in models of different complex-
ity driven by horizontal temperature anomalidg (Raa and
Dijkstra, 2002 Sévellec and Fedorg2013. By analyzing

Multi-decadal variability of the climate system has been
studied intensively, with a special focus on the last millen-
nium and climate variability on centennial timescales (e.qg.,
Eby et al, 2013 Fernandez-Donado et aR013 Ortega
etal, 201% Fidel et al, 2011, Ottera et al.201Q Hofer et al,
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104 C. F. Schleussner et al.: Multi-decadal AMOC variability

Table 1.List of CMIP5 models analyzed in this study.
= MPI-ESM-LR - CCSM4
— MPILESM-MR  — CESM1-BGC Modeling center (or group) Model name
— CanESM2 —— CESM1-CAM5 .
—  CNRM-CM5 Max Planck Institute MPI-ESM-LR
for Meteorology MPI-ESM-MR
o Canadian Centre for Climate CanESM2
g Modelling and Analysis
© Centre National de Recherches ~ CNRM-CM5
Météorologiques
=
2] National Center for CCSM4
8 Atmospheric Research
=
< Community Earth System CESM1-BGC
= Model Contributors CESM1-CAM5
£
S
ch tal subpolar gyre circulatiorLévermann and Borr2007) in
a multi-model study. The existence of such a multi-stability
) was found to greatly enhance subpolar variability close to the
% system’s internal thresholdengel et al.2012).
2 Atlantic variability is found to contribute significantly to
Northern Hemisphere variationglang et al.2007 Knight
%) et al, 2005 2006 and eventually to global mean temper-
j’: ature (GMT). Zanchettin et al.(2010 find multi-decadal
Q AMOC variations to be a major source of GMT variability
s over the last millennium, an&eulner et al(2013 report
meridional heat transport in the Atlantic to be the dominant

0 200 400 600 800 process behind the persistent temperature difference between
vears the Northern Hemisphere and Southern Hemisphere in an
Fig. 1. Time series for GMT, AMOC, Northern Hemisphere sea- unperturbed climate. Results of a multi-model intercompar-
ice extent (SIE), the Atlantic multi-decadal oscillation (AMO) in- ison suggest that multi-decadal variability in the high north-
dex and North Atlantic deep-ocean (NADO) temperature for sevenern latitudes might be a major source of deviations within
C.:N”PS models. A 10 yr Butterworth low-pass filter is applied to the the CMIP5 model ensemble and in Comparison with obser-
time series. vational data over the 20th centurjofies et a].2013. Be-
sides oceanic contribution, sea-ice retreat has been a domi-
nant contributor to observed northern high-latitude warming
observational record®ima and Lohmanr{2010 find two  over the recent decadeddlland and Bitz 2003 Screen and
distinct modes in observed Atlantic SST over the last cen-Simmonds2010.
tury. Consistently,Park and Latif(2008 report multiple Here, we first disentangle the contributions of AMOC and
modes of AMOC variability in the Kiel Climate Model with  sea-ice variability to GMT variations in unperturbed control
a multi-centennial mode originating in the Southern Oceanruns of the CMIP5 model ensemble using graph-theoretical
and a multi-decadal one of Northern Hemisphere origin.  statistical modelsRunge et al. 20123 Ebert-Uphoff and
While several model studies find stochastic atmospherid®eng 2012 denoted graphical models hereafter) and com-
forcing to be the dominant driver of the Northern Hemispheremonality analysis) We relate AMOC variability to North
variability componentEden and Willebranc2002; Tulloch Atlantic deep-ocean temperature and salinity and investigate
and Marshall2012), others report variations in Labrador Sea an internal advective feedback mechanism. The magnitude
convection as a possible origiB¢ntsen et al.2004 Med- of the deep-ocean warming rate that is found in the CMIP5
haug et al. 2011, Persechino et gl2019. Delworth and  models is consistent with the observed changes over the past
Zeng (2012 andBa et al.(2013 find salinity advection to  decade. The link between GMT reduction and deep-ocean
drive variability in Labrador Sea convection, where salin- warming is quantitatively consistent with the past reduction
ity anomalies of subtropical and Arctic origin are found to in the GMT warming trend.
play a role Jungclaus et 312005. Born et al.(2012 iden-
tified this salinity advection feedback on subpolar convec-
tion as a potential driver of multi-stability of the horizon-
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2 Temperature—circulation relations in the climate

model ensemble CMIP5 15 MPI-ESM-LR CCSM4 |

1.0
We analyze the unperturbed control run of seven

I |
| — . R
atmosphere—ocean general circulation models (AOGCMs 0.5 lJJX ‘ o 1 ~\ I
from the Coupled Model Intercomparison Project Phase 5 - “’.'m"” i \A\/&v../l\a Ji?i\!».-.é-'t‘. ‘&A»
CMIPS5 (Taylor et al, 2012 — which provides all diagnostics . MPI-ESM-MR CESM1-BGC |
required for our analysis and at minimum 300yr of model
data (listed in Tabld). Figurel shows the annual time series 10 -

\
for GMT, AMOC, AMO and Northern Hemisphere sea-ice  0.5- f‘ “ ] - h»
extent (SIE) as well as North Atlantic deep ocean (NADO) 9 ‘.‘.u\b“.‘,-..“._\.«,._‘./ ‘Q& LA ~'A >/ ,.A\ _

temperature (45to 65 N, z = 1000—2000 m). The AMOC & CanESM2 CESM1-CAM5
is derived as the vertical maximum of the stream function '° | |
at 45 N and the AMO as the anomaly of Atlantic SSTs 1.0 .

between 30 and 653 N. We find substantial inter-annual 5 ‘ ' W ‘ B i
variations for all quantities investigated, notably a GMT _)ML_,'.‘».&"L,‘ ,,‘0!&/“"‘ I m&.\> A
variability of about £0.1°C (standard deviation) and a CNRM-CMS5 -
AMOC variability of 1.1 Sv in the ensemble mean. Values 15 1 avoc

for the individual models and the other quantities are given 1 , GMT —

in Table2. The corresponding power spectra are depicted in 5 s ' A | SIE —

Fig. 2. We find two coherent modes in AMOC, GMT and Tl m/i.vkwt.’“

SIE for the MPI-ESM-LR(-MR) model with around 30 and o 20 80 20 20 0

40 (45)yr period, which are significant at the 95 % level.
The CanESM2 spectrum also exhibits significant AMOC
modes at around 25 and 40yr, whereas only the 25 yr modeig. 2. Power spectral density of AMOC (blue), GMT (red) and SIE
is present also in the GMT and SIE spectra, though not(grey). Light lines indicate the 95 % significance levels determined

significant at the 95 % level. A 25yr mode is also present inby aN = 10000 ensemble of a red noise first order auto-regressive
the CNRM-CM5 spectrum. process fitted to each of the quantities. In this plot, all amplitudes

The time series of all other models are considerably@® rescaled relative to the corresponding maximum of the 95 %

shorter (500yr or less), which reduces the signal to noise*9nificance level.

ratio and thus leads to less or no significant spectral peaks.

Despite that, the AMOC spectrum for the CESM1-BGC ex-

hibits significant AMOC modes at around 30 and 60 yr.
Cross-correlations between the AMOC and AMO, GMT

and SIE reveal a clear relation between AMO and AMOC

Period [Years]

north of 45 N in the ensemble mean exceeding their share
expected purely by the surface area. We applied a forward—
backward Butterworth low-pass filter with cutoff frequen-
. . o cies from 10 to 50 yr to our time series and find the north-
in all models with some models exhibiting an AMOC lead ern latitude contribution to increase with increased filtering

lr)gllast'egr?r:tl yg?(gso(rlzll@)r' I\;Ve gtlast\(l)vzgg il(/(l) glésta[r)](;sg\ﬁ_rco_r " in all models except the CCSM4 and CNRM-CM5. Half of
: z yriag S19° the multi-decadal GMT variance in the MPI-ESM-LR orig-

. o X
nificant at the 95 % significance level as well as a negatwemates north of 45N, and we hypothesize AMOC and SIE

peak between AMOC and SIE. The cross-correlation for the_ . .
AMOC and GMT in CNRM-CM5 model is significant, but as likely drivers. The CCSM4 actually shows a decrease for

- rEuIti-decadaI variability, but our analysis suggests the high
does not exhibit a clear peak as a consequence of a very Weqktitudes of the Southern Hemisphere to be dominant con-

QZI(;E(ransiglr]ezt%[?h?sr](rjn\(l)\lg;k(\clgrrrlli)tglrléyég less than Centen'tributors to GMT va_lria_bility in this mod_el (compare Flg)
Significant cross-correlation does not“ however impIyThu.S’ our resu_lts indicate tha_t the high norther_n I_a_tltudes
physical relevance. To test for the impor’tance of the highare mdegd an important contnputor 0 (.BMT variability on .
i annual timescales and that this share increases for multi-

northe_rn latitudes for absolut_e G.MT variability, we derived decadal variability. We performed the same analysis with an
the latitude-dependent contribution of surface air tempera-ensemble of 30 CMIP5 models (not shown) confirming our
ture (SAT) anomalies to the GMT signal. Figutedepicts results

the explained varianceR®) of the GMT time series by the '

zonal and meridional integrated SAT anomalies north of the

latitude drawn on the axis. The expected surface area con-

tribution by latitude, assuming SAT anomalies to be uni-

form across the globe, is drawn for comparison (in grey).

We find about one third of the GMT variance to originate

www.earth-syst-dynam.net/5/103/2014/ Earth Syst. Dynam., 5, 10Bt5 2014
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Table 2. Inter-annual variability (standard deviation) of GMT, AMOC, Northern Hemisphere sea-ice extent (SIE), AMO and North Atlantic
deep ocean temperature (NADOT). SAT45° N denotes the explained GMT variance integrated over the Northern Hemisphere north of
45° N as in Fig.3. OHC SD: standard deviation of the North Atlantic deep ocean (NADO) {d¢%5° N, z = 1000-2000 m) heat content
(OHC). OHC rate: maximum decadal trend over the full time series.

GMT AMOC SIE AMO NADOT SAT> OHCSD OHC RATE
[°C]  [Sv] [105km?] [°C] [°C] 45N [10%2]] [10%2Jdec]]
MPI-ESM-LR  0.12  1.60 0.24 0.20 0.11 0.27 0.20 1.1
MPI-ESM-MR  0.10  1.35 0.24 0.20 0.10 0.27 0.21 1.0
CanESM?2 012  0.86 0.33 0.16 0.13 0.33 0.23 0.6
CNRM-CM5 011  0.99 0.40 0.21 0.14 0.33 0.31 0.5
CCSM4 010  0.87 0.22 0.13 0.06 0.36 0.16 0.5
CESM1-BGC  0.10  0.93 0.22 0.13 0.06 0.39 0.20 0.5
CESM1-CAM5 0.11  1.00 0.21 0.17 0.10 0.39 0.22 0.7
Mean 011  1.09 0.27 0.17 0.10 0.33 0.22 0.7

3 Quantifying AMOC contributions to GMT variance

Cross correlations need to be interpreted cautiously, since
they are subject to several limitations. In the presence of
strong auto-correlation, peaks in the cross-correlation can
be amplified and shifted to larger time lags, limiting the in-
terpretability of time delays in such systenRupge et al.
2014. Additionally, in the global climate system with its
complex coupled dynamic, also common driver effects and
indirect chains can occur. A notional proceighat drives
two processeX andY is called a common driver of and

Y, whereas an indirect chain is present if procEsdrives Z
and Z drivesY, without a direct relation betweeXi andY.

In both cases, a non-zero cross-correlation betwéeand

Y would be detected, even though no direct interaction is

c
2 present.
o
8 3.1 Graphical model analysis
= A G : To overcome these limitations, graphical models can be
=05 ittt g yged to identify causal relations in complex coupled systems
Ca'?ESW . CESM1-CAM5 | (Ebert-Uphoff and Deng2012. Here we apply a graphi-
054 it Lo — GMT | cal model approach introduced iRunge et al(20123 b).
— SIE While this approach is also applicable to nonlinear interac-
0.0 — _ S“AA[?OT i tions, here the linear case as discusseglinge et al(2014
-0.51 CNRM CM5 """""""" — ospercSign | is used to determine linear causal interdependencies. In the

-20 -10 0 10 20

-20 -10 0 10 20
Lag in Years (pos: AMOC leads)

following, we illustrate the concept with a simple example
and refer to the references for further details on the method-

ology.
Consider the simple bivariate first-order auto-regressive

Fig. 3. Cross-correlations between AMOC and GMT, SIE, NADO stochastic process (AR(1)):

temperature and the AMO index (positive: AMOC leads). The grey

lines mark the two-tailed 95 % significance range.

Earth Syst. Dynam., 5, 103415 2014

X, =aX_14€ 1)

Yt = CXt—l -+ bYt—l -+ Gy,
whereX andY denote the two variables of the stochastic pro-

cess withua, b andc as constant coefficients. The coefficients
a andb represent the auto-regressive contributiorXond

www.earth-syst-dynam.net/5/103/2014/
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1.00 - ———— — ] ———— — B past | present
0.75 4+ N T AN B
050 4------ e AN 2 A RN B X
0-25 TWPI-ESMLR cesiviag A |
1.00 =g - ARRRERASEEEN e B Y
0.75 4 NN T N B
0.50 4 NN . | Fig. 5. Representation of the time-series graph of the simple cou-

’ ; : : : pled bivariate processx¢, Y;) in Eqg. (1) with the constant coeffi-
o 0.25 1 MPI-ESM-MR CESM1-BGC '\ i cientsa, b andc. oxy is the non-diagonal element of the covari-
’1'1 00 - — — . ~ —— —_— i ance matrix. Procesg (black node) is driven by;_q and X,_1
: : : (in grey) and has a contemporaneous linksto(hatched). Due to
0.75 1+ QU 1 A N B stationarity, the same causal relation holds for all
0.50 4------ e A\ TG 2 A e NS B
0-251canEsmz ™ N\ |CESMT-CAMS N\ [
1.00 g . + ! ! ! L a time-series graph algorithm as introducedRinnge et al.
0.75 4 N Ne-oooioonns ]l — 0 =— 50 L (20121 can help to identify causalities in such complex cou-
0504 NN\ 1 — 10 Lat|  pled systems. As an illustration, consider the estimation of
' : : — 20 the parents off in the time-series graph shown in Fig.
0.25 1 CN]:‘{M'.CMS""'; i The algorithm tests possible links from all processes (in-
; ; ; T T T cluding Y) at all lags up to a maximum delay (which can
-45 0 45 -45 0 45 be specified accordingly; for the analysis presented below
Latitude we use a maximum time lag of 30yr). Here the hypothet-

Fig. 4. Meridional dependence of the GMT variance. The hori-
zontally averaged yearly SAT anomalies are integrated froni\90

ical link “X;_» — Y;” would be tested by first checking
whether the unconditional cross-correlatipfiX;_»;Y;) is

southward. The value for a given latitude marks the explained vari-ONZ€ro. Since there exists a path betwé’eng and Y;,

ance R?) of the GMT time series by the integrated SAT variance thiS will be the case. In the next iteration step, the con-
north of it. Colors indicate different low-pass filters applied. The ditional linear dependence is tested. As a heuristic crite-
grey line marks the variance contribution assuming equally dis-rion for selecting the conditions in each test, we choose the

tributed GMT variance. The explained variances of the unfilteredconditions sorted by their correlation value in the previous
GMT signal that originates from north of 48l are listed in Ta-  step. Assumingo(Y;_1;Y;) > p(X;—1;Y;) > ... in our ex-
ble 2. ample, the partial correlation(X,_o; Y;|Y,—1) that excludes
the influence ofY;_1 would be tested. This partial corre-
lation would also be non-zero due to the unblocked path
“Xi—2— X,—1—Y;". Also the test with the next-largest
condition onX,_1 yields a non-zero partial correlation. Af-
ter some more tests with weaker conditions, the partial cor-
relation p(X;_2; Y;|Y;_1, X;—1) would be found to vanish,
such that the hypothetical link can be removed. An analogue
5 0}2( oxy procedurg is appligd folr. contemporar!eous links, where all
= (UXY 03 > directed links are |o!ent|f|ed and |t_e_rat|vely more and more
contemporaneous links are conditioned oRuiige et al.
and zero mean. 20121.

A time-series graph for this model can be constructed, Following this procedure, we now construct a time-series
where the nodes are represented by the time-dependent statgsaph for GMT, AMOC and SIE with a two-sided signifi-
X:, Yy, Xi—1, Y1, (...). Directedlinks (symbolized by—) cance level of 99 % for the partial correlation test. The re-
are given by non-zero coefficients b, ¢, and undirected sulting cross-links between AMOC, GMT and SIE are illus-
contemporaneoukinks are given by non-zero entries in the trated in Fig.6. Across the whole ensemble, we robustly find
inverse covariance matriX. This time-series graph for our contemporaneous links with a positive partial correlation be-
model system is illustrated in Fi¢. Note that time-series tween AMOC and GMT and a negative partial correlation
stationarity as a prerequisite for such an analysis implies thabetween SIE and GMT. Several models also show negative
if“ X, > Y", " Xp_ — Yp"is true for anyr’. “GMT — SIE” and “SIE— GMT" links at a time lag of 1 yr.

In real world systems, however, the exact relations be-On the one hand sea-ice reduction will lead to atmospheric
tween the investigated processes are often unknown, andiarming Holland and Bitz 2003 Screen and Simmonds

Y respectively, andk|, |b| < 1 is required for the process to
be stationaryc gives the coupling between the two and can
in principle attain any finite valuesX ande, are indepen-
dent, identically distributed Gaussian random variables with
a given covariance matrix,

)
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CNRM-CM5 CanESM2 CCsM4 MPI-ESM-MR
1
GMT —t GMT GMT
SIE == SIE SIE — —
1 1
L Positive

AMOC AMOC AMOC AMOC Negative

MPI-ESM-LR CESM1-CAM5 CESM1-BGC Ensemble

1
a—="C" L fGMT k— GMT
SIE a— SIE & —> 1/

1

Fig. 6. Resulting time-series graphs for AMOC, GMT and SIE by applying a method introdudghige et al(2012h. Based on the sign
of the partial correlation as a result of the graph estimation algorithm, we denote positive (negative) partial correlations in red (blue). Direct
links are indicated by curved lines with the associated time lags. Straight lines represent contemporaneous links at lag zero.

robustness
== 100%
— 20%

AMO!

2010, but a warming anomaly could also cause additionalcontribution at lag zero. Followingthe unique contribution
sea-ice melt in particular during the summer and early au-of AMOC to GMT variability Uamoc derives as

tumn season. Thus, influences in both directions are present

that could explain the model dependent presence of the lag-Uamoc = Ry . — R3e. 3
links.

The relation between AMOC and SIE differs substan- Where Ry, is the coefficient of determination (giving
tially between the models, exhibiting links at zero lag as the explained variance) for the multivariate regression of
well as “AMOC— SIE” and “SIE—> AMOC" links at time  the GMT on AMOC and SIE at lag zer&3c is the ex-
lag 1. A stronger AMOC leads to increased northward heatPlained variance of the univariate regression of GMT on
transport and thus to SIE reduction in the North Atlantic, SIE at lag zero. The unique SIE contributiéfse can be
which could explain the AMOC-SIE linktevermann etal. ~ derived accordingly. .

(2007 identified increased oceanic heat loss as a result of The common contributiod” is given by the difference be-
reduced SIE in the North Atlantic to be a positive feedbacktWeen Rgy and the sum of the unique contributions. Al

on AMOC strength in a CMIP3 model ensemble, implying ime series ha}vg been standardized (t|m§ series mean sub-
driving mechanisms that work both ways. Our results indi- fracted and divided by the standard deviation). In the en-
cate that the strength of this individual processes differs supSemble average, we find a unique AMOC contribution of
stantially between the models investigated. Direct coupling3 %. SIE 14% and a common component of 5%. In total,
between AMOC and SIE is located in the subpolar and po_the coupled AMOC-SIE system contributes about 21 % to
lar Atlantic, while SIE comprises the sea-ice extent over theGMT variance (see Tablfor the coefficients of the individ-

full Northern Hemisphere. Thus, an AMOC imprint might ual models). We performed the same analysis for low-pass-
be present, but not significant in the compound SIE SignaLﬁltered time series and found a decrease in the AMOC unique
To account for this, we performed the same analysis for SIECONtribution to 1%, while the SIE and the common compo-

limited to the North Atlantic region and found similar results. Nent increase to 21 and 9 % respectively, in total explaining
31 % of GMT variability.

3.2 Commonality analysis We would like to emphasize that the analysis presented
here is not a comprehensive study of Northern Hemisphere
We use commonality analysi¥ o disentangle AMOC and climate variability, since important sources of variability
SIE contributions to GMT variability. Commonality analysis such as multi-decadal variability in the Pacifidgntua et al.
allows a distinction of the explained variance by a multivari- 1997) as well as continental variability are not included. Also
ate system intoiniguecomponents that are explained by the interrelations between modes of atmospheric variability such
individual variables alone ammbmmorcomponents that give  as the North Atlantic and the Arctic oscillatiokl¢rrell and
the explained variance by the coupling between them. Deser 2009 and AMOC as well as SIE, which have been
As depicted in Fig.6, the contemporaneous positive studied intensively and shown to have substantial influence
AMOC-GMT and negative SIE-GMT links are robust on North Atlantic climate variability (e.gTulloch and Mar-
across all models in the ensemble. Therefore, we limit theshall 2012 Frankcombe et 312009 Medhaug et a].2011),
decomposition of the GMT variability to the AMOC and SIE are not resolved. However, we find that SIE and AMOC

Earth Syst. Dynam., 5, 103415 2014 www.earth-syst-dynam.net/5/103/2014/
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Table 3. Results of the commonality analysis of GMT variability except for the CanESM2), indicating a systematic process
and the AMOC and SIE contribution at lag zettwoc andUs g behind the phenomenon. As shown in Figwe find deep-
denote the unique AMOC and SIE contribution and C the commongcean density changes to be related to the AMOC in our
componentRZ | gives the explained GMT variance by the cou- model ensemble. Except for the CNRM-CM5 model that

pled system. has a very weak AMOC and exhibits no significant multi-
decadal modes of AMOC variability as discussed above,
Uamoc Use C Rl%ULL all models show a positive correlation between the AMOC
MPI-ESM-LR 0.01 0.13 0.03 0.16 and the NADO thermal density component at zero lag and
MPI-ESM-MR 0.02 0.09 0.05 0.16 a significant anti-correlation with a time lag between 10
CanESM2 <001 020 0.01 021 and 20yr. Cross-correlations between AMOC and NADO
CNRM-CM5 0.02 0.18 006 0.26 salinity at lag zero are generally weaker over the model en-
CCsM4 006 008 003 017 semble with only the MPI-ESM-LR and MPI-ESM-MR as

CESM1-BGC 006 007 005 019 well as the CanESM2 model exhibiting a significant negative
CESM1-CAMS 0.02 022 008 0.32 peak. Still, most models show a positive correlation at multi-
Mean 0.03 0.14 0.05 0.21 decadal timescales. Taken together, these results indicate that
a strong AMOC leads to a NADO warming and salinification

on multi-decadal timescales. In the combined density signal,

variability already contributes about two thirds to the 339 however, only the MPI-ESM-LR model shows a significant

explained GMT variance that is found to originate from north AMOC NADO density peak between lag 10 and 20, while
of 45° N. a robust correlation at zero lag is found for most models in

the ensemble.
Again we performed a time-series graph analysis as in
4 Deep ocean heat uptake and density Sect.3.1to account for the autocorrelations in both time se-
ries. Our analysis yields a positive contemporaneous AMOC
As shown in the previous section, a significant part of multi- NADO density link and directed negative AMOS NADO
decadal GMT variability is due to changes in the North density links with 5 to 11yr time lag that are significant at
Atlantic. But when investigating oceanic contributions to the 99 % level for all models except the CNRM-CM5 (not
GMT variability, direct surface feedbacks as well as oceanicshown). The robust zero lag link between AMOC and NADO
heat uptake variability have to be considerkd\tus et al, density suggests a causal relation. A linear relationship be-
2000 Meehl et al, 2011, Balmaseda et gl2013. As shown  tween meridional density differences and AMOC strength is
in Fig. 1, we find substantial variations in North Atlantic assumed in conceptual approach&®mme] 1961 Rahm-
deep-ocean (NADO) temperatures {46 65° N, z = 1000—  storf, 1996 Johnson et al.2007 Marzeion and Drange
2000 m). NADO heat content variability ranges from a stan-2008 First and Levermanr2012 Cimatoribus et a).2012
dard deviation of 6x 1072 J for the CCSM4 to B1x10?2J  and confirmed by a variety of studies with models of differ-
for the CNRM-CM5 model with an ensemble mean &fZx ent levels of complexity (e.gManabe and Stoufferl988
1072 J. Numbers for the individual models are given in Ta- Thorpe et al. 2001 Griesel and Maqued200§ Dijkstra,
ble 4. Our results compare well witklauritzen et al(2012), 2008 Huisman et al.2010. The physical mechanism be-
who find a peak-to-peak variability of abouk1.0?2J forthe ~ hind this relationship is controversial in a predominantly
entire extratropical North Atlantic deep ocean (700-2000 m)geostrophic ocean, although a number of explanations for
between 20and 65 N. this relation have been proposeddrotzke 1997 Gnanade-
Such anomalies in heat content will also lead to sub-sikan 1999 Schewe and Leverman®009 Sijp et al, 2012).
stantial variations in NADO density as depicted in Fig. Gregory and TailleuX2011) present a kinetic energy analy-
(red curve). However, density variations caused by tempersis of the AMOC, finding the pressure gradient force to be
ature change are largely compensated by salinity changes (iadominant driver of the AMOC in the high northern latitudes
blue, inverted) leading to a weaker overall density signal (inby conversion of potential to kinetic energy. They report
black) in line with observational studie€(rry et al, 1998 good correlation between changes in the North Atlantic pres-
Yashayaev et g12007). Figure8 depicts the strength of the sure gradient force and the AMOC under £forced climate
density compensation, and we find substantial variance beechange on decadal timescales (their Fig. 10) and find changes
tween the model ensemble (slope-ef indicates full com-  in the pressure gradient force to be dominated by buoyancy
pensation), ranging from full or even slight overcompensa-changes in the northern North Atlantic, which is confirmed
tion for the CNRM-CM5 and the CESM1-CAM5 model to by Saenko(2013 for the CanESM2 model. Consequently,
only partial compensation in the CCSM4 and the MPI-ESM- they propose a linear relatioAM o« Ap in the North At-
LR. Apart from the CNRM-CM5 and the CESM1-CAM5 lantic. Such a scaling is also supported by an analytical study
model, all models show substantial deviation from full com- by Sijp et al.(2012. Thus,Gregory and Tailleux2011) pro-
pensation (which are significant at one standard deviatiorvide a physical mechanism for the zero-lag link between
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Table 4. Results of the multivariate regression of the conceptual coupled AMOC-NADO density system as 4) t6gthé individual
models.

2 2
ap CMp ay CpM (73 Oy OMp T Ry R/2)

MPI-ESM-LR 098+0.01 -0.08+001 061+003 018+003 0.07 048 0.04 70 052 0.93
MPI-ESM-MR  099+0.01 -0.06+0.01 0574+0.03 013+0.03 0.05 059 0.07 80 040 0.95
CanESM2 101+001 -0.07+£0.01 064+003 013+003 0.03 049 0.03 6.0 051 0.97
CCsm4 101+0.01 -0.11+0.01 037+0.04 038+0.04 0.07 056 005 50 045 0.93
CESM1-BGC 097+£001 -0.05+0.01 0.3+0.04 039+0.04 0.08 0.64 0.05 11.0 0.36 0.92
CESM1-CAM5 102+0.01 -0.07+0.01 049+0.05 024+005 0.03 056 004 60 045 0.97

Mean 1.0 —0.07 0.5 0.24 0.05 055 005 7.2 045 0.9

CESM1-BGC |

0.04-
0.00 JWAS J W&W@M
004 i
"CESM1-CAMS |

Density Anomalies [kg/m 3]

—— Temp-component
— Salt-component [inv]
— Full density

100 200 300 400
Years

Fig. 7. North Atlantic deep ocean density time series (black) and its salinity-related (blue, inverted) and temperature-related (red) compo-
nents.

NADO and AMOC that is found in all models in the en- ensemble mean, we find about 95 % of the density and about

semble. Additionally, also a direct feedback between AMOC 45 % of the AMOC variance explained by this simple con-

and NADO temperature and salinity via subpolar convectionceptual model, although these good fitting results are partly

might play a role. Increased sea surface salinity as a conseadue to the very strong auto-correlation in the system.

quence of a strengthened AMOC could lead to enhanced sub- Equation 8) can be written as an auto-regressive system,

polar convectionlengel et al.2012 and as a consequence for which power spectra can be derived analyticaBydck-

to a deep-ocean freshening and coolifgghayaey2007). well and Davis 2009. Figure 10 depicts analytical spectra
Based on our findings, we study a conceptual bivariate stafor the conceptual model (FULL, green) in comparison with

tistical model for the change in NADO densityp and the  a system without the AMOC—-NADO density link (e.g., be-

AMOC changeAM: cause of complete density compensation by salinify,; =
o 0, in blue) and an AR(1) process fitted to the AMOC time se-
Apr =apApi-1+tcmpAMi—c + € () ries(grey). Note that they, = 0 and AR(1) coefficients may
AM; =ay AM;_1+copmAp; +6,M, differ from the fully coupled system given in Tabte We

_ _ _ o find an enhancement of multi-decadal variability for FULL
with a, anday, denoting the auto-regressive coefficients andyg ¢ump =0 in all models, but only for the MPI-ESM-LR,
cpm andcy, the coupling coefficients fohp — AM atlag  the CCSM4 and the CESM1-BGC, it also exceeds the spec-

zero andAM — Ap with a time lagr. Results of the fit to | density of the fitted AR(1) process for periods between
the model ensemble time series are given in Tdbla the
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Fig. 8. Relation of temperature- and salinity-driven NADO density
changes. The blue line marks the linear fit with slapg&hea = —1
line is drawn in grey.
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Fig. 10. Analytically derived power spectral densities for differ-
ent model systems regressed on the individual model time series:
green: fully coupled AMOC-NADO density system, blue: decou-
pled systen;,,, = 0, purple: AR(1) process, dashed red: a doubled
AMOC-NADO coupling (2x cup,). AMOC spectra derived from

the model time series rescaled relative to their maximum amplitude
are shown in light grey.

30 and 70yr. The MPI-ESM-LR and the CCSM4 show the
weakest density compensation in the ensemble with slightly
higher values for the CESM1-BGC (compare R, indi-
cating that a coupled NADO density—-AMOC mode might
contribute to multi-decadal variability in models with limited
density compensation of temperature and salinity anoma-
lies. All three models also show pronounced spectral peaks
with periods below 30yr likely as a result of other sources
of AMOC variability. One possible mechanism is variable
Labrador Sea convection that has been found to dominate
the 20 yr AMOC mode for the CCSM4 modéddnabasoglu
et al, 2012. For the MPI-ESM-MR, the CanESM2 and the
CESM1-CAMS5, our conceptual model only shows slightly
enhanced variability in comparison with a simple AR(1) pro-
cess, suggesting minor importance of the process. For il-
lustration purposes, we also depict spectra with enhanced
AMOC-NADO density coupling (X% cy, in red, dashed)
that show enhanced multi-decadal variability for all models.
As discussed above, a variety of other processes related
to horizontal temperaturd ¢ Raa and Dijkstra2002), salin-
ity advection Jungclaus et gl2005 and atmospheric vari-

Fig. 9. Cross-correlations between AMOC and NADO density and ability (Eden and Willebrand2001) are found to be rel-
its temperature- a}nd salinity-related cpmponentg (p.o.sitive: AMOCevant for multi-decadal AMOC variability and are not in-
leads). The grey lines mark the two-tailed 95 % significance range.cluded in this simple conceptual system. However, we find
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of multi-decadal AMOC variability, which are only partly 3yrin our model ensemble, not shown) and deep-ocean heat
density-compensated in most models. Based on these r&ontent in the northern North Atlantic.
sults, we propose a conceptual model relating NADO den- Meehl et al.(2011) investigated deep-ocean heat uptake
sity changes and the AMOC and find the coupled sys-anomalies during decades exhibiting a hiatus in the GMT
tem to enhance multi-decadal variability in three models inover the 21st century in global warming model simulations
the ensemble. and found a difference of about3lx 10?2J for the global
deep-ocean heat uptake rate per decade below 750 m and
0.2 x 10%2J for the Atlantic Basin compared to reference
5 Discussion and conclusions decades. We find anomalous NADO heat uptake with a maxi-
mum uptake trend of.0x 10°?J decade! averaged over the
By resolving the latitudinal contributions to GMT variance model ensemble with a range froml 10?2 J decade? for
in unperturbed simulations of seven CMIP5 models, we findthe MPI-ESM-LR and (6 x 10?2 J decade? for the CCSM4,
33 % of the variance to originate north of 48 in the en- CNRM-CM5 and the CESM1-BGC. Our results indicate that
semble mean, which exceeds the share expected by the sudorth Atlantic deep-ocean heat uptake anomalies connected
face area. Using a time-series graph analysis approach as to a hiatus decade in GMT increase as identifiedvimehl
Sect.3.1(Runge et al.2012h 2014, we identify statistically et al. (2011) are very well within the range of natural vari-
robust couplings between global mean temperature (GMT)ability of our model ensembile.
Northern Hemisphere sea-ice extent (SIE) and the Atlantic As a consequence of an AMOC strengthening related to
meridional overturning circulation (AMOC) at zero lag and a positives AMO signal in the late 199(R4rker et a].2007),
find AMOC and SIE to explain about 21 % of GMT vari- our analysis would suggest NADO heat content to rise for
ance in the model ensemble mean. Applying commonalitymore than a decade after a peak in circulation strength, which
analysis in Sect3.2, we disentangle AMOC and SIE con- is in good agreement with observations from the North At-
tributions and report the contribution that can solely be at-lantic (Mauritzen et al. 2012. Studies byGuemas et al.
tributed to the AMOC (SIE) alone to be about 3 % (14 %) (2013 andBalmaseda et a[2013 demonstrate that ocean
in the ensemble mean. Additionally, we find AMOC and SIE heat uptake plays a crucial role in understanding the GMT
coupling to explain 5 % of the GMT variance suggesting thathiatus over the last decade. Although they find the dominant
coupled AMOC-SIE feedbacks might play an important role signal in the upper Pacific Ocean likely related to El Nifio—
for North Atlantic climate variability. Southern Oscillation variability, also the North Atlantic deep

Bronnimann(2009 discusses the influence of natural vari- ocean contributed substantially to anomalous global ocean
ability during the early 20th century warming and high- heat uptake over the last decade (compBetmaseda et al.
lights the importance of Arctic warming for this global phe- 2013 their Fig. S06).
nomenon. While anthropogenic aerosol emissions affecting While most of the NADO temperature signal is density-
patterns of atmospheric variability are discussed as a possibleompensated through changes in salinity, we find a substan-
driver of this anomalyBooth et al, 2012, our results sug- tial model spread regarding the strength of this compensa-
gest that also natural multi-decadal AMOC variability could tion. We use time-series graph analysis to extract causal rela-
have played an important rol&lfang et al.2013. The Arc-  tions out of the highly auto-correlated time series for AMOC
tic temperature anomaly coincides with a positive AMO in- and NADO density and found a robust positive link at zero
dex (Parker et a.2007) and a sea-ice retreat in the North time lag and a negative link between AMOC and NADO
Atlantic (Macias Fauria et gl2009 Bengtsson et §l2004 density with time lags between 5 and 11yr (AMOC leads).
Semenov and Lati2012 that match well with the AMOC- Based on these results, we propose a stochastic bivariate
sea-ice coupling identified. The drastic reduction of Northernmodel that we fit to the time series and find it to explain about
Hemisphere SIE as a result of anthropogenic global warming®5 % of the density and about 45 % of the AMOC variance
(Stroeve et a).2011, 2012 Notz and Marotzke2012) will in the ensemble average. The AMOC-NADO density feed-
likely lead to decreased contribution of the high northern lati- backs identified may lead to multi-decadal AMOC variabil-
tudes to GMT variability, since SIE is found to be a dominant ity in models with weak density compensation. Thus, they
contributor to GMT variance in an unperturbed climate. Ad- represent a possible advective mechanism for multi-decadal
ditionally, AMOC-SIE feedbacks might weaken in warmer AMOC variability (Latif, 1998 Te Raa and Dijkstra2002
future climates, and consequently also the impact of multi-Menary et al.2017).
decadal AMOC variability on GMT might be reduced.

'f‘ ad_dition tq the AMOC inﬂu_ence on surface temperatureAcknowledgementsThe work was supported by the Federal
variability, we f'nd North Atlantic Qeep—ocean (NADO) heat Ministry for the Environment, Nature Conservation and Nuclear
content to be highly correlated with the AMOC on decadal Safety (11 I 093 Global A SIDS and LDCs). Carl-Friedrich
timescales. Using observational ddiauritzen et al(2019  schleussner was funded by the Deutsche Bundesstiftung Umwelt.
also report a decadal time lag between upper ocean (which iSakob Runge appreciates support by the German National
highly correlated with the AMOC at lags between zero andAcademic Foundation and the DFG grant no. KU34-1. On
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