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Abstract. We investigate the respective role of variations in subpolar deep water formation and Denmark Strait overflow
subpolar deep water formation and Nordic Seas overflows foexplain, on multimodel average, about half and one-third re-
the decadal to multidecadal variability of the Atlantic merid- spectively of the decadal to multidecadal AMOC variance.
ional overturning circulation (AMOC). This is partly done Apart from analysing multimodel control simulations, we
by analysing long (order of 1000 years) control simulationshave performed sensitivity experiments with one of the mod-
with five coupled climate models. For all models, the max- els, in which we suppress the variability of either subpolar
imum influence of variations in subpolar deep water forma-deep water formation or Nordic Seas overflows. The sensitiv-
tion is found at about 49N, while the maximum influence ity experiments indicate that variations in subpolar deep wa-
of variations in Nordic Seas overflows is rather found at 55ter formation and Nordic Seas overflows are not completely
to 60° N. Regarding the two overflow branches, the influenceindependent. We further conclude from these experiments
of variations in the Denmark Strait overflow is, for all mod- that the decadal to multidecadal AMOC variability north of
els, substantially larger than that of variations in the over-about 50 N is mainly related to variations in Nordic Seas
flow across the Iceland—Scotland Ridge. The latter might,overflows. At 45 N and south of this latitude, variations in
however, be underestimated, as the models in general do ntoth subpolar deep water formation and Nordic Seas over-
realistically simulate the flow path of the Iceland—Scotland flows contribute to the AMOC variability, with neither of the
overflow water south of the Iceland—Scotland Ridge. The in-processes being very dominant compared to the other.
fluence of variations in subpolar deep water formation is,

on multimodel average, larger than that of variations in the

Denmark Strait overflow. This is true both at°4%, where

the maximum standard deviation of decadal to multidecadal

AMOC variability is located for all but one model, and at

the more classical latitude of 30l. At 30° N, variations in
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228 K. Lohmann et al.: Role of deep water formation in AMOC variability

1 Introduction on relations derived from ocean-only simulations, they esti-
mate, however, that the observed changes in the density of the

The strength of the Atlantic meridional overturning circula- Denmark Strait overflow over the last decades translate into
tion (AMOC) significantly influences the climate in north- AMOC changes that are of comparable order as the AMOC
western Europe through the associated northward heat transariability associated with Labrador Sea convection during
port (e.g. Hall and Bryden, 1982). A detailed understandingthe last century. We note that the respective role of subpo-
of the processes that govern the AMOC variability is there-lar deep convection and Nordic Seas overflows has also been
fore a topic of much interest. In particular, the respective rolediscussed regarding the intensity of the subpolar gyre (e.g.
of deep water formation variability north and south of the Levermann and Born, 2007, using a coupled climate model).
Greenland-Scotland Ridge (GSR) in modulating the AMOC This question remains nevertheless also widely open.
strength is still not fully understood. Here we investigate the respective role of deep water for-

Several studies based on multicentury-long control sim-mation variability north and south of the GSR for the low-
ulations with coupled climate models (e.g. Bentsen et al.frequency AMOC variability at different latitudes in the
2004; Jungclaus et al., 2005; Msadek and Frankignoul, 2009North Atlantic in a multimodel framework by analysing long
Medhaug et al., 2012; Escudier et al., 2013) suggest thaforder of 1000 years) control simulations with five coupled
AMOC variability is closely linked to convective mixing climate models. Different from some of the previous studies
in the subpolar North Atlantic, but not strongly related to mentioned above (e.g. Bentsen et al., 2004; Jungclaus et al.,
convective mixing in the Nordic Seas. Using multicentury- 2005; Msadek and Frankignoul, 2009; Escudier et al., 2013;
long control simulations with 10 coupled climate models, Ba Ba et al., 2014), we use the thickness of Labrador Sea Water
et al. (2014), however, find in some of the models signifi- and the strength of the Nordic Seas overflows rather than con-
cant correlation between AMOC variability and convective vective mixing as indicators for deep water formation south
mixing in the Nordic Seas. Since the source waters of theand north of the GSR respectively. The Labrador Sea Wa-
overflow water masses at the GSR are relatively complexer thickness and Nordic Seas overflow strength have a more
(e.g. Tanhua et al., 2008; Vage et al., 2013), variations indirect effect on the AMOC. Regarding the Nordic Seas over-
Nordic Seas convection do not necessarily match with variaflows, we consider the transport both through the Denmark
tions in the overflows across the GSR. In the CCSM4 (Com-Strait and across the Iceland—Scotland Ridge. The influence
munity Climate System Model) preindustrial control simu- of the latter on the AMOC variability has so far received little
lation (Danabasoglu et al., 2012), AMOC variability is pri- attention in the literature. Based on control simulations, the
marily driven by deep convection changes in the Labradorinfluence of subpolar deep water formation and Nordic Seas
Sea. Increased overflow transports from the Nordic Seas doverflow variations on the AMOC variability can only be es-
not lead to a stronger AMOC, but rather appear to be a pretimated by means of statistical analysis. In order to more di-
cursor to a weaker AMOC through enhanced stratificationrectly estimate the influence of these two processes, we per-
in the Labrador Sea. In contrast, Kéhl and Stammer (2008)form and analyse two sensitivity experiments with one of the
using an ocean reanalysis for the last 50 years, find a higilmodels, in which we artificially suppress the variations in ei-
correlation of the AMOC variability at 48\ with the Den-  ther subpolar deep water formation or Nordic Seas overflows.
mark Strait overflow as well as with the density at interme- In this study, we focus on the decadal to multidecadal
diate depth south of the Denmark Strait, but a low correla-AMOC variability. Variability on other timescales, such as
tion with the convective mixing in the Labrador Sea. Basedcentennial or multicentennial, can be found in previous
on a 50year-long simulation with a coupled model of the studies: Fischer (2011) discusses centennial variability of
Arctic—North Atlantic Ocean, Bailey et al. (2005) find that AMOC, subpolar deep water formation and Nordic Seas
the AMOC variability is well correlated with the integrated overflows in a 6000 year-long transient Holocene simulation
surface heat flux over the Labrador Sea. Their model simwith the MPI coupled climate model applying the same grid
ulation, however, has a shortage of buoyant surface wateiconfiguration as MPI-ESM-CR (Max Planck Institute for
leading to an overly strong convection. Using a regionalMeteorology Earth System Model). Park and Latif (2008)
model for the Atlantic Ocean forced with atmospheric re- suggest that multidecadal AMOC variability in the KCM
analysis fields, Boning et al. (2006) show that convection(Kiel Climate Model) control simulation originates in the
events in the Labrador Sea are followed by a strengtheningNorth Atlantic, whereas multicentennial variability is driven
of the AMOC. Their model configuration, however, excludes by the Southern Ocean. Menary et al. (2012) link centennial
changes in the Nordic Seas overflows by imposing climato-AMOC variability in the HadCM3 (Hadley Center Climate
logical conditions at the northern boundary. Based on obserModel), KCM and MPI-ESM-CR control simulations to a
vations, Latif et al. (2006) suggest that the Atlantic dipole meridional shift in the intertropical convergence zone and the
sea surface temperature anomaly index over the last ceradvection of the associated salinity anomalies into the deep
tury, which is a fingerprint for AMOC variability (Latif et water formation regions. Regarding the seasonal to interan-
al., 2004), is a response to the North Atlantic Oscillation nual AMOC variability, according to the literature, it appears
and associated changes in Labrador Sea convection. Based

Ocean Sci., 10, 227241, 2014 Wwww.ocean-sci.net/10/227/2014/



K. Lohmann et al.: Role of deep water formation in AMOC variability 229

to be mainly wind—driventhrough local Ekman transport (e.g. rr PEESMCR b) MPI-AO-IR_

Kahl, 2005; Biastoch et al., 2008). . :%gm = = ﬁﬁ
The paper is organised as follows: the coupled climate .| oy i) 7 o o7 0 )
models and the simulated state in the North Atlantic are de- :tfjj/ﬁ/ ESE/% /‘

scribed in Sect. 2. In Sect. 3, we present the analysis of thezooom ’\t: /\—/) zoom:::/
multimodel control simulations. In Sect. 4, the sensitivity ex- o+~ "
periments with one of the models are presented. We discuseom ===t g g | 00nf T =TT metemas Ty 5
the results and summarise the main conclusions in Sect. 5. 20N 30N 40N 50N 60N 70N 20N 30N 40N SON 60N 70N
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2 Model description and simulated state in the North S QJ, i < =) 4l
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We analyse millennial-scale control simulations with five , ’ B n U o I G o
global, coupled climate models; namely the MPI-ESM-CR AN NN L |ees
. 20°N  30°N 40°N 50°N 60°N  70°N 20°N  30°N  40°N  50°N B60°N  70°N
(Jungclaus et al., 2010), the KCM (Park and Latif, 2008; ) _ HadCM3 f
Park et al., 2009), the coupled climate model developed at FFRSSEE=————5
the Institute Pierre-Simon Laplace (IPSLCM4 v2, hereafter ;om \\_ﬁ/@:j?v 1000m
IPSLCM4; Marti et al., 2010; Servonnat et al., 2010), the e e———d Q%
HadCM3 (Gordon et al., 2000; Pope et al., 2000) and the 2000m ﬂx::_\ 2000m \_’\/\
Bergen Climate Model (BCM; Furevik et al., 2003; Ottera et i”:\fw\/\Q &j
al., 2009). These simulations were available within the EU 3% B ‘18,3 o] 3000m j "1845 Sv

project THOR (ThermoHaline Overturning — at Risk?). We 20N 30N 40N SON 60N 70 20N 30N 40N BON 60N 70°N
limit our study to simulations from the project partners, as _ o ) o
non-standard model output, such as the overflow transportg'g' 1.Mean Atlantic meridional overturning streamfunction (in Sv)

. ’ . In the control simulation witifa) MPI-ESM-CR, (b) MPI-AO-LR,
across_the G_SR, is neede_d. The models use relatively coars %) KCM, (d) IPSLCM4, () HadCM3 and(f) BCM. Solid (dashed)
resolution grid configurations and are sufficiently computa-

. > . . lines indicate positive (negative) values. Contour interval is 2 Sv,
tionally efficient to perform long simulations (1000 years, starting from+1 Sv. An additional contour line is added to show the

BCM 700 years), allowing robust results on decadal to mul-respective location of the overall maximum strength. The respective
tidecadal timescales. The horizontal resolution in the North\/ame of the overall maximum strength is given in the lower r|ght

Atlantic is of the order of 100 km. We also include a control corner.
simulation with a higher-resolution grid configuration in this
study: a 500 year-long control simulation with a previous ver-
sion of the MPI coupled climate model (MPI-AO-LR; Jung- within the observed range at this latitude in all models ex-
claus et al., 2006) with an approximately double-resolutioncept for KCM (13 Sv) and IPSLCM4 (9 Sv). For IPSLCM4,
grid configuration compared to MPI-ESM-CR. An overview we note that the AMOC strength is drifting throughout the
of the model configurations used in this study is given in Ta-simulation due to a relatively short spin-up phase. Most of
ble 1. the models show a too shallow meridional overturning cell.
Regarding the simulated AMOC and North Atlantic cli- This is indeed a common problemzroordinate models due
mate variability, recent multimodel control simulation stud- to unrealistically large diapycnal mixing associated with the
ies (including many of the simulations used here) discuss dif-Nordic Seas overflows (e.g. Willebrand et al., 2001; Danaba-
ferences among the various coupled climate models in botlsoglu et al., 2010; Yeager and Danabasoglu, 2012). The ex-
the representation of the low-frequency North Atlantic cli- cessive mixing results in a density of the simulated overflow
mate variability as well as in the mechanisms and feedbacksvater masses which is too low compared to observations. The
involved (e.g. Menary et al., 2012; Langehaug et al., 2012bsimulated lower branch of the AMOC extends below 3000 m
Gastineau and Frankignoul, 2012; Ba et al., 2014). only in BCM — the only model using an isopycnic vertical
The overall maximum AMOC strength in the North At- coordinate.
lantic in the different control simulations (Fig. 1) varies be- We have determined the dominant periodicity of decadal
tween about 10 and 21 Sv (1 Sverdrup£ @ s1); andis  to multidecadal AMOC variability at different latitudes in
located at a depth of about 1000 m between 30 arfd\N35 the North Atlantic in the various control simulations based
with the exception of IPSLCM4, where it is located at on peaks in the power spectra exceeding the 95% con-
45°N. Compared to the observational estimate at 28.5 fidence level when compared to a red-noise process. The
(Cunningham et al., 2007; Kanzow et al., 2010), suggestingAMOC strength at a particular latitude, we define as the max-
a mean AMOC strength of about 18.5 Sv with an interannualimum value of the Atlantic meridional overturning stream-
variability of aboutt2 Sv, the simulated AMOC strength lies function over all depth levels at that latitude. The dominant
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230 K. Lohmann et al.: Role of deep water formation in AMOC variability

Table 1. Overview of the coupled climate models used in this study.

Length of
Ocean Atmosphere Resolution in Atmosphere  control
Model component component  Ocean grid North Atlantic ~ Atmosphere grid Ocean levels levels simulation

MPI-ESM-CR  MPI-OM ECHAM5 conformal 50-200 km spectral, T31 40 z-levels 19 1000 years
mapping, 3,
northern pole
over Greenland

MPI-AO-LR MPI-OM ECHAMS5 conformal 25-100 km spectral, T63* 48 levels 31 500 years
mapping, 1.5,
northern pole
over Greenland

KCM NEMOP ECHAMS5 conformal 100-200 km spectral, T81 31z-levels 19 1000 years
mapping, 2,
tripolar
(ORCA2 grid)

IPSLCM4 OPA8.2 LMDz4 conformal 100-200 km 3.75(long) x 31z-levels 19 1000 years
mapping, 2, 2.53% (lat)
tripolar
(ORCA2 grid)

HadCM3 No specific name HadAM3 12% ~100km 3.78 (long) x 20z-levels 19 1000 years
1.2 2.5 (lat)

BCM MICOM ARPEGE conformal 150-200 km spectral, T63 34 isopycnic 31 700 years
mapping, 2.4, layers, non-
northern pole isopycnic
over Siberia surface

mixed layer

2 Corresponding to about 3.7%1.87%) on a Gaussian grid for T31 (T6$.NEMO (Nucleus for European Modelling of the Ocean) is based on the OPA model.

periodicity varies among models and latitudes and providesleep water formation variability in BCM, the MLD is not
a rather wide range of variability from decadal to multi- taken into account.
decadal timescales (20—75 years). Furthermore, Zanchettin For the definition of a subpolar deep water formation in-
et al. (2010, their Fig. 2), using the MPI-ESM-CR control dex, we follow Zhu and Jungclaus (2008), using the thickness
simulation, and Menary et al. (2012, their Fig. 1), using of Labrador Sea Water. Nevertheless, due to the varying loca-
the HadCM3, KCM and MPI-ESM-CR control simulations, tion of subpolar deep water formation in the different models
show that the dominant periodicity of AMOC variability at (Fig. 2), we use the expression subpolar deep water, rather
30° N is non-stationary in time. To focus on the decadal tothan Labrador Sea Water, in the present study. A description
multidecadal timescales, we apply a 10th-order Butterworthof how we determine the thickness of subpolar deep water
bandpass filter for periods ranging from 15 to 80 years to allin the different models is given in Appendix A. As an index
model data. In the following, we refer to this variability as for subpolar deep water formation (SDWI), we average the
multidecadal variability. annual thickness of subpolar deep water over the subpolar
The mean mixed layer depth (MLD) in March, which in- region (60-13W and 45-68N). The entire subpolar region
dicates the location of deep water formation, differs amongis chosen to account for the different location of the subpo-
the various control simulations (Fig. 2). Deep convection inlar deep water formation in the various models. Based on the
or off the Labrador Sea is found in MPI-ESM-CR, MPI-AO- MPI-ESM-CR control simulation, we have also tested defin-
LR and BCM. Compared to the observed winter convectioning the SDWI by using the subpolar deep water thickness
depth in the Labrador Sea, which varies from about 800 toin March or by averaging the subpolar deep water thickness
2300 m, MPI-AO-LR and KCM show a relatively large con- over the convection region (defined by the grid cells where
vection depth exceeding 2500 m in the mean. Apart fromthe MLD in March exceeds 1000 m in at least 100 integra-
deep convection in the Labrador Sea, observations show relion years). The multidecadal variability of the different in-
atively shallow convection in the Irminger Sea, with a win- dices is, however, rather similar, with correlation coefficients
ter convection depth generally not exceeding 500 m. Shallonexceeding 0.9 (not shown). We are therefore confident that
convection in the Irminger Sea is also found in all models our results do not critically depend on the definition of the
except for KCM and IPSLCMA4. In the latter two models, SDWI.
deep convection is shifted south of Iceland. Regarding BCM, Apart from the subpolar deep convection, deep convec-
where an isopycnic vertical coordinate is used, MLD is nottion is found in the Nordic Seas (Fig. 2). Also in the Nordic
the best indicator for deep water formation (Medhaug et al.,.Seas, mean location and depth of the deep water formation
2012). We note, however, that in our definition of subpolar vary among the different control simulations. As mentioned

Ocean Sci., 10, 227241, 2014 Www.ocean-sci.net/10/227/2014/
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a) MPI—ESM—CR b) MPI-AO—LR Table 2.Mean value of the overflow transport through the Denmark
[ : ‘ ‘ 1 ; : : 1 Strait (DSO) and across the Iceland—Scotland Ridge (ISRO) in the
different control simulations.

Model Mean DSO Mean ISRO

MPI-ESM-CR 2.8 Sv 2.3Sv
‘ : : : 3 j : : : MPI-AO-LR 2.8Sv 3.5Sv
60°W  40°W 20°W o 20% 60°W  40°W 20° o 20 KCM 12.7 Sv 2.3Sv

¢, KCM ) J— IPSLCM4 IPSLCM4 10.8 Sv 2.4 Sv
1 ' : ; : HadCM3 8.0 Sv 3.4 Sv
Lol o S S BCM 1.9Sv 3.8Sv

oy M T4 a0 ™ TR the Iceland—Scotland overflow water spreads southward in
‘ 10 Qg }° 'o !o !o ‘o the eastern part of the North Atlantic Basin (e.g. Langehaug
o GOW 77777 AOWHodéiAW 777777 ° 77777777 %ﬁEf) GOW 77777 4°WBéfAW 777777 ° 77777777 M et al,, 2012a; their Fig. 5), rather than flowing around the
; g 5 1 ; : ; 5 5 Reykjanes Ridge (through fracture zones in the Mid-Atlantic
: 1 | ‘ ‘ : | ‘ Ridge) and joining the Denmark Strait overflow water and
the deep western boundary current.

SONES i RV S 3 Analysis of multimodel control simulations

66°W 40:°W 20:°W O‘° 2(';°E 60’°W 40:°W 26°W 0‘; 26°E

| | | [ In this section, we present the results from a correlation anal-

250 500 1000 1500 2000 2500 . . . .
ysis between the maximum AMOC strength at different lati-

Fig. 2. Mean mixed layer depth in March (in metres) in the con- tudes in the North Atlantic and respectively SDWI, DSO and

trol simulation with(a) MPI-ESM-CR,(b) MPI-AO-LR, (c) KCM, ISRO in the multimodel control simulations.

(d) IPSLCM4, (e) HadCM3 and(f) BCM. The boxes in(a) indi- Maximum correlation coefficients between SDWI and
cate the area where in the sensitivity experiments temperature anAMOC strength on multidecadal timescales (Fig. 3) are
salinity are relaxed towards climatological values. found at 45N in all models, with the exception of MPI-

ESM-CR, where they are located at abouf MO In IP-
SLCM4, similarly high correlation coefficients are found

earlier, we do not directly consider deep water formation inbetween about 45 and 5Bl. Maximum correlation coeffi-
the Nordic Seas, but rather use the overflow transports acrossents amount to 0.85-0.9, with the exception of HadCM3,
the GSR. The overflow transports through the Denmark Straitvhere they reach a value of only 0.55. We note that HadCM3
(DSO) and across the Iceland—Scotland Ridge (ISRO) are dealso exhibits substantially weaker regression coefficients (per
fined based on density (and depth) criteria according to thestandard deviation of SDWI) compared to the other mod-
respective water mass properties at the GSR in the differentls (not shown). Maximum regression coefficients amount to
models. In general, the total transport out of the Nordic Sea®.35 Sv (per standard deviation of SDWI) in HadCM3 com-
with a density threshold of >27.8kgnt3 is used. A de- pared to 0.5-0.8 Sv (per standard deviation of SDWI) in the
scription of the criteria used in the different models is given other models. The negative correlation coefficients alternat-
in Appendix B. ing with the positive ones (e.g. Fig. 3b) indicate the domi-

Mean simulated values of DSO and ISRO lie betweennant periodicity of AMOC variability and are not further dis-
about 2 and 4 Sv (Table 2), in reasonable agreement with obeussed here.
servational estimates (e.g. Hansen et al., 2008). An excep- Significant correlation coefficients between SDWI and
tion is the DSO in KCM, IPSLCM4 and HadCM3, where AMOC strength are found, except for MPI-ESM-CR, at all
mean values of the order of 10Sv are found. The reasotatitudes in the North Atlantic (latitude range 0 to°1%
for the unrealistically large DSO in the three models is notnot shown). In MPI-ESM-CR, correlation coefficients at zero
clear, but we note that all models have realistic sill depthslag or with the AMOC strength lagging are significant only
at the GSR. In contrast to observations, where an overflowbetween about 25 and 5N. The reason for this differ-
transport of about 1Sv is found between Iceland and theence is not clear, but horizontal resolution might play a
Faroe Islands (e.g. @sterhus et al., 2008), the simulated ISR@le in the MPI model simulations. In MPI-AO-LR, where
is (mostly) restricted to the Faroe—Shetland Channel in alla higher-resolution grid configuration is used compared to
models. South of the Iceland-Scotland Ridge, one majoMPI-ESM-CR, significant correlation coefficients extend to
bias in all models except for KCM is that (a large part of) higher mid-latitudes as well as into the subtropics (Fig. 3a,

WwWw.ocean-sci.net/10/227/2014/ Ocean Sci., 10, 224+ 2014



232 K. Lohmann et al.: Role of deep water formation in AMOC variability

G) MPI-ESM—-CR b) MPI-AO—LR O) MPI-ESM—-CR b) MPI-AO—LR
. 5 ; ! '
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45°N - 45°N 45°N - - : 45°N . l
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C) KCM d) IPSLCM4 C) KCM d) IPSLCM4
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Fig. 3. Lag correlation coefficients between the bandpass-filteredFig. 4. Same as Fig. 3, but for the correlation between the Denmark
(15-80 years) subpolar deep water formation index (SDWI) andStrait overflow transport (DSO) and Atlantic meridional overturning
maximum Atlantic meridional overturning streamfunction at differ- streamfunction.
ent latitudes in the North Atlantic in the control simulation with
(a) MPI-ESM-CR (depth level 1020 m)(p) MPI-AO-LR (depth
level 1020 m),(c) KCM (depth level 870 m)(d) IPSLCM4 (depth  models (standard deviation of the order of 1.5 Sv compared
level 1210 m)(e) HadCM3 (depth level 800 m) ar({®) BCM (depth to less than 0.5 Sv in the other models).
level 1000 m). Only correlation coefficients significant at the 95%  Significant correlation coefficients between DSO and
level for a two-tailedr test (taking into account both length and  AMOC strength are found at all latitudes in the North At-
decorrelation timescale of the SDWI and the overall maximum |antic (latitude range 0—P3N not shown), with the excep-
strength Qf th(_e Atlantic meridional overturning streamfunction) are tion of BCM. In the latter, significant correlation coefficients
plotted (significance level: 0.31 for MPI-AO-LR, 0.27for BECMand 0 o1 found close to the GSR. We note that BCM is the
0.23 for the other models). Positive (negative) lags indicate that the . . . : .
SDWI s leading (lagging). onlylmodel with an isopycnic vertical coordl_nate. In another
multimodel study using partly the same climate models as
here, Swingedouw et al. (2013) underline the limited grid
resolution of this model in the Denmark Strait region. In
b). In HadCM3, correlation coefficients are relatively low MPI-ESM-CR, correlation coefficients south of about 8D
compared to the other models (partly except for MPI-ESM-are barely significant. As mentioned above, horizontal res-
CR) at all latitudes. The same is true, if regression coeffi-0lution might play a role in the MPI model simulations, as
cients (per standard deviation of SDWI) rather than corre-MPI-AO-LR, where a higher-resolution grid configuration is
lation coefficients are considered (not shown). We speculatéiSed compared to MPI-ESM-CR, shows higher correlation

that this is due to the fact that HadCM3 exhibits a rather shal-co€fficients south of about 48l (Fig. 4a, b). In KCM and
low subpolar deep water formation (Fig. 2€). IPSLCM4, correlation coefficients between AMOC strength

Maximum correlation coefficients between DSO and @nd respectively SDWI and DSO are rather similar (Fig. 3c,
AMOC strength on multidecadal timescales (Fig. 4) ared compared to Fig. 4c, d). In both models, however, SDWI
found at about 60N in all models. They amount to 0.85-0.9, and DSO are highly correlated with each other (correlation
with the exception of BCM, where they reach a value of 0.75.coefficient of about 0.8). We note that this could be due to a
In addition, strong correlation coefficients are found at aboutSPecific feature of the oceanic component as these two cou-
45°N in MPI-AO-LR and KCM as well as for all subpo- Pled climate models use the same one.
lar latitudes in IPSLCM4. We note that KCM and IPSLCM4
exhibit a much larger variability of the DSO than the other
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Regarding the correlation between ISRO and AMOC ) MPI—ESM—CR b) MPI—AO—LR
strength on multidecadal timescales (Fig. 5), correlation co- _, | | i i | 5
efficients are generally rather low compared to the correla-

55°N

45°N

tion between DSO and AMOC strength. The same is true *™| " ;

if regression coefficients (per standard deviation of ISRO 35~ - 35N

and DSO respectively) rather than correlation coefficients sy i 25N ;

are considered (not ShOWI’]). In IPSLCM4, HadCM3 and AMOC!leads ISRO | AMOC u:gsi ISRO AMOCEIecds ISRO | AMOC lags ISRO
BCM, an out-of-phase relation of DSO and ISRO is found Tloyes Q. 10years 0 Ttoyears Ooa 0T

. . . Cc
on multidecadal timescales. Such an out-of-phase relation or

55°N : : : 55°N

timescales of 3-10 years is described by Serra et al. (2010) i i |
based on an ocean-only simulation with the MITgcm (Mas- +sn ; : 45N
sachusetts Institute of Technology general circulation model) ..., 5 § 5N

model forced with atmospheric reanalysis fields. Consistent25°N
with the out-of-phase relation of the two overflow branches,

25°N

AMOC ! leads ISRO | AMOC lags ISRO AMOC leads ISRO | AMOC lags ISRO

positive correlation coefficients are found when the AMOC 10 years o 10 yeors 10 yeors . 10 yoors
strength leads the ISRO by a few years in IPSLCM4 and ©) ——HodtM3 N — M
HadCM3. BCM shows almost no significant correlation co- ssv i SN i

efficients between ISRO and AMOC strength.

In MPI-ESM-CR and MPI-AO-LR, significant correlation
coefficients between ISRO and AMOC strength are found for * : 1
the subpolar latitudes. In MPI-ESM-CR, correlation coeffi- 25™~ ; 2N
cients lie between 0.5 and 0.7, while in MPI-AO-LR they AMOC:leads ISRO | AMOC lags ISRO AMOC:leads ISRO | AMOC lags ISRO
are just above the significance level. KCM is the only model, _wy | 2 | 1|0 i m— _foywls | 0 e
where significant correlation coefficients are found at all lat- ~ ~©8°70757065-0.55-045-0.35 0 035 045 055 0.65 075 085
itudes between 10 and BN (latitude range 10-IN not  rig 5 same as Fig. 3, but for the correlation between overflow
shown), with correlation coefficients of 0.4-0.6. We note transport across the Iceland—Scotland Ridge (ISRO) and Atlantic
that the simulated influence of the ISRO on the multidecadakmeridional overturning streamfunction.

AMOC variability might, however, be underestimated, as the
models (except for KCM) do not realistically simulate the
flow path of the Iceland—Scotland overflow water south of
the Iceland—Scotland Ridge. respectively (Table 3). The ISRO explains substantially less

The latitude where the maximum correlation coefficients variance than the DSO. Furthermore, in some models (IP-
between SDWI and AMOC strength are found (abotitMp SLCM4, HadCM3 and BCM), it is out of phase with the
coincides, with the exception of HadCM3, with the lati- AMOC variability. Thus we do not comment further its influ-
tude where the maximum standard deviation of multidecadaknce here. At 45N, where the maximum standard deviation
AMOC variability is located. The maximum standard de- of multidecadal AMOC variability is found, the variance ex-
viation is of the order of 0.5-1Sv and is, with the ex- plained by SDWI and DSO amounts, on multimodel aver-
ception of HadCM3, located at about°4$ at a depth of age, to 68 and 57 % respectively. The sum of the explained
1500 m (Fig. 6), below the depth at which the overall max- variances by SDWI and DSO amounts to more than 100 %,
imum AMOC strength in the North Atlantic is found. In indicating that these two processes are not completely inde-
HadCM3, the maximum standard deviation of multidecadalpendent from each other. At the more classical latitude of
AMOC variability is found at 60N, coinciding with the lat-  30° N, the variance explained by SDWI and DSO amounts,
itude where the maximum correlation coefficients betweenon multimodel average, to 50 and 30 % respectively, suggest-
DSO and AMOC strength are found. We note that HadCM3ing that the influence of both subpolar deep water formation
shows relatively low correlation coefficients between SDWI and Nordic Seas overflow on the multidecadal AMOC vari-
and AMOC strength compared to the other models (exceptbility is weaker at this latitude.
for partly MPI-ESM-CR, Fig. 3). Whether the multidecadal = One possible explanation for the lower variance explained
AMOC variability at 45 and 60N is, to a large extent, indeed by SDWI and DSO at 30 compared to°4$ is the local
driven by variations in subpolar deep water formation andinfluence of varying Ekman transport. Time series of the
Denmark Strait overflow respectively, can, however, not def-bandpass-filtered (15-80 years) Ekman transport in MPI-
initely be determined from the statistical analysis presentedeSM-CR, where the variance explained by SDWI and DSO
in this section. is similar to the multimodel average (Table 3), show a stan-

Based on the correlation analysis for the individual mod-dard deviation of 0.18 Sv at 4Bl, compared to a standard
els, we have deduced the multimodel average of the muldeviation exceeding 0.6 Sv for multidecadal AMOC time
tidecadal AMOC variance explained by SDWI and DSO series at the same latitude (Fig. 6a). At°B0Q however,

45°N : : 45°N

5N : ] : 35°N

Www.ocean-sci.net/10/227/2014/ Ocean Sci., 10, 224+ 2014



234 K. Lohmann et al.: Role of deep water formation in AMOC variability

Table 3. Summary of the maximum variance of the bandpass-filtered (15-80 years) Atlantic meridional overturning streamfunction at 45

and 30 N explained SDWI and DSO in the different control simulations, deduced from Figs. 3 and 4 using (correlation coéﬁicient)

Model SDWI-AMOC 45N DSO-AMOC43N SDWI-AMOC3C°N DSO-AMOC 30N
MPI-ESM-CR 2% 49% 49% 25%
MPI-AO-LR 81% 2% 64 % 36%
KCM 2% 2% 42% 49%
IPSLCM4 81% 2% 56 % 49%
HadCM3 30% 56 % 25% 20%
BCM 72% 20% 64 % not significant
Multimodel average 68 % 57 % 50 % 30%
o) MPI-ESM-CR b) MPI=AO-LR estimate the respective role of these two processes, we have
\/w_v/v*\/ awf“‘?ﬁﬁg (\C ;ﬁﬁﬁ%%’/ﬁ“ performed two 1000 year-long sensitivity experiment_s with
1000m | AN 0 1000m - 7 ), the MPI-ESM-CR model set-up (Table 1) by suppressing the
\ \ \) h (an @ variations in either subpolar deep water formation (in the fol-
A . . . : }
2000 N 2000 Y, lowing _referred toas SDW experiment) or Nordic Segs over
N y flows (in the following referred to as overflow experiment).
3000m 3000m Initial conditions are the same as for the control simulation.
20N 30N 40N 50N 60N 70N 20N 30N 40N 50° In the SDW experiment, we relax temperature and salin-

c)

1000m [rrmtermmmsmforreaforeto froa SO 1000 [t e NN N
D

2000m

2000m

3000m [;;

e)

1000m 1000m

2000m

2000m

3000m 3000m

Pt

20°N  30°N  40°N  50°N  60°N  70°N 20°N  30°N  40°N  50°N  60°N  70°N

Fig. 6. Standard deviation of the bandpass-filtered (15-80 years)

Atlantic meridional overturning streamfunction (in Sv) in the con-
trol simulation with(a) MPI-ESM-CR,(b) MPI-AO-LR, (c) KCM,

(d) IPSLCM4,(e)HadCM3 andf) BCM. Contour interval is 0.1 Sy,
starting from 0.1 Sv.

ity in the western subpolar region (603, 48—-64 N; see

box in Fig. 2a) towards monthly climatological values ob-
tained from the control simulation. The relaxation timescale
is one day. The region where relaxation is applied corre-
sponds to the subpolar deep water formation site. We also
include the Irminger Sea in this area, as previous modelling
studies suggest a significant correlation between convective
mixing in the Irminger Sea and decadal AMOC variability
(e.g. Bentsen et al., 2004; Ba et al., 2013). Ba et al. (2014)
show that this is true also for the MPI-ESM-CR control sim-
ulation. In the Irminger Sea region (45-°3%, 60—64 N; see
small box in Fig. 2a), where the convection is relatively shal-
low, relaxation is applied down to a depth of 500 m, other-
wise down to a depth of 900 m. The deeper levels as well as
the upper four levels (approximately the upper 40 m of the
water column) are excluded from relaxation to keep the vari-
ability of the overflow water masses as well as the coupling
between ocean and atmosphere unaffected.

In the overflow experiment, we relax temperature and
salinity in the Nordic Seas and along the GSR (boundaries
indicated by the black lines in Fig. 2a) towards monthly cli-
matological values obtained from the control simulation. The

a standard deviation of 0.25Sv is found for the bandpassrelaxation timescale is 1 day. The relaxation is applied in the
filtered Ekman transport, compared to a standard deviatiorentire water column, excluding the upper four levels to keep

of less than 0.4 Sv for the multidecadal AMOC.

4 Sensitivity experiments with MPI-ESM-CR

4.1 Design of sensitivity experiments

the coupling between ocean and atmosphere unaffected. The
relaxation of Nordic Seas temperature and salinity towards
climatological values also leads to a density of the overflow
water masses at the GSR, which is almost constant with time.
Since temperature and salinity are relaxed towards clima-
tological mean values taken from the control simulation, the

The statistical analysis of the multimodel control simula- Simulated mean state in the North Atlantic in the two sensi-
tions presented in the previous section could be biased biivity experiments remains approximately unchanged com-
the fact that subpolar deep water formation and Nordic Seapared to the simulated mean state in the control simula-
overflows are somehow coupled. In order to more directlytion (as described in Sect. 2). SDWI, DSO and ISRO in the

Ocean Sci., 10, 227241, 2014

Wwww.ocean-sci.net/10/227/2014/



K. Lohmann et al.: Role of deep water formation in AMOC variability 235

a) SDWI
: : i control simulation
i SDW experiment

meter

0 200 400 600 800 1000

b) | | DSO

ISRO

0 200 400 600 800 1000
integration year

Fig. 7. Anomalous bandpass-filtered (15-80 ye&s3)SDW!I (in m), (b) DSO (in Sv) andc) ISRO (in Sv) in the control simulation (black

lines), the SDW experiment (red lines) and the overflow experiment (green lines) with MPI-ESM-CR. The respective standard deviations are
given in the table. Numbers in brackets in the table give the reduction (in %) in the standard deviation in the respective sensitivity experiment
compared to the control simulation.

sensitivity experiments are defined in the same way as de38 % is, however, also found in the multidecadal variability

scribed in Sect. 2 for the control simulation. of the SDWI (Fig. 7a and table). This might be due to reduced
AMOC variability (due to reduced overflow variability) in-
4.2 Results of sensitivity experiments ducing reduced subpolar deep water formation variability

caused by ocean internal modes such as the one described
in Zhu and Jungclaus (2008). Variations in Nordic Seas over-
flow and subpolar deep water formation might thus not be
completely independent, at least in this model. We note, how-
ever, also found in the multidecadal variability of the ISRO ever, that in the control simulation, SDWI and DSO/ISRO are

(Fig. 7c and table). One possible explanation of this ph(:J_notsignificantly correlated with each other. Another possible

nomenon is as follows: reduced AMOC variability (due to explanation is that the relaxation of Nordic Seas temperature

reduced subpolar deep water formation variability) leads toand salinity towards climatological values reduces, via ad-

reduced SST (sea surface temperature) variability in the easf’-eCtlon along th‘? East Qre‘?’."a!"d Current, upper-ocean tem-
ern part of the Nordic Seas, as indicated by the correIationo.er"’m.Ire and S"."“n'ty variability in the subpolar region, espe-
pattern between the maximum AMOC strength and Northc'al.ly m.the Irminger Sea, and consequeptly probably affects
Atlantic SST in the control simulation (not shown). The vari- Vagabll'tﬁpf suttt:polar dﬁzp W%telr fc;\r&g’ugn. iabilitv. th
ability of the overflow across the Iceland—Scotland Ridge in egarding - the muitidecada : variabiity, - the
ocean-only and coupled simulations using the ocean Comgmplltude of variability is reduced in t.he sgnsnmt_y ex-
ponent of MPI-ESM-CR is significantly correlated with the 5\? rlmentst. cotrrr:parec; tot. the. cctar?trol tsngulgtlgn .(Ft!g. 8)];
SST variability in the eastern part of the Nordic Seas and re-he gl;ﬂaonc'fy " € rti uc It%n n i. _stan ard. ev'? lon o
lated changes in surface density, convective mixing and seg € strength in the sensilivity experlmen S com-
surface height (e.g. Olsen et al., 2008). pared to the control simulation as follows: 1QQ—
In the overflow experiment, the multidecadal variability of (0 (AMOCsensitivity experiment/ @ (AMOCcontrol simulation) ]
both DSO and ISRO is reduced by about 90 % compared td\lote that positive values correspond to a reduction in the

the control simulation (Fig. 7b, ¢ and table). A reduction of

In the SDW experiment, the multidecadal variability of the
SDWI is reduced by 82 % compared to the control simula-
tion (Fig. 7a and table within). A reduction of 29 % is, how-
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a)

55°N

45°N
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integration year
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integration year
c) Overflow experiment
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Fig. 8. Anomalous bandpass-filtered (15—80 years) maximum Atlantic meridional overturning streamfunction (in Sv) at different latitudes
in the North Atlantic (depth level 1020 m) i(a) the control simulation(b) the SDW experiment antt) the overflow experiment with
MPI-ESM-CR.

standard deviation of the AMOC strength in the sensitivity strength in the North Atlantic is located (solid line in Fig. 9b).
experiments. This indicates that the overflow water masses, as in the real

In the SDW experiment (Fig. 9a), the maximum reduction ocean, contribute to the lower North Atlantic Deep Water.
in the standard deviation of multidecadal AMOC variability  In summary, we conclude from the sensitivity experiments
amounts to about 60 % and is found at aboutM5This lati- that the multidecadal AMOC variability north of about®30
tude is similar to the latitude where the maximum correlationis mainly related to variations in Nordic Seas overflows. At
coefficients between SDWI and AMOC strength are found in45° N and south of this latitude, variations in both subpolar
the control simulation (Fig. 3a). At 3N, the reduction in  deep water formation and Nordic Seas overflows contribute
the standard deviation of multidecadal AMOC variability in to the multidecadal AMOC variability, with neither of the
the SDW experiment amounts to about 50 %. processes being very dominant compared to the other.

In the overflow experiment (Fig. 9b), the maximum reduc-
tion in the standard deviation of multidecadal AMOC vari-
ability amounts to about 80% and is found at 55t6 BQ) 5 Discussion and conclusions
again similarly to the latitude of the maximum correlation co-
efficients between both DSO and AMOC strength and ISROIN this study, we have analysed long control simulations with
and AMOC strength in the control simulation (Figs. 4a, 5a). five coupled climate models as well as sensitivity experi-
At 45° N and south of this latitude, the reduction in the stan- ments performed with one of the models in order to add to
dard deviation of multidecadal AMOC variability is simi- the discussion in the literature about the respective role of
lar to what is found in the SDW experiment. We remind variations in subpolar deep water formation and Nordic Seas
the reader, however, that in the overflow experiment also thedverflows for the multidecadal AMOC variability.
variability of the SDWI is reduced by almost 40% (Fig. 7a  Regarding the multimodel control simulations (Table 3),
and table). It is interesting to note that the maximum reduc-the multidecadal AMOC variance explained by subpolar
tion in the standard deviation in the overflow experiment is deep water formation is higher than or of similar order as the
found below the depth at which the overall maximum AMOC one explained by the Denmark Strait overflow. This is true

for all models at both 45N, where the maximum standard

Ocean Sci., 10, 227241, 2014 Www.ocean-sci.net/10/227/2014/



K. Lohmann et al.: Role of deep water formation in AMOC variability 237

a) SDW_experiment the North Atlantic is located. However, the conclusions of
our study do not change if the correlation analysis based on
the multimodel control simulations is repeated for depth lev-

1000m ‘ els located in the lower branch of the AMOC.

Our results are in contrast with previous studies, which
find the major influence from the Denmark Strait overflow
2000m (e.g. Kohl and Stammer, 2008), and rather in line with the
ones suggesting a larger influence of subpolar deep water
formation on the AMOC variability (e.g. Bailey et al., 2005;
3000m po o pr om om Latif et al., 2006; Boning et al., 2006). We note, however, that

in only one of the models (BCM) the multidecadal AMOC
variance explained by subpolar deep water formation is sub-
stantially larger than the one explained by the Denmark Strait
overflow.

In some previous modelling studies (e.g. Jungclaus et al.,
2005; Msadek and Frankignoul, 2009; Escudier et al., 2013),
the AMOC variability was found not to be strongly related to
convective mixing in the Nordic Seas. Variations in Nordic
Seas convection, however, do not necessarily match with

- variations in the overflows across the GSR, since the source
2000 30N 40N 5O°N BON waters of the overflow water masses at the GSR are relatively

b) Overflow experiment‘

1000m

2000m

3000m

I S T complex (e.g. Tanhua et al., 2008; Vage et al., 2013). Our

study suggests that the Denmark Strait overflow, though its
influence is, on multimodel average, smaller than that of sub-
polar deep water formation, still explains a substantial part

Fig. 9. Change (in %, for definition see text) in the standard de-
viation of the bandpass-filtered (15—-80 years) Atlantic meridional

i f ion i he SDW i h . . . .
overturning streamfunction i) the S experiment angb) the of multidecadal AMOC variance. At the classical latitude of

overflow experiment compared to the control simulation with MPI- - . K . fI d subpol
ESM-CR. Note that positive (negative) values correspond to a reS0° N, variations in Denmark Strait overflow and subpolar

duction (increase) in the standard deviation in the sensitivity exper-deep water formation explain, on multimodel average, about
iments. The colour scale is chosen to match the explained variancé@ne-third and half of multidecadal AMOC variance respec-
i.e. (correlation coefficien%) in Figs. 3-5. The depth level presented tively.
in Figs. 3-5 is indicated by the solid line. However, AMOC variations related to either subpolar deep
water formation or Nordic Seas overflow variability will,
through varying northward heat and fresh water transport, in-
deviation of multidecadal AMOC variability is found, and at fluence the surface density in the northern North Atlantic and
the more classical latitude of 30, with the exception of might consequently affect the other of these two processes.
45° N in HadCMa3. In the latter, the Denmark Strait overflow The conclusions discussed above about the respective role of
seems to have a relatively strong influence on the AMOCuvariations in subpolar deep water formation and Nordic Seas
variability. We note that HadCM3 indeed shows a rather shal-overflows for multidecadal AMOC variability might there-
low subpolar deep water formation compared to the otherfore be biased by the fact that these two processes are some-
models (Fig. 2). We also note that HadCM3 is the only how coupled. If the respective role of variations in subpolar
model, in which the maximum standard deviation of mul- deep water formation is overestimated (due to influence by
tidecadal AMOC variability is found at 80N, rather than  Nordic Seas overflows), then the multidecadal AMOC vari-
at 45 N. The multidecadal AMOC variance explained by ance explained by subpolar deep water formation and Den-
the Denmark Strait overflow is, for all models, substantially mark Strait overflow will be of comparable order. If, on the
larger than the one explained by the overflow across theother hand, the respective role of variations in Denmark Strait
Iceland—Scotland Ridge. The latter might, however, be un-overflow is overestimated (due to influence by subpolar deep
derestimated, as the models in general do not realisticallyvater formation), then only a minor part of multidecadal
simulate the flow path of the Iceland—Scotland overflow wa-AMOC variance will be explained by the Denmark Strait
ter south of the Iceland—Scotland Ridge. overflow. We note, however, that in MPI-ESM-CR, which is
The respective role of subpolar deep water formation andhe only model (apart from HadCM3) where subpolar deep
Nordic Seas overflows on the multidecadal AMOC variabil- water formation index and Denmark Strait overflow are not
ity suggested from the control simulations is supported by thesignificantly correlated in the control integration, the respec-
sensitivity experiments. The latter indicate that the maximumtive role of these two processes for multidecadal AMOC vari-
influence of Nordic Seas overflow variations is found below ations is similar to the conclusions drawn from the presented
the depth at which the overall maximum AMOC strength in analysis (Table 3).
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Appendix A Appendix B

Definition of subpolar deep water thickness Definition of Nordic Seas overflow transports

In all models except for BCM, the density range of subpo- The following criteria are used to define the overflow trans-
lar deep water is defined based on mean profiles of temperport through the Denmark Strait and across the Iceland—
ature, salinity and (potential density with reference depth Scotland Ridge in the various modeldPI-ESM-CR trans-
2000 m).o» rather thano values are chosen, as Labrador port out of Nordic Seas for >27.76 kgnT3 and depth
Sea Water in the North Atlantic spreads at a depth of>300m (through Denmark Strait) and for>27.8 kg nr3
about 2000m. In MPI-ESM-CR, MPI-AO-LR, KCM and (across the Iceland—Scotland RidgeR1-AO-LR transport
IPSLCM4, profiles are averaged over all integration yearsout of Nordic Seas fos >27.8 kg nT3, KCM: transport out
and the subpolar (60-10V, 45-63 N) grid cells where the  of Nordic Seas foro >27.8kgnT3, IPSLCM4 transport
MLD in March exceeds 1000 m in at least 10 % of the inte- out of Nordic Seas for >27.75kgnT3, HadCM3 trans-
gration years. These grid cells correspond approximately tgort out of Nordic Seas for depth>300m, aBEM: net
the grid cells where the mean MLD in March exceeds 500 mtransport foro, > 36.946 kg 2 (corresponding to about
(Fig. 2). >27.83kgm3). The transport is restricted to depth levels
In HadCM3, no subpolar grid cells are found, where the greater than 300 m in some of the models to ensure a separa-
MLD in March exceeds 1000 m in at least 10 % of the in- tion between the Denmark Strait overflow and the lower East
tegration years. The same is true, if other winter monthsGreenland Current. IBCM, o2 isopycnal layers are used
(December, January, February) rather than March are conas the vertical coordinate in the ocean component. There-
sidered. If all grid cells, where the MLD in March exceeds fore, the density threshold is specified asdb@alue. In this
1000 m in at least one integration year, are taken into acimodel, also the net transport rather than the transport out of
count, subpolar deep convection is found in the Labrador andhe Nordic Seas is used. We note, however, that this differ-
Irminger seas. In HadCM3, profiles of temperature, salin-ence is negligible, as a transport into the Nordic Seas with
ity and o are therefore averaged only over those integrationthe given density threshold generally does not exist.
years and subpolar grid cells, when and where the MLD in
March exceeds 1000 m.
The upper isopycnal defining subpolar deep water is
chosen below the temperature and salinity maximum rep-
resenting water from the subtropical Atlantic, at a depth
of about 800m. The lower isopycnal is chosen at the
beginning of the deep pycnocline, at a depth of about
2500-3000m. The resulting density range of subpolar
deep water for the various models is as followdPI-
ESM-CR o0, =36.62-36.76kgm?, MPI-AO-LR o7 =
36.65-36.77 kg m3, KCM: o, = 36.90-37.01 kgm?, IP-
SLCM4 o, = 36.76-36.87 kgm®, HadCM3 o, = 36.74—
37.03kg 3. The thickness of subpolar deep water we de-
fine as the depth interval between the upper and lower isopy-
cnal specifying the density range of subpolar deep water.
For BCM, where an isopycnic vertical coordinate is used,
we follow Langehaug et al. (2012a, analysing the same sim-
ulation as used in our study), defining the layers with=
36.846 kg n2 ando, = 36.946 kg 2 as (upper) Labrador
Sea Water. These density layers occupy approximately the
depth range between 600 and 1800 m in the Labrador Sea
(Langehaug et al., 2012a; their Fig. 9). The thickness of sub-
polar deep water we define as the sum of the layer thickness
of these two density layers.
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