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Abstract Observations of the Atlantic meridional overturning cletion (AMOC) by the
RAPID 26°N array show a pronounced minimum in the northward transpaat the winter
of 2009/10, substantially lower than any observed sincaitial deployment in April 2004.
It was followed by a second minimum in the winter of 2010/20We demonstrate that
ocean models forced with observed surface fluxes reprodhecetiserved minima.

Examining output from five ocean model simulations we idgnsieveral historical
events which exhibit similar characteristics to those oles in the winter of 2009/10,
including instances of individual events, and two cleamegkes of pairs of events which
happened in consecutive years, one in 1969/70 and anoth&i7B179. In all cases the ab-
solute minimum, associated with a short, sharp reductiagherEkman component, occurs
in winter. AMOC anomalies are coherent between the Equat58° N and in some cases
propagation attributable to the poleward movement of ttaraaty in the wind field is ob-
served. We also observe a low frequency (decadal) mode @fhility in the anomalies,
associated with the North Atlantic Oscillation (NAO).

Where pairs of events have occurred in consecutive yearswéfat atmospheric con-
ditions during the first winter correspond to a strongly rizgaArctic Oscillation (AO)
index. Atmospheric conditions during the second winterindécative of a more regional
negative NAO phase, and we suggest that this persistenteéslIto re-emergence of sea
surface temperature anomalies in the North Atlantic foretents of 1969/70 and 2009/10.
The events of 1978/79 do not exhibit re-emergence, indigdtiat the atmospheric memory
for this pair of events originates elsewhere. ObservatigkOppatterns associated with cold
winters over northwest Europe, may be indicative for theuo@mnce of a second extreme
winter over northwest Europe.

Keywords AMOC - minimum - events RAPID - model- observations SST anomalies
re-emergence
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1 Introduction

The Atlantic meridional overturning circulation (AMOC) art of the global ocean con-
veyor which transports warm and saline surface waters thitith Atlantic (Broeker, 1987;
Dickson and Brown, 1994; Kuhlbrodt et al, 2007). On theirjay towards the Nordic seas
these surface waters gradually become denser as theyeéleatsto the atmosphere. Even-
tually, the increasing density leads to the sinking of théawenasses and they are returned
southward as cold and dense North Atlantic deep water. Isubéropical North Atlantic
the surface and deep branches of the AMOC result in a maxinaimanthward heat trans-
port of around 1.3 PW (Ganachaud and Wunsch, 2000; LumpkinSpeer, 2007; Johns
et al, 2011). The AMOC has been identified as a key ocean mischavhich contributes
to the comparatively mild European climate. A large fractid the heat released to the at-
mosphere by the AMOC is carried eastward towards Europe dythdominant westerly
winds, leading to warmer temperatures in northwestern fiuthan at similar latitudes in
western Canada (Rhines and Hakkinen, 2003; Broeker, 198ha et al, 2012). The po-
tential importance of the AMOC to the climate of the Northakitic and Europe was a key
motivation for the deployment of a transatlantic mooringagrat 26.5N, known as the
RAPID-WATCH/MOCHA/WBTS array (hereafter referred to ag th6°N array) (Rayner
etal, 2011).

Observation- and model based studies have shown the AMOGpioat at 26.8N to
exhibit substantial variability on short timescales (Cagham et al, 2007; Kanzow et al,
2009, 2010; Hirschi and Marotzke, 2007; Baehr et al, 200092Balan Sarojini et al, 2011;
McCarthy et al, 2012). The observed intra-annual peaketkpange of the AMOC, com-
puted using daily means, can be as large as 30 Sv (Cunningrel2807). Between April
2004 and April 2009, the AMOC transport at 26N has a mean of 18.5 Sy, with a stan-
dard deviation of 4.7 Sv, when computed using 5 day meansofiga of the observed
AMOC variability is only partly understood. Some variatyiJisuch as the observed season-
ality of the AMOC and interannual variability seen in nunecatimodels, can be linked to
the seasonal variability in the wind stress curl along thecah coast (Kanzow et al, 2010;
Chidichimo et al, 2010; Sinha et al, 2013).

Observations from the 28\ array revealed a recent strong short-term reduction in the
strength of the AMOC (McCarthy et al, 2012). The event laste®@-4 months over the late
winter and early spring of 2009/2010, and resulted in theilAparch annual average for
that year reducing to 12.8 Sv, 30% lower than the mean fortéaqus 5 years. This is the
first such event to occur in the 7 year long record from theNe@rray, and it is not known
whether events of this kind have occurred in the past. It wHewed the year after by a
similarly anomalous minimum, raising the question of wieettihe two events were linked,
or whether they occurred consecutively by coincidence.rfand address this question
we employ ocean models forced with historical observatarsirface fluxes. We examine
the characteristics of anomalously low AMOC events in five® Thodel integrations which
all cover the period 1958-2001 and two further model integns, one at 1/4 and one at
1/12°, which cover the period between 2001 and 2011.

Outline The remainder of this article is organized as follows. $ecf describes the en-
semble of models used. Our analysis is presented in sectibm&lly, we summarise our
findings in section 4.
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Historical analogues of AMOC minima 3

Table 1 This table shows the model configurations used. All are ORTEAQ/4°) except ORCA12, which
is 1/12°. The ORCA12 simulation includes a minor code change in 18688,a change in surface forcing in
2007 in order to extend out to 2010.

[ RunID ] Code version] Ice model| Levels | Forcing | Period |
N102 v2.3 LIM2 64 DFS3 1958-2001
N112 v2.3 LIM2 64 DFS3 1958-2001
N200 v2.3 LIM2 64 DFS4.1 1958-2001
N206 v3.2 LIM2 75 COREZ2 1958-2007
N300 v3.0 LIM3 64 DFS3 1958-2001
VN206 v3.2 LIM2 75 ERA Interim 1989-2011
ORCA12 | v3.2/v3.3.1 LIM2 75 DFS4.1/DFS5.1.1] 1978-2010
2 Method

2.1 Observation based datasets

For the analysis presented here we use the following ohsemaased datasets.

The AMOC measured by the 2Bl array is the sum of the transport measured through
the Florida Straits, the geostrophic component derivedhfroeasurements of the den-
sity difference between the eastern and western boundé&f@san transport derived from
CCMP/Quikscat winds, and a compensation term which engbegghere is no net trans-
port through the section (Rayner et al, 2011). Ocean modejgest that the sum of these
is a close approximation to the true AMOC which one could coragf the northward ve-
locity at all points through the section were known (Hirsahd Marotzke, 2007; Hirschi
et al, 2003). Data from the 26| array bttp://www.rapid.ac.uk) are provided at 12
hourly resolution with a 10 day low pass filter applied. Okatons of all component time
series are available from April 2004 to present. For ourysislwe compute 5 day aver-
ages to facilitate comparison with the model simulatioasyfhich output is stored as 5 day
averages.

To explore the geographical nature of the events we use ityamiban sea level pres-
sure and surface air temperature data from the NCEP/NCARalg=sis dataset (Kalnay
et al, 1996). We relate the events identified to the monthilices of the North Atlantic
and Arctic Oscillations following Hurrell (1995) (NCAR, 2Qa,b). To examine the mech-
anism of re-emergence we make use of SST data from the NOAfalpinterpolation
dataset (Reynolds et al, 2008} tp://www.esrl.noaa.gov/psd/ and also of the EN-
ACT (EN3) reanalysis from the UK Met Office (Ingleby and Huektion, 2007http:
//www.metoffice.gov.uk/hadobs/en3/.

2.2 Model description and runs

We use a total of seven NEMO (Nucleus for European Modellihthe Ocean) ORCA
(Madec, 2008) model integrations, most of which were setrufhé DRAKKAR project
(DRAKKAR Group, 2007; Barnier et al, 2006; Madec, 2008), ané run from the RAPID-
WATCH VALOR project. Table 1 details the runs.

Five simulations start from 1958, and form the ensemble lwie will analyse in this
paper. Aspects of the AMOC in some of these runs have beeispall previously (Grist
et al, 2010, 2012; Blaker et al, 2012; Hirschi et al, 2013; imarcet al, 2014b). All of these
simulations are on the ORCAO025 grid, for which horizontaalation is nominally 1/4.
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South of 20N the model grid is isotropic Mercator, and north of°®Dthe grid becomes
quasi-isotropic bipolar, with poles located in Canada aifvéi® to avoid numerical insta-
bility associated with convergence of the meridians at theggaphic North Pole. At the
Equator the resolution is approximately 27.75 km, beconfiimgr at higher latitudes such
that at 60'N/S it becomes 13.8 km. The models in the ensemble include ®&btand 75
vertical levels with a grid spacing increasing from 6 m néargurface (1 m for the 75 level
runs) to 250 m at 5500 m. Bottom topography is representedrisisteps and bathymetry
is derived from ETOPO2 (U.S. Department of Commerce, 2006prevent excessive drifts
in global salinity due to deficiencies in the fresh water ifiogc sea surface salinity is relaxed
towards climatology with a piston velocity of 33.33 mm/dasul. Sea ice is represented by
the Louvain-la-Neuve Ice Model version 2 (LIM2) sea-ice mio@immerman et al, 2005),
and version 3 of the same for one of the runs.

Climatological initial conditions for temperature andis#y were taken in January from
PHC2.1 (Steele et al, 2001) at high latitudes, MEDATLAS (dan et al, 1998) in the
Mediterranean, and Levitus et al (1998) elsewhere. Thetal iconditions were applied to
all runs with the exception of N112, which started from thelfistate of N102, and VN206,
which started from the final state of N206. Starting from teetmodels simulate the period
indicated in the right hand column of table 1, with surfaceciftg comprising of 6-hourly
mean momentum fields, daily mean radiation fields and momtidgn precipitation fields
supplied by the DFS3, DFS4.1 and COREZ2 datasets (Brode§2618); Large and Yeager,
2004, 2008) and linearly interpolated from the time mean$idly the model. Model output
is stored as 5-day averages, although for disk storaged=masions, we have only retained
monthly mean values for some of the older datasets.

One 1/# run, VN206, is forced by the ERA Interim dataset (Dee et al,13@nd extends
to March 2011. We also examine the output of a recently comm@pl®RCA12 (1/12) run,
which again uses the NEMO ORCA code, but is now eddy resolfi@ngiuch of the global
ocean.

The ensemble of model integrations we have compiled herallassely related. They
are runs of the same model with minor/moderate variatiotisércode version, applied sur-
face forcing, ice model used and intial conditions, andegfoduce plausible ocean states.
For each of the model runs we compute the AMOC and componeistgguivalent to those
which are measured and used to construct the time serieat\26-lorida Straits transport
in the model integrations is computed as the integral of teadional velocity through the
Florida Straits. The Upper Mid Ocean component is compueihitegrating the east-west
density difference derived geostrophic transport acrfesdasin. Ekman transport is com-
puted using the surface wind stress. A uniform compensagtocity which ensures no net
volume transport through the section is applied. Detailthefcomponent decomposition
method are provided in Appendix A.

3 AMOC analysis
3.1 Comparison with observations

In order to establish whether the NEMO ORCA model is able jgtw@ the features of
the events seen in the observations we first examine modelofrom runs VN206 and
ORCA12 (Figure 1; see Table 1 for details of these runs). &laes the only experiments
which cover the recently observed minima. The transportcamadponents from VN206 are
shown in Figure 1 a), and for ORCA12 in Figure 1 b). The comptseneasured by the
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a)

Fig. 1 Comparison of the component time series of the Atlantic M@&vieen the simulations (a) VN206,
and b) ORCA12) and the RAPID observations. In the top two isahe model time series are shown in bold
lines, and the observations are shown in thin lines: thedddstraits transport (blue), Ekman (black), upper
mid ocean (UMO) transport (magenta), and total AMOC (red}lightly darker shade of the same colour is
used for the observations to aid identification where lingslay. Units are Sverdrups$t = 1 x 10°m®s 1)

a are smoothed with a 15 day Parzen filter. ¢) showstenallated transport anomaly for the UMO
component of the transport for the RAPID observations la¢N206 (blue) and ORCA12 (red). Transport
ies are defined to be the UMO component with the timegedor the period April 2004 to December
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mooring array at 26.9N are shown in each plot as thin, slightly darker lines of tame
shade. The mean, standard deviation and correlation bettiheemodelled and observed
time series are presented in Table 2. As expected, the Ekomapanent is well represented
in the simulations (correlations of 0.88 and 0.84) althobgth have a weaker mean and
standard deviation than reported from observations. Bothlations exhibit weaker Florida
Straits (FS) transports than observed. The mean FS transp@iN206 is 5.5 Sv (17%)
weaker than observed. ORCA12 captures the mean transyitat, leit underestimates the
variability. Itis interesting to note that FS transportigaility is even lower in ORCA12 than
in VN206. The variability of the FS transport (and of any othestern boundary current)
depends on the choice of the lateral boundary conditiomdJso-slip conditions has been
shown to destabilise western boundary currents leadingte mesoscale ocean eddies and
variability close to lateral boundaries (Quartly et al, 2DIThis behaviour has also been
observed in a suite of ORCA12 simulations conducted in thméwork of the DRAKKAR
project (Deshayes et al, 2013) where the variability of eesboundary currents is found
to be systematically higher when using partial slip coodisi. Correlations between the
modelled and observed FS transport are low (0.22 and 0r85gating that a large fraction
of the FS variability cannot directly be attributed to theface forcing. The correlation
between the FS transport time series from the two model msigdgsp low (0.35), which
suggests that the FS transport variability is dominatednbgrinal variability. Both models
capture the mean upper mid ocean (UMO) transport. They gigeaa to capture the low
frequency (seasonal and longer) variability of the obstudO time series, but fail to
capture the higher frequency variability (Figure 1). Thehaviour may arise because the
low frequency variability of the UMO transport at 2618 is well approximated by the
surface forced Sverdrup transport (Duchez et al, 2014b3. Sgasonal cycle of the total
AMOC and the UMO component are well represented in the modéth respect to both
the timing and amplitude (Duchez et al, 2014a).

The extreme events which occur during the winters of 09/1D14411 both reach their
peak in late December. Taking a 30 day average of the obg®rsadnd subtracting from
the time mean observational values, the anomalous Ekmaparaent contributes 52% of
the first AMOC minimum and around 80% of the second. Both satimihs (ORCA12 and
VN206) agree well with the observations for the first everi%band 51% respectively).
For the second event the Ekman component contributes 5096 £QR) and 46% (VN206)
for the two simulations. An observed negative anomaly inUWihO transport, which be-
gan early in 2009 and was associated with a partial shift efcirculation from the deep
overturning to the upper gyre circulation, was found to dbnote significantly to the min-
imum event of 2009/10 (McCarthy et al, 2012). To establisiv eell the UMO anomaly
is represented by the simulations we compute the accunduld#t#O transport anomaly in
the manner of Bryden et al (2014) (Figure 1c). The accumdla&nsport anomaly is the
cumulative summation of UMO anomalies from April 2004 (tharsof the observational
period) to the end of the simulations/observations. Ptesgthe anomalies in this way em-
phasises anomalies of a consistent sign, whilst reduciegigual effect of differences in
the timing of short term variability between the simulagaand observations. It indicates
that the models also capture around two thirds of the anamédlansport associated with
the UMO.

These figures indicate that to first order the extreme minimtlag AMOC are, consistent
with Zhao and Johns (2014), atmospherically forced pragsshich NEMO is able to
represent.



201

202

203

204

205

206

207

208

209

210

211

212

213

215

216

217

218

219

220

221

222

223

225

226

227

228

229

230

231

232

233

234

235

Historical analogues of AMOC minima 7

Table 2 This table shows the mean and standard deviation (bradketsfich time series shown in Figure 1.
Correlations between each model and the observationsd lmes®& day mean values, are given in italics.
Shown in brackets in the right hand column is the correlatibeach time series between the two models.

Obs VN206 ORCA12

AMOC 17.47 (4.78) 12.37 (3.26) 12.57 (3.72)

0.74 0.73 (0.83)
Florida Strait | 31.56 (3.02) 26.03 (2.15) 28.57 (1.56)

0.22 0.35 (0.35)
Ekman 3.19 (3.32) 2.04 (2.08) 2.56 (2.26)

0.88 0.84 (0.93)
UMO -17.22 (3.47) -15.66 (2.49) -18.44 (2.07)

0.47 0.43 (0.65)

3.2 Historical analogues

The array measurements only extend back as far as 2004, botean models are typi-
cally forced with atmospheric observations from as earl¥38. Since we have confidence
that NEMO ORCA is able to reproduce events such as the onesvatasin 2009/10 given
only surface forcing, we can examine the time series of theD&Mrom our ensemble of
historical model runs for examples of similar events.

We construct a composite of the AMOC anomalig$)(from the five eddy permit-
ting hindcasts that span the time period 1958-2001 by remgatfie linear trend from each
ensemble member and then removing the seasonal cycle. Ti@CAdMhomalies are then
averaged to produce the ensemble mean, Figure 2). This citepeveals several strongly
negative events, some substantially in excess of 2 stani@dardtions from the mean. There
is a strong negative event in 1962/63, one in 1980/81 andhanat 1983/84. There is also
a minimum in 1986/87 with a duration of 3-4 months. We can &smtify two pairs of
events, one pair in 1968/69 and 1969/70, and another pa@7A/I8 and 1978/79. One fur-
ther example in the time series which may also be a weakeogumalof the 2009/10 event
occurs during 1996/97 and 1997/98. The event in the wintéBe6/97 occurs slightly later
(around March) than other events in the time series (tylyicklnuary-February). It coin-
cides with an anomalously strong northward Ekman transpuotnaly in February, which
we suggest is likely to have reduced the impact and alteetirtting of the negative event.

From the observed events we know that a large fraction of timemmm arises from
the Ekman component (Figure 1, and also McCarthy et al (30&8) the high correlation
between the Ekman component and the AMOC (0.87) can be sdegure 2 (a and d).
It is worth noting that the ensemble spread for the Ekman corapt is very small, which
is a reflection of the similarities among the forcing datasetd how strongly the Ekman
component is controlled by the surface forcing. Whilst ahility of the Ekman component
is the largest single contributor, it does not explain affhaf variability in the AMOC. The
value of two standard deviations in the AMOC is 4 Sv. Two staddleviations of the Ek-
man component alone is 2.7 Sv, whilst the variability assted with the other components
combined is slightly higher than this at 2.95 Sv. However,nete that for months which
exhibit a negative AMOC anomaly of greater than 2 standaxdatiens, we find that on
average the Ekman component contributes 62% of the anoBwatye interaction between
the FS transport and the geostrophic transport can alscepars&igure 2 (b and c), which
have a correlation of -0.55. This is partly attributablehe inclusion of the FS compensa-
tion in the UMO transport, and partly to variation in the pattthe Gulf Stream, with some
fraction of the transport occasionally passing to the ebteoBahamas instead of through
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Fig. 2 Composite (monthly mean) of detrended time series with nseasonal cycle removed for the years
1959-2001 from the 5 ORCAO025 hindcasts. AMOC (Top), FST éuppiddle), GEO (lower middle) and
EKM (bottom). Blue lines denote +/- 2 standard deviationseach component. Grey underlay denotes the
ensemble spread for each month. Units are Sv. The eventssdit in the text are indicated using vertical
grey bars.
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September 1977 through till August 1979. The line plot abayis the meridional average of the transport
anomaly presented in a). The events discussed in the textdioated with * (pair events) and + (single
events). Units are Sv.

the FS. This may be an artefact of the model resolution. Tiserable spread is large for
the FS transport and the geostrophic transport, and thectefthe differences in timings of
short timescale chaotic events (e.g. mesoscale ocearse@ili Stream meanders), which
account for about 30% of the total AMOC variability (Hirsdtial, 2013).

The distribution of extreme AMOC events is asymmetric. Ehare only two positive
anomalies stronger than 6 Sv, one in 1984 and one in 1994 dbattich coincide with
strong positive anomalies in the Ekman transport. In cehtifzere are 6 negative events
which exceed 6 Sv. However, the time series is too short e e insufficient events to
say whether this is statistically significant.

3.3 Latitudinal characteristics

We compute the anomalies of the AMOC for the ensemble meafuastion of latitude and
time (Figure 3), revealing that the anomalies in the AMOCshrert (order 1-2 months) at all
latitudes. It is also interesting to note that the anomabiesh of positive and negative sign,
predominantly occur during the boreal winter months. Thitects the much greater vari-
ability in northern hemisphere atmospheric circulationmy the winter months, whilst the
summers are more stable and therefore less likely to gigdgiextreme anomalies. Anoma-
lies are more frequent near the Equator and arouridN4@here the Gulf Stream separates
from the coast and becomes more zonal, and are typicallyrmmhfio smaller latitudinal
extents as would be expected for anomalies which arise diletpresence of strong eddy
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function of latitude. a) time period from April 1959 througt March 2001, and b) expansion of time period
from September 1977 through till August 1979. The eventsudised in the text are indicated with * (pair
events) and + (single events). Units are Sv.

or wave activity. There are several anomalies which have eéhrgreater latitudinal extent,
from near the Equator to 50\.

Expanding the time axis around a region of interest, suchastrong minima events
observed during the winters of 1977/78 and 1978/79 (Figbj¢ shows that many of the
anomalies propagate poleward, covering 0 latitude in 1-2 months. Anomalies start
near the Equator in December/January and reach 405y March/April. The similarity
between the Ekman component (Figure 4) and the AMOC (FiglrieadBcates that the
propagation is a poleward shift of the Ekman anomaly caugeddridionally propagating
anomalies in the mean surface wind field. This characteristnot specifically associated
with the extreme anomalies. It also occurs in other yeapicéyly during the winter months.

To further examine the northward propagation of the AMOCnaalies we examine
in detail the anomalous Ekman transport from recent win@021L1. Figure 5 illustrates
how the zonal wind stress anomalies over the North Atlarti@nge over time by step-
ping through 35 days which cover the northward propagatiotie anomaly. A positive
anomaly, corresponding to a weakening of the easterly wind®sis and begins to strengthen
over the western half of the Atlantic basin betweefNBnd 35N in mid December. Posi-
tive (i.e. westerly) anomalies north of the Equator resutin anomalous southward Ekman
transport. The positive anomaly intensifies over the nextldys and begins to propagate
north and spread across the basin. By early January the §naracated between 26|
and 45N, and by mid January it begins to weaken, the sourthernmas$iop the anomaly
weakening first. The AMOC anomaly associated with this arlousawind stress can exceed
-12 Sv for a 5 day mean.
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Fig. 6 Time series of a) the winter (DJFM) NAO index, and b) the wirfi2]JFM) AO index (Hurrell (1995);
NCAR (2012a)). The events discussed in the text are indioatth * (pair events) and + (single events).

3.4 Atmospheric and SST conditions

One of the most prominent atmospheric features in the Notidnfic sector is the North
Atlantic Oscillation (NAO). The NAO is an important mode dfneate variability which
influences the climate over the North Atlantic and much othmenn Europe, particularly
during the winter months. The NAO can be represented by aexjnahd the one we use
is computed from winter (DJFM) differences between the radised sea level pressure
(SLP) measured at Lisbon, Portugal and Stykkisholmuralwl Figure 6a, Hurrell (1995);
NCAR (2012a)). When the NAO index is negative the correspandea level pressure
anomalies (low over Azores, high over Iceland) drive a seatld excursion of the core
of the jet stream, which brings with it cold European wintérgo et al, 2010). The low
frequency mode of variability which appears in the AMOC aabies (Figure 3) is positively
correlated (0.65) with the winter NAO variability (Figure)s The winter mean NAO index is
predominantly negative between 1950 and 1980 and theriticanssto being predominantly
positive from 1980 to 2000. The ocean is thought to influeheddw frequency component
of the NAO (Bellucci et al, 2008; Marshall et al, 2000; D’Ardret al, 2005; Gastineau et al,
2013; Ciasto et al, 2011; Sevellec and Fedorov, 2013). Antesterdy by Sonnewald et al
(2013) indicates that upper ocean heat content varialilitie North Atlantic is dominated
by the ocean heat transport on longer than seasonal tiressddiis is supported by an
observation based study which examines the ocean heamnto8®T and surface fluxes
associated with the events of 2009-2011, and finds that tiedum the strength of the
AMOC was primarily responsible for the observed anomalcest lcontent (Bryden et al,
2014). Potential predictability of the AMOC can accountffmecast skill of North Atlantic
SST, particularly for the subpolar gyre (see Hermanson @C4l4) and references therein).
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1968/1969

S =
100°W 0° 100°E 100°W 0° 100°E

Fig. 7 Winter mean sea level pressure anomalies calculated frelN@EP/NCAR reanalysis dataset for
years in which a pair of AMOC minima are seen in consecutivetevs. Events shown are 1969/70 (top),
1978/79 (middle), and 2010/11 (bottom). The winter of th&t fiear is shown on the left and for the following
year on the right.

Together, this increasing body of literature supports tieaithat the ocean is an important
contributor to low frequency atmospheric variability.

Examining first the most recent events, the winters of 20D8&Md 2010/11 both exhib-
ited a strongly negative NAO index, with December 2010 rdiay the second lowest NAO
index (-4.62) since records began in 1825 (Osborn, 201 Bti@plots of the winter mean
SLP for the winters of 2009/10 and 2010/11 (Figure 7e,f) stiwat these winters, that of
2009/10 in particular, bear the characteristics of a negairctic oscillation (AO) pattern
with a pronounced anomaly in the N. Atlantic sector and ovesda. The AO is another
pattern of atmospheric variability closely related to th&ON(Figure 6b), and is derived us-
ing the first principle component of winter (DJFM) sea levedgsure anomalies poleward of
20°N (NCAR, 2012b). However, whilst the two indices are closehated, strongly negative
AO years do not necessarily coincide with a strongly negati®O. The NAO is considered
by some to be a regional expression of the AO (see e.g. Thamgso Wallace (2000)),
and Wallace (2000) suggested that they can be considereifestations of the same basic
phenomenon. February 2010 recorded the lowest AO indeX6@4.since reliable records
began in 1950 (L'Heureux et al, 2010; NOAA, 2013). Similaasal plots for the winters of
the other pairs of events in 1968/69 - 1969/70 and 1977/738/X9 reveal that the winters
of the first year of the pair all exhibit similar strong negatiAO conditions. The anomaly
patterns, particularly over the North Atlantic sector, seen in each case to persist in the
following winter.

In comparison if we examine the winter mean SLP for three evgitn which strong
individual AMOC anomaly events occur (1962/63, 1980/8187/88) the anomaly pattern
is not consistent (Figure 8). For the winter of 1962/63 argjraegative NAO event oc-
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1962/1963 1963/1964

Fig. 8 Winter mean sea level pressure anomalies calculated frelN@EP/NCAR reanalysis dataset for
years in which a single minima is seen. Events shown are thiexgiof 1962/63 (top), 1980/81 (middle), and
1986/87 (bottom). The winter of this year is shown on the defd for the following year when no AMOC
minima is seen on the right.

curs, but for the winters of 1980/81 and 1987/88 the anomatidicate a negative Atlantic
ridge (AR) weather pattern. The subsequent winters do nainréhe same SLP anomaly
pattern over the N. Atlantic sector. The winter of 1963/64ibits a negative AR pattern,
whilst 1981/82 shows a similarly strong positive occureofthe AR pattern. The winter of
1988/89 exhibits a weak negative NAO pattern.

Examining surface air temperature (SAT) anomalies for 18%8 1969/70, 1977/78 -
1978/79 and 2009/10 - 2010/11 reveals a widespread coolagp@oross much of Siberia
for the winters of the pairs of events (Figure 9). For the gemsociated with single events
cool anomalies are weaker and located over Europe (Figyrd 6 temperature anomalies
associated with the pairs of events also show the tendenpsrsist for the following winter.
This is most pronounced for the winters of 2009/10 and 2L @/tere the cold anomalies
over Eurasia and North America occur mainly over the samimmseg For the other two
pairs of events the largest anomalies in the 2m air temperatary in location from one
year to the next. For the 1968/69 - 1969/70 pair the first ewemtcided with exception-
ally low temperatures over Siberia (e.g. Hirschi and Sir2@07)), whilst anomalies were
small over Europe. During the second event in contrast tleeesbanomalies occurred over
Northwestern Europe. A large variability in the temperatdistribution in different NAO
negative winters is consistent with earlier studies (egppt et al (2013)).

Taws et al (2011) present evidence that SST anomaly paiteths North Atlantic dur-
ing the winter of 2010/11 arose from the re-emergence of aasmtripole pattern of SST
anomalies formed during the winter of 2009/2010 (Figure The anomaly pattern is char-
acterised by a tripole of warm anomalies in and around thedday Sea, cold anomalies
which extend across much of the North Atlantic from aroundNe%o 50°N, and a warm
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Fig. 9 Winter mean surface air temperature anomalies calculated the NCEP/NCAR reanalysis dataset
for years in which a pair of AMOC minima are seen in conseeutwnters. Events shown are 1969/70 (top),
1978/79 (middle), and 2010/11 (bottom). The winter of th&t fiear is shown on the left and for the following
year on the right.

anomaly south of 25N. The SST anomalies for January and February of 2010 (netrsho
are similar in amplitude and spatial pattern to March. Rexgi@nce of temperature anoma-
lies provides a mechanism by which anomalous SST conditiangersist from one winter
to the next (Alexander and Deser, 1995). A recent paper by&uet al (2014) examines the
response of a coupled climate model to the inclusion of S®Mmaties observed during the
years of 2009 and 2010. The inclusion of the anomalies is shiowesult in a statistically
significant negative shift of the NAO in the model, suppagtthe idea that re-emergence
of an SST anomaly pattern may influence the atmosphere andbtde to the necessary
conditions for persistence of negative NAO conditions aticeene cold winter weather over
northwest Europe. An earlier study by Cassou et al (2009)falsnd the SST anomaly pat-
tern associated with re-emergence led to an atmosphedglaiion which resembled the
one from the previous winter.

The atmospheric conditions during the winters of 1968/69 E9i/7/78 were similar to
those experienced in the winter of 2009/10, with the NAO afliAdices in an extreme
negative state (Figure 6). Taws (2013) examined SST fietots N3 for evidence of pre-
vious re-emergence signatures. Figure 12a shows laggestrpabrrelations referenced to
March (March through to April of the following year) of SST@malies for the North At-
lantic computed from EN3 (Ingleby and Huddleston, 20073hibws that both March 2010
and the following winter and March 1969 and the following teinexhibited higher lev-
els of correlation (between 1 and 2 standard deviationsefl850-2011 period) between
subsequent winters, and the similarity of the timing andrejth of the correlation suggests
that both periods experienced re-emergence events. Mai&v8 and the following winter
show no significant increased correlation, suggesting&iatmergence did not occur during
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1962/1963 1963/1964
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Fig. 10 Winter mean surface air temperature anomalies calculated the NCEP/NCAR reanalysis dataset
for years in which a single minima is seen. Events shown @&evthters of 1962/63 (top), 1980/81 (middle),

and 1986/87 (bottom). The winter of this year is shown onéffteaind for the following year when no AMOC
minima is seen on the right.

50°N g

30°N

80°W 60°W 40°W 20°W o 20°E

Fig. 11 March 2010 SST anomalies obtained from the NOAA Ol dataset.

this period. None of the other years show a strong indicaifor-emergence. Figure 12b is
equivalent to 12a, but instead shows a composite of the thgagtern correlations computed
from SST anomalies in the ensemble of ORCA025 models. Theshlaa@diso show signifi-
cantly higher correlations between the winter months oBl&&d 1969, in this case between
2 and 3 standard deviations, indicating that there was anergence event. The model en-
semble also found no significant correlation between Mag&#8land the following winter,
indicating that this period did not experience a re-emergavent.

To further examine the strong indicators of reemergencel 868/69 we plot surface
and subsurface temperature anomalies for the region°8680-10°W. An SST anomaly
pattern similar in amplitude and distribution to the onespreted in Figure 11) is present
in March 1969 (Figure 13 a). After persistent AO negative agpheric conditions over
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Fig. 12 One-year pattern correlation function for North Atlant®8T\s (5-65'N, 80-10°W). a) shows corre-
lations from EN3 from March 2010-March 2011 (green), Mare69-March 1970 (blue), March 1978-March
1979 (red), and a 50-year (1960-2011) average (black). ®yslthe equivalent from the five simulations
which comprise the NEMO ORCAO025 ensemble. March 1969-Ma@T0 (blue) and March 1978-March
1979 (red) are shown. The lighter underlay for each line sitbw range of the ensemble. The asterisks on the
blue curve indicate the dates in 1969/70 which are presentEiyure 13. For both panels the grey shading
denotes the range (2 standard deviations) of correlationdan the a) 1950-2011 and b) 1958-2001 periods.

a b) September January

SST anomaly

T(MLD) anomaly

Fig. 13 Evolution of temperature anomalies from March 1969 to Janli@70. SST anomalies (top row) and

temperature anomalies at the base of the winter mixed ldggtofn row) from simulation N102 are shown

for March 1969 (left column), September 1969 (middle colyimmnd January 1970 (right column). Data are
low pass filtered and then a mean seasonal cycle is removed.

the winter months this anomaly is coherent down to the bagstefvinter mixed layer
(Figure 13 d). The pattern continues to persist into Sepéerabthe winter mean mixed
layer depth, below the shallow summer mixed layer (Figure)land through to January of
1970 (Figure 13f), where the seasonal mixing returns thenahoto the surface (Figure 13
c). The SST anomaly in September of 1969 (Figure 13 b) is welated with the SST
anomaly present in March 1969 (see Figure 12b).

The mechanism of re-emergence, whereby temperature aiesnfiaimed in the deep
winter mixed layer are trapped subsurface by the shallownsemmixed layer and then
re-entrained into the mixed layer during the onset of théofahg winter occurs annu-
ally. However, in order to provide a memory to the atmosplaestrong and coherent SST
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anomaly pattern must form during the first winter. A strongateve AO or NAO state
which is persistent throughout the winter would facilitéés. There are a number of in-
dividual AMOC minima events which occur in the compositediseries (Figure 2), some
of which are associated with negative NAO states, some oflwhre not. A possible ex-
planation for why re-emergence events only occurred dwsingng negative AO states is
that these events are consistently stable over the Nortm#d| sector throughout winter
(December to March). To examine this we construct a timesaf the maximum monthly
NAO index occurring during the winter months (DJFM). The mead standard deviation
of this time series are 1.7 and 1.22 respectively. For thé/836and 2009/10 winters the
maximum monthly mean NAO index reached during winter waé ahd -1.5 respectively,
around 2.5 standard deviations lower than the mean wintgimuen. The maximum NAO
index during winter of 1977/78 was also anomalously low &,-Q.75 standard deviations
below the mean. The winter maximum NAO index for the thredviddal events examined
(1962/63, 1980/81 and 1987/88) were all within 0.5 standiesdations of the mean.

Interestingly the responses in the AMOC are stronger fol812¥ than for 1969/70,
indicating that processes other than re-emergence mightgagrtant for providing memory
to the atmosphere from one winter to the next, resultingénmd stress anomalies which
provide the Ekman anomaly in two consecutive winters. Ofrgelt is also possible that
two consecutive events occur by chance, and that no precéssgroviding memory from
one winter to the next are involved.

4 Summary and discussion

In light of the anomalous minima events recorded in the AMOCte winters of 2009/10
and 2010/11 by the 28N array (McCarthy et al, 2012) we employ an ensemble conmuyisi
five 1/4° ocean model realisations to investigate how frequentlgeleents have occurred
in the past, and in particular whether there are mechanidm@hwvnight give rise to multiple
events occurring in consecutive winters.

We first make comparisons between two model integrations {d4° and one 1/12)
which cover the period for which we have observations anérdghe that the NEMO
ORCA ocean model is able to adequately reproduce the inteehmariability of the AMOC
captured by the mooring array, as well as the timing and aogaiof the anomalously strong
minima which occur during the winter’s of 2009/10 and 2010/The model is not able to
capture all of the variability seen in the observations, wedlo not expect it to given than
around 30% of the variability is chaotic (Hirschi et al, 2D1Bhe modelled amplitudes of
the 2009/10 and 2010/11 events are slightly lower than ebdgebut so are both the mean
and standard deviation of the AMOC represented in the model.

Examining the ensemble of NEMO runs which extend back to 18&®&ave identified
a number of events for which a strong reduction of the AMO@spmrt occurred. In some
cases (e.g. 1962) these are individual events, but we atsifigl two pairs of events which
occur in consecutive years during 1969/70 and 1978/79,wdiie historical analogues of
the recently observed events. A possible third weaker goaloccurred in 1997/98.

We compare boreal winter atmospheric conditions for thesydaring which extreme
negative anomalies in the AMOC were observed. The AMOC miminevent which oc-
curred in the winter of 1962 coincides with an extended pkabnegative NAO, but no
significant AO index. Other examples of individual eventstsas in 1981 and 1990 do not
coincide with negative NAO states. In fact 1990 correspdodme of the strongest positive
AO and NAO indices for the period we examine. The pairs of evatentified in 1969/70,
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1978/79 and 2010/11 are all associated with strong nega@éndices, with particularly
strong SLP patterns over the North Atlantic sector, andesponding with strongly negative
NAQO indices. The event in the winter of 2009/10 coincideshvaihe of the strongest nega-
tive values of the NAO index since records began in 1860, harktis evidence that the re-
emergence mechanism contributed to persistence of the &@fadies (Taws et al, 2011),
and to the renewed development of negative NAO conditiongl{Bn et al, 2014). We show
here that the events of 1968/69 are also connected to anrencarof re-emergence, but
the equally strong, if not stronger, AMOC minima seen in 19%8are not linked to a re-
emergence of SST anomalies. Surface air temperature aiesrfalall 3 events in 1969/70,
1978/79 and 2010/11 show a strong negative anomaly whicérsavwuch of Siberia, and
other studies suggest that mechanisms related to sea iee @aer the Arctic and North
Atlantic (e.g. Deser et al (2007)) or to snow cover and thiagdehover Eurasia (Peings et al,
2012; Fletcher et al, 2009; Gong et al, 2004, 2003) may peoriegmory to the atmosphere
which allows the negative NAO conditions over the North Atla sector to persist.

The minimum of the events frequently coincides with anomsllp strong southward
Ekman transport, which constitutes around half of the amprifée find that the simulations
also capture a substantial amount of the low frequency bitiaof the UMO transport,
indicating that this signal is also surface forced. It maySberdrup transport (Duchez et al,
2014b) or relates to other mechanisms such as a lagged @asgaomse to the surface forcing
such as the one described by Sinha et al (2013), whereby ekangvindstress influence
ocean transport through adjustments of the vertical visl@aid vortex stretching. Some of
the model runs respond strongly for a given event whilst rstsiow weaker responses,
indicating that the events are not purely a response to tiiacguforcing but that there is
some dependence on the ocean state or that ocean physicfecayhe strength or timing
of the non-Ekman component of the anomalies. For exampleidy svhich compared two
of the simulations used here (N102 and N112) found that u@% 8f the total variability
of the AMOC is attributable to chaotic processes such as scag®eddies and internal and
planetary waves (Hirschi et al, 2013). Bryden et al (2014)neixe the 2009/10 event and
conclude that some of the observed reduction is due to mdaean variability which are
not associated with recent atmospheric forcing. Undedatgnthese modes of variability
could lead to improvements in the model representation cif swents.

An interesting implication of the association of the exteenegative events with nega-
tive AO patterns and the re-emergence of SST anomaliestii thay be possible to predict
the onset of negative NAO conditions and a second consecAMOC minimum (Maidens
et al, 2013). There may also be scope for improved prediaifothe AMOC for a third
consecutive winter, since the anomaly composite reveatdtiere are no cases since 1958
where we find three or more consecutive extreme negativeseven
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A Decomposition of the AMOC

Ocean models typically output the northward velocity fockegrid box, which allows us to exactly compute
the AMOC ) in the model, i.e.

wiya = [ [“vixn?) waz. &

In order to make comparisons with the observations taker6dtl 2ve may also compute components
of the transport corresponding to those measured by th8l 2bserving array, namely the Florida Straits
transport sy, the geostrophic (or thermal wind) transpdke, and the Ekman transpoktsm.

Ygr is computed by integrating the meridional velocitythrough the Florida Straits (between Florida,
Xw, and the Bahamasgy), and from the maximum depth of the Florida Stradis to the surface,

0 Xgn
%ST:/HF ./XW V(x,Z) dxdZ. )

Z is a dummy integration variablée, the baroclinic geostrophic component arising from zoreaisity
gradients across the Atlantic basin is

0
Heo(2) = /Z /X:: (Vgeo — Veomp) dxdZ, ©)
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wherevgeo andveomp are

__9 [* 9p
Voeo (%,2) = p*f LH(X) Ix dz @)
and B A .
Veomp(X, 2) = W/*H(X) Vgeo(X,Z) dZ + Vst (%)

respectivelyxe is the easternmost extent of the Atlantic (i.e. Afridd)x) is the maximum depth of the basin
as a function of longitudeg being the Earth’s gravitational acceleratignthe in-situ densityf the Coriolis
parameter, ang* a reference densityggr is

Vesr = ST (6)

with A being the cross-sectional area of the Atlantic basin eateoBahamas.
We defineym, the Ekman (wind driven) component, here as a function d@fie and depth compen-
sated by a section mean return flow to ensure no net transport,

Yan(2) = [ [ i ) 7, ()

—Hmax(y) v/ *w

whereVegm andvegm are

1 Xe
Vekm = — m /XW Txdx (8)
and - 1 o
Vekm = —m ./XW Txdx 9)

respectivelyl being the basin width), the Ekman depth, andmax(y) the latitudinally dependedent max-
imum depth of the basin. The Ekman depth, which defines the base of the Ekman layer in which the
wind driven transport occurs we chose to be 100 m. The chdidg does not strongly affect the resulting
overturning profile. Note that the compensation term assediwith the Ekman transport could equally be
added toveomp, but that it will be small compared with the other terms.

Therefore at 26.9N the AMOC transport can be considered as the sum of thesear@nts plus a
residual termW¥es,

W = Ygr + Hyeo + Wokm + Hes. (10)

whereYes can be obtained by rearranging Eq. ( 10). If averaged ovenea lbnger than a few cycles
of the local inertial period the residual term is small (ardeSv), and can be ignored. It should be noted,
however, that this term can dominate the AMOC variabilitynear-inertial time scales (Blaker et al, 2012;
Sevellec et al, 2014).
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