Clim Dyn (2015) 44:457-473
DOI 10.1007/s00382-014-2274-6

Historical analogues of the recent extreme minima observed
in the Atlantic meridional overturning circulation at 26°N

Adam T. Blaker - Joél J.-M. Hirschi -
Gerard McCarthy - Bablu Sinha - Sarah Taws -
Robert Marsh - Andrew Coward - Beverly de Cuevas

Received: 12 July 2013 / Accepted: 21 July 2014 / Published online: 9 August 2014

© Springer-Verlag Berlin Heidelberg 2014

Abstract Observations of the Atlantic meridional over-
turning circulation (AMOC) by the RAPID 26°N array
show a pronounced minimum in the northward transport
over the winter of 2009/10, substantially lower than any
observed since the initial deployment in April 2004. It was
followed by a second minimum in the winter of 2010/2011.
We demonstrate that ocean models forced with observed
surface fluxes reproduce the observed minima. Examin-
ing output from five ocean model simulations we identify
several historical events which exhibit similar characteris-
tics to those observed in the winter of 2009/10, including
instances of individual events, and two clear examples of
pairs of events which happened in consecutive years, one
in 1969/70 and another in 1978/79. In all cases the absolute
minimum, associated with a short, sharp reduction in the
Ekman component, occurs in winter. AMOC anomalies are
coherent between the Equator and 50°N and in some cases
propagation attributable to the poleward movement of the
anomaly in the wind field is observed. We also observe a
low frequency (decadal) mode of variability in the anoma-
lies, associated with the North Atlantic Oscillation (NAO).
Where pairs of events have occurred in consecutive years
we find that atmospheric conditions during the first winter
correspond to a strongly negative Arctic Oscillation (AO)
index. Atmospheric conditions during the second winter are
indicative of a more regional negative NAO phase, and we
suggest that this persistence is linked to re-emergence of
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sea surface temperature anomalies in the North Atlantic for
the events of 1969/70 and 2009/10. The events of 1978/79
do not exhibit re-emergence, indicating that the atmos-
pheric memory for this pair of events originates elsewhere.
Observation of AO patterns associated with cold winters
over northwest Europe may be indicative for the occur-
rence of a second extreme winter over northwest Europe.
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1 Introduction

The Atlantic meridional overturning circulation (AMOC)
is part of the global ocean conveyor which transports warm
and saline surface waters to the North Atlantic (Broeker
1987; Dickson and Brown 1994; Kuhlbrodt et al. 2007). On
their journey towards the Nordic Seas these surface waters
gradually become denser as they release heat to the atmos-
phere. Eventually, the increasing density leads to the sink-
ing of the water masses and they are returned southward as
cold and dense North Atlantic deep water. In the subtropical
North Atlantic the surface and deep branches of the AMOC
result in a maximum net northward heat transport of around
1.3 PW (Ganachaud and Wunsch 2000; Lumpkin and Speer
2007; Johns et al. 2011). The AMOC has been identified as
a key ocean mechanism which contributes to the compara-
tively mild European climate. A large fraction of the heat
released to the atmosphere by the AMOC is carried east-
ward towards Europe by the predominant westerly winds,
leading to warmer temperatures in northwestern Europe
than at similar latitudes in western Canada (Rhines and Hik-
kinen 2003; Broeker 1987; Sinha et al. 2012). The poten-
tial importance of the AMOC to the climate of the North
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Atlantic and Europe was a key motivation for the deploy-
ment of a transatlantic mooring array at 26.5°N, known
as the RAPID-WATCH/MOCHA/WBTS array (hereafter
referred to as the 26°N array) (Rayner et al. 2011).

Observation- and model based studies have shown the
AMOC transport at 26.5°N to exhibit substantial variabil-
ity on short timescales (Cunningham et al. 2007; Kanzow
et al. 2009, 2010; Hirschi and Marotzke 2007; Baehr et al.
2007, 2009; Balan Sarojini et al. 2011; McCarthy et al.
2012). The observed intra-annual peak-to-peak range of
the AMOC, computed using daily means, can be as large
as 30 Sv (Cunningham et al. 2007). Between April 2004
and April 2009, the AMOC transport at 26.5°N has a
mean of 18.5 Sv, with a standard deviation of 4.7 Sv, when
computed using 5 day means. The origin of the observed
AMOC variability is only partly understood. Some vari-
ability, such as the observed seasonality of the AMOC
and interannual variability seen in numerical models, can
be linked to the seasonal variability in the wind stress curl
along the African coast (Kanzow et al. 2010; Chidichimo
et al. 2010; Sinha et al. 2013).

Observations from the 26°N array revealed a recent
strong short-term reduction in the strength of the AMOC
(McCarthy et al. 2012). The event lasted for 3—4 months
over the late winter and early spring of 2009/2010, and
resulted in the April-March annual average for that year
reducing to 12.8 Sv, 30 % lower than the mean for the pre-
vious 5 years. This is the first such event to occur in the
7 year long record from the 26°N array, and it is not known
whether events of this kind have occurred in the past. It was
followed the year after by a similarly anomalous minimum,
raising the question of whether the two events were linked,
or whether they occurred consecutively by coincidence.
To try and address this question we employ ocean models
forced with historical observations of surface fluxes. We
examine the characteristics of anomalously low AMOC
events in five 1/4° model integrations which all cover the
period 1958-2001 and two further model integrations, 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 fol-
lows. Section 2 describes the observation based datasets
and the ensemble of model simulations used. Our analysis
is presented in Sect. 3. Finally, we summarise our findings
in Sect. 4.

2 Methods
2.1 Observation based datasets

For the analysis presented here we use the following obser-
vation based datasets.
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The AMOC measured by the 26°N array is the sum of
the transport measured through the Florida Straits, the geo-
strophic component derived from measurements of the den-
sity difference between the eastern and western boundaries,
Ekman transport derived from CCMP/Quikscat winds, and a
compensation term which ensures that there is no net trans-
port through the section (Rayner et al. 2011). Ocean mod-
els suggest that the sum of these is a close approximation
to the true AMOC which one could compute if the north-
ward velocity at all points through the section were known
(Hirschi and Marotzke 2007; Hirschi et al. 2003). Data from
the 26°N array (http://www.rapid.ac.uk) are provided at
12 hourly resolution with a 10 day low pass filter applied.
Observations of all component time series are available
from April 2004 to present. For our analysis we compute
5 day averages to facilitate comparison with the model sim-
ulations, for which output is stored as 5 day averages.

To explore the geographical nature of the events we
use monthly mean sea level pressure (SLP) and surface
air temperature (SAT) data from the NCEP/NCAR rea-
nalysis dataset (Kalnay et al. 1996). We relate the events
identified to the monthly indices of the North Atlantic
and Arctic Oscillations following Hurrell (1995) (NCAR
2012a, b). To examine the mechanism of re-emergence we
make use of SST data from the NOAA optimal interpola-
tion dataset (Reynolds et al. 2002) http://www.esrl.noaa.
gov/psd/ and also of the ENACT (EN3) reanalysis from
the UK Met Office (Ingleby and Huddleston 2007)
http://www.metoffice.gov.uk/hadobs/en3/.

2.2 Model description and runs

We use a total of seven NEMO (Nucleus for European
Modelling of the Ocean) ORCA (Madec 2008) model inte-
grations, most of which were set up in the DRAKKAR pro-
ject (DRAKKAR Group 2007; Barnier et al. 2006; Madec
2008), and one run from the RAPID-WATCH VALOR pro-
ject. Table 1 details the runs.

Five simulations start from 1958, and form the ensemble
which we will analyse in this paper. Aspects of the AMOC
in some of these runs have been published previously (Grist
et al. 2010, 2012; Blaker et al. 2012; Hirschi et al. 2013;
Duchez et al. 2014b). All of these simulations are on the
ORCAQ025 grid, for which horizontal resolution is nominally
1/4°. South of 20°N the model grid is isotropic Mercator,
and north of 20°N the grid becomes quasi-isotropic bipolar,
with poles located in Canada and Siberia to avoid numerical
instability associated with convergence of the meridians at
the geographic North Pole. At the Equator the resolution is
approximately 27.75 km, becoming finer at higher latitudes
such that at 60°N/S it becomes 13.8 km. The models in the
ensemble include both 64 and 75 vertical levels with a grid
spacing increasing from 6 m near the surface (1 m for the
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Table 1 This table shows the model configurations used

RunID  Code Ice Levels  Forcing Period
version  model
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 CORE2 1958-2007
N300 v3.0 LIM3 64 DFS3 1958-2001
VN206  v3.2 LIM2 75 ERA Interim  1989-2011
ORCA12 v3.2/ LIM2 75 DFS4.1/ 1978-2010
v3.3.1 DFS5.1.1

All are ORCAO025 (1/4°) except ORCA12, which is 1/12°. The
ORCA12 simulation includes a minor code change in 1989, and a
change in surface forcing in 2007 in order to extend out to 2010

75 level runs) to 250 m at 5,500 m. Bottom topography is
represented as partial steps and bathymetry is derived from
ETOPO2 (U.S. Department of Commerce 2006). To prevent
excessive drifts in global salinity due to deficiencies in the
fresh water forcing, sea surface salinity is relaxed towards
climatology with a piston velocity of 33.33 mm/day/psu.
Sea ice is represented by the Louvain-la-Neuve Ice Model
version 2 (LIM2) sea-ice model (Timmerman et al. 2005),
and version 3 of the same for one of the runs.

Climatological initial conditions for temperature and
salinity were taken in January from PHC2.1 (Steele et al.
2001) at high latitudes, MEDATLAS (Jourdan et al. 1998)
in the Mediterranean, and Levitus et al. (1998) elsewhere.
These initial conditions were applied to all runs with the
exception of N112, which started from the final state of
N102, and VN206, which started from the final state of
N206. Starting from rest the models simulate the period
indicated in the right hand column of Table 1, with surface
forcing comprising of 6-hourly mean momentum fields,
daily mean radiation fields and monthly mean precipita-
tion fields supplied by the DFS3, DFS4.1 and CORE2 data-
sets (Brodeau et al. 2010; Large and Yeager 2004, 2008)
and linearly interpolated from the time mean fields by the
model. Model output is stored as 5-day averages, although
for disk storage considerations, we have only retained
monthly mean values for some of the older datasets.

One 1/4° run, VN206, is forced by the ERA Interim
dataset (Dee et al. 2011) and extends to March 2011. We
also examine the output of a recently completed ORCA12
(1/12°) run, which again uses the NEMO ORCA code, but
is now eddy resolving for much of the global ocean.

The ensemble of model integrations we have compiled
here are all closely related. They are runs of the same model
with minor/moderate variations in the code version, applied
surface forcing, ice model used and intial conditions, and
all reproduce plausible ocean states. For each of the model
runs we compute the AMOC and component parts equivalent

to those which are measured and used to construct the time
series at 26.5°N. Florida Straits transport in the model inte-
grations is computed as the integral of the meridional veloc-
ity through the Florida Straits. The upper mid ocean (UMO)
component is computed by integrating the east-west density
difference derived geostrophic transport across the basin.
Ekman transport is computed using the surface wind stress. A
uniform compensation velocity which ensures no net volume
transport through the section is applied. Details of the com-
ponent decomposition method are provided in the Appendix.

3 AMOC analysis
3.1 Comparison with observations

In order to establish whether the NEMO ORCA model is
able to capture the features of the events seen in the obser-
vations we first examine model output from runs VN206
and ORCA12 (Fig. 1; see Table 1 for details of these runs).
These are the only experiments which cover the recently
observed minima. The transport and components from
VN206 are shown in Fig. 1a, and for ORCA12 in Fig. 1b.
The components measured by the mooring array at 26.5°N
are shown in each plot as thin, slightly darker lines of the
same shade. The mean, standard deviation and correlation
between the modelled and observed time series are pre-
sented in Table 2. As expected, the Ekman component is
well represented in the simulations (correlations of 0.88
and 0.84) although both have a weaker mean and standard
deviation than reported from observations. Both simulations
exhibit weaker Florida Straits (FS) transports than observed.
The mean FS transport in VN206 is 5.5 Sv (17 %) weaker
than observed. ORCA12 captures the mean transport better,
but underestimates the variability. It is interesting to note
that FS transport variability is even lower in ORCA12 than
in VN206. The variability of the FS transport (and of any
other western boundary current) depends on the choice of
the lateral boundary condition. Using no-slip conditions has
been shown to destabilise western boundary currents lead-
ing to more mesoscale ocean eddies and variability close to
lateral boundaries (Quartly et al. 2013). This behaviour has
also been observed in a suite of ORCA12 simulations con-
ducted in the framework of the DRAKKAR project (Desh-
ayes et al. 2013) where the variability of western boundary
currents is found to be systematically higher when using
partial slip conditions. Correlations between the modelled
and observed FS transport are low (0.22 and 0.35), indicat-
ing that a large fraction of the FS variability cannot directly
be attributed to the surface forcing. The correlation between
the FS transport time series from the two model runs is also
low (0.35), which suggests that the FS transport variability
is dominated by internal variability. Both models capture the
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Fig. 1 Comparison of the component time series of the Atlantic
MOC between the simulations a VN206 and b ORCA12 and the
RAPID observations. In the top two panels the model time series are
shown in bold lines, and the observations are shown in thin lines:
the Florida Straits transport (blue), Ekman (black), upper mid ocean
(UMO) transport (magenta), and total AMOC (red). A slightly darker
shade of the same colour is used for the observations to aid identifica-
tion where lines overlay. Units are Sverdrups (1 Sv =1 x 10°m3s™1)
and data are smoothed with a 15 day Parzen filter. ¢ Shows the accu-
mulated transport anomaly for the UMO component of the transport
for the RAPID observations (black), VN206 (blue) and ORCA12
(red). Transport anomalies are defined to be the UMO component
with the time average for the period April 2004 to December 2008
subtracted. The anomalous transports are then accumulated over time.
Units are Sverdrup years

mean UMO transport. They also appear to capture the low
frequency (seasonal and longer) variability of the observed
UMO time series, but fail to capture the higher frequency
variability (Fig. 1). This behaviour may arise because the
low frequency variability of the UMO transport at 26.5°N
is well approximated by the surface forced Sverdrup trans-
port (Duchez et al. 2014b). The seasonal cycle of the total
AMOC and the UMO component are well represented in
the models, with respect to both the timing and amplitude
(Duchez et al. 2014a).
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Table 2 This table shows the mean and standard deviation (brackets)
for each time series shown in Fig. 1

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(332) 2.04(2.08)  2.56(2.26)

0.88 0.84 0.93)
UMO —17.22 (347) —15.66(2.49) —18.44 (2.07)

0.47 0.43 (0.65)

Correlations between each model and the observations, based on
5 day mean values, are given in italics. Shown in brackets in the right
hand column is the correlation of each time series between the two
models

The extreme events which occur during the winters of
09/10 and 10/11 both reach their peak in late December.
Taking a 30 day average of the observations and subtracting
from the time mean observational values, the anomalous
Ekman component contributes 52 % of the first AMOC
minimum and around 80 % of the second. Both simulations
(ORCA12 and VN206) agree well with the observations for
the first event (55 and 51 % respectively). For the second
event the Ekman component contributes 50 % (ORCA12)
and 46 % (VN206) for the two simulations. An observed
negative anomaly in the UMO transport, which began early
in 2009 and was associated with a partial shift of the circu-
lation from the deep overturning to the upper gyre circula-
tion, was found to contribute significantly to the minimum
event of 2009/10 (McCarthy et al. 2012). To establish how
well the UMO anomaly is represented by the simulations
we compute the accumulated UMO transport anomaly in
the manner of Bryden et al. (2014) (Fig. 1¢). The accumu-
lated transport anomaly is the cumulative summation of
UMO anomalies from April 2004 (the start of the observa-
tional period) to the end of the simulations/observations.
Presenting the anomalies in this way emphasises anomalies
of a consistent sign, whilst reducing the visual effect of dif-
ferences in the timing of short term variability between the
simulations and observations. It indicates that the models
also capture around two thirds of the anomalous transport
associated with the UMO.

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

3.2 Historical analogues

The array measurements only extend back as far as 2004,
but our ocean models are typically forced with atmospheric
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Fig. 2 Composite (monthly mean) of detrended time series with
mean seasonal cycle removed for the years 1959-2001 from the
5 ORCAO025 hindcasts. AMOC (Top), FST (upper middle), GEO
(lower middle) and EKM (bottom). Blue lines denote +/— 2 standard

observations from as early as 1958. Since we have confi-
dence that NEMO ORCA is able to reproduce events such as
the ones observed in 2009/10 given only surface forcing, we
can examine the time series of the AMOC from our ensem-
ble of historical model runs for examples of similar events.

We construct a composite of the AMOC anomalies (¥')
from the five eddy permitting hindcasts that span the time
period 1958-2001 by removing the linear trend from each
ensemble member and then removing the seasonal cycle.
The AMOC anomalies are then averaged to produce the
ensemble mean (Fig. 2). This composite reveals several
strongly negative events, some substantially in excess of
2 standard deviations from the mean. There is a strong
negative event in 1962/63, one in 1980/81 and another
in 1983/84. There is also a minimum in 1986/87 with a
duration of 3—4 months. We can also identify two pairs of
events, one pair in 1968/69 and 1969/70, and another pair
in 1977/78 and 1978/79. One further example in the time
series which may also be a weaker analogue of the 2009/10
event occurs during 1996/97 and 1997/98. The event in the
winter of 1996/97 occurs slightly later (around March) than
other events in the time series (typically January-February).
It coincides with an anomalously strong northward Ekman
transport anomaly in February, which we suggest is likely
to have reduced the impact and altered the timing of the
negative event.

T T T —
1980 1985 1990 1995 2000

deviations for each component. Grey underlay denotes the ensemble
spread for each month. Units are Sv. The events discussed in the text
are indicated using vertical grey bars

From the observed events we know that a large fraction
of the minimum arises from the Ekman component [Fig. 1,
and also McCarthy et al. (2012)], and the high correlation
between the Ekman component and the AMOC (0.87) can
be seen in Fig. 2a, d. It is worth noting that the ensemble
spread for the Ekman component is very small, which is
a reflection of the similarities among the forcing datasets
and how strongly the Ekman component is controlled by
the surface forcing. Whilst variability of the Ekman compo-
nent is the largest single contributor, it does not explain all
of the variability in the AMOC. The value of two standard
deviations in the AMOC is 4 Sv. Two standard deviations
of the Ekman component alone is 2.7 Sv, whilst the vari-
ability associated with the other components combined is
slightly higher than this at 2.95 Sv. However, we note that
for months which exhibit a negative AMOC anomaly of
greater than 2 standard deviations, we find that on average
the Ekman component contributes 62 % of the anomaly.
Some interaction between the FS transport and the geos-
trophic transport can also be seen in Fig. 2b, ¢, which have
a correlation of —0.55. This is partly attributable to the
inclusion of the FS compensation in the UMO transport,
and partly to variation in the path of the Gulf Stream, with
some fraction of the transport occasionally passing to the
east of the Bahamas instead of through the FS. This may be
an artefact of the model resolution. The ensemble spread is
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Fig. 3 Composite (monthly
mean) of the AMOC with
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large for the FS transport and the geostrophic transport, and
this reflects the differences in timings of short timescale
chaotic events (e.g. mesoscale ocean eddies, Gulf Stream
meanders), which account for about 30 % of the total
AMOC variability (Hirschi et al. 2013).

The distribution of extreme AMOC events is asymmet-
ric. There are only two positive anomalies stronger than
6 Sv, one in 1984 and one in 1994, both of which coincide
with strong positive anomalies in the Ekman transport. In
contrast there are 6 negative events which exceed 6 Sv.
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1978 1979
However, the time series is too short and there are insuf-
ficient events to say whether this is statistically significant.

3.3 Latitudinal characteristics

We compute the anomalies of the AMOC for the ensem-
ble mean as a function of latitude and time (Fig. 3), reveal-
ing that the anomalies in the AMOC are short (order
1-2 months) at all latitudes. It is also interesting to note
that the anomalies, both of positive and negative sign,
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Fig. 5 Sequence of images showing the spatial pattern of zonal
wind stress anomalies (Nm™2) over the N. Atlantic (left) at the time
indicated by the vertical thick black line on the Hovmoller diagram
(right). The Hovmoller diagram depicts the anomalous Ekman trans-
port for the winter of 2010/11 (Fig. 3b). Horizontal black lines inter-
sect the vertical thick black line at the —2 Sv contour interval, and
extend across the panels on the left to indicate the meridional extent
of the wind stress anomaly. The data plotted here are 5 day mean val-
ues from simulation VN206, smoothed using a 15 day Parzen filter

predominantly occur during the boreal winter months. This
reflects the much greater variability in northern hemisphere
atmospheric circulation during the winter months, whilst
the summers are more stable and therefore less likely to
give rise to extreme anomalies. Anomalies are more fre-
quent near the Equator and around 40°N where the Gulf
Stream separates from the coast and becomes more zonal,
and are typically confined to smaller latitudinal extents as

would be expected for anomalies which arise due to the
presence of strong eddy or wave activity. There are several
anomalies which have a much greater latitudinal extent,
from near the Equator to 50°N.

Expanding the time axis around a region of interest,
such as the strong minima events observed during the win-
ters of 1977/78 and 1978/79 (Fig. 3b) shows that many of
the anomalies propagate poleward, covering 50° of lati-
tude in 1-2 months. Anomalies start near the Equator in
December/January and reach 40-50°N by March/April.
The similarity between the Ekman component (Fig. 4) and
the AMOC (Fig. 3) indicates that the propagation is a pole-
ward shift of the Ekman anomaly caused by meridionally
propagating anomalies in the mean surface wind field. This
characteristic is not specifically associated with the extreme
anomalies. It also occurs in other years, typically during the
winter months.

To further examine the northward propagation of the
AMOC anomalies we examine in detail the anomalous
Ekman transport from recent winter 2010/11. Figure 5
illustrates how the zonal wind stress anomalies over the
North Atlantic change over time by stepping through
35 days which cover the northward propagation of this
anomaly. A positive anomaly, corresponding to a weaken-
ing of the easterly winds, forms and begins to strengthen
over the western half of the Atlantic basin between 15
and 35°N in mid December. Positive (i.e. westerly)
anomalies north of the Equator result in an anomalous
southward Ekman transport. The positive anomaly inten-
sifies over the next 10 days and begins to propagate north
and spread across the basin. By early January the anom-
aly is located between 26 and 45°N, and by mid Janu-
ary it begins to weaken, the sourthernmost part of the
anomaly weakening first. The AMOC anomaly associated
with this anomalous wind stress can exceed —12 Sv for a
5 day mean.

3.4 Atmospheric and SST conditions

One of the most prominent atmospheric features in the
North Atlantic sector is the North Atlantic Oscillation
(NAO). The NAO is an important mode of climate vari-
ability which influences the climate over the North Atlan-
tic and much of northern Europe, particularly during the
winter months. The NAO can be represented by an index,
and the one we use is computed from winter (DJFM)
differences between the normalised SLP measured at
Lisbon, Portugal and Stykkisholmur, Iceland (Fig. 6a,
Hurrell 1995; NCAR 2012a). When the NAO index is
negative the corresponding SLP anomalies (low over
Azores, high over Iceland) drive a southward excursion
of the core of the jet stream, which brings with it cold
European winters (Luo et al. 2010). The low frequency
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Fig. 6 Time series of a the
winter (DJFM) NAO index, and
b the winter (DJFM) AO index
(Hurrell 1995; NCAR 2012a).
The events discussed in the

text are indicated with * (pair
events) and + (single events)

1950 1960
(b)3 .
2 -
1k
0 1

i

Wﬂuﬂﬂuﬂ_ T

mode of variability which appears in the AMOC anoma-
lies (Fig. 3) is positively correlated (0.65) with the win-
ter NAO variability (Fig. 6a). The winter mean NAO
index is predominantly negative between 1950 and
1980 and then transitions to being predominantly posi-
tive from 1980 to 2000. The ocean is thought to influ-
ence the low frequency component of the NAO (Bel-
lucci et al. 2008; Marshall et al. 2000; D’ Andrea et al.
2005; Gastineau et al. 2013; Ciasto et al. 2011; Sevellec
and Fedorov 2013). A recent study by Sonnewald et al.
(2013) indicates that upper ocean heat content variabil-
ity in the North Atlantic is dominated by the ocean heat
transport on longer than seasonal timescales. This is sup-
ported by an observation based study which examines the
ocean heat content, SST and surface fluxes associated
with the events of 2009—2011, and finds that reduction
in the strength of the AMOC was primarily responsible
for the observed anomalous heat content (Bryden et al.
2014). Potential predictability of the AMOC can account
for forecast skill of North Atlantic SST, particularly for
the subpolar gyre (see Hermanson et al. (2014) and ref-
erences therein). Together, this increasing body of litera-
ture supports the idea that the ocean is an important con-
tributor to low frequency atmospheric variability.
Examining first the most recent events, the winters of
2009/10 and 2010/11 both exhibited a strongly negative
NAO index, with December 2010 recording the second
lowest NAO index (—4.62) since records began in 1825
(Osborn 2011). Spatial plots of the winter mean SLP for
the winters of 2009/10 and 2010/11 (Fig. 7e, f) show that
these winters, that of 2009/10 in particular, bear the char-
acteristics of a negative Arctic oscillation (AO) pattern with
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a pronounced anomaly in the N. Atlantic sector and over
Russia. The AO is another pattern of atmospheric vari-
ability closely related to the NAO (Fig. 6b), and is derived
using the first principle component of winter (DJFM) SLP
anomalies poleward of 20°N (NCAR 2012b). However,
whilst the two indices are closely related, strongly nega-
tive AO years do not necessarily coincide with a strongly
negative NAO. The NAO is considered by some to be a
regional expression of the AO (see e.g. Thompson and
Wallace 2000), and Wallace (2000) suggested that they
can be considered manifestations of the same basic phe-
nomenon. February 2010 recorded the lowest AO index
(—4.266) since reliable records began in 1950 (L'Heureux
et al. 2010; NOAA 2013). Similar spatial plots for the win-
ters of the other pairs of events in 1968/69—1969/70 and
1977/78—1978/79 reveal that the winters of the first year of
the pair all exhibit similar strong negative AO conditions.
The anomaly patterns, particularly over the North Atlan-
tic sector, are seen in each case to persist in the following
winter.

In comparison if we examine the winter mean SLP for
three winters in which strong individual AMOC anomaly
events occur (1962/63, 1980/81, 1987/88) the anomaly pat-
tern is not consistent (Fig. 8). For the winter of 1962/63 a
strong negative NAO event occurs, but for the winters of
1980/81 and 1987/88 the anomalies indicate a negative
Atlantic ridge (AR) weather pattern. The subsequent win-
ters do not retain the same SLP anomaly pattern over the N.
Atlantic sector. The winter of 1963/64 exhibits a negative
AR pattern, whilst 1981/82 shows a similarly strong posi-
tive occurence of the AR pattern. The winter of 1988/89
exhibits a weak negative NAO pattern.
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Fig. 7 Winter mean sea level pressure anomalies calculated from the
NCEP/NCAR reanalysis dataset for years in which a pair of AMOC
minima are seen in consecutive winters. Events shown are 1969/70

Examining SAT anomalies for 1968/69—-1969/70,
1977/78-1978/79 and 2009/10-2010/11 reveals a wide-
spread cool anomaly across much of Siberia for the winters
of the pairs of events (Fig. 9). For the years associated with
single events cool anomalies are weaker and located over
Europe (Fig. 10). The temperature anomalies associated
with the pairs of events also show the tendency to persist
for the following winter. This is most pronounced for the
winters of 2009/10 and 2010/11 where the cold anomalies
over Eurasia and North America occur mainly over the
same regions. For the other two pairs of events the largest
anomalies in the 2 m air temperature vary in location from
one year to the next. For the 1968/69-1969/70 pair the first
event coincided with exceptionally low temperatures over
Siberia (e.g. Hirschi and Sinha 2007), whilst anomalies
were small over Europe. During the second event in con-
trast the coldest anomalies occurred over Northwestern
Europe. A large variability in the temperature distribution

(top), 1978/79 (middle), and 2010/11 (bottom). The winter of the first
year is shown on the left and for the following year on the right

in different NAO negative winters is consistent with earlier
studies (e.g. Heape et al. 2013).

Taws et al. (2011) present evidence that SST anomaly
patterns in the North Atlantic during the winter of 2010/11
arose from the re-emergence of a remnant tripole pattern
of SST anomalies formed during the winter of 2009/2010
(Fig. 11). The anomaly pattern is characterised by a trip-
ole of warm anomalies in and around the Labrador Sea,
cold anomalies which extend across much of the North
Atlantic from around 25 to 50°N, and a warm anomaly
south of 25°N. The SST anomalies for January and Feb-
ruary of 2010 (not shown) are similar in amplitude and
spatial pattern to March. Re-emergence of temperature
anomalies provides a mechanism by which anomalous
SST conditions can persist from one winter to the next
(Alexander and Deser 1995). A recent paper by Buchan
et al. (2014) examines the response of a coupled climate
model to the inclusion of SST anomalies observed during
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Fig. 8 Winter mean sea level pressure anomalies calculated from the
NCEP/NCAR reanalysis dataset for years in which a single minima is
seen. Events shown are the winters of 1962/63 (top), 1980/81 (mid-

the years of 2009 and 2010. The inclusion of the anoma-
lies is shown to result in a statistically significant negative
shift of the NAO in the model, supporting the idea that re-
emergence of an SST anomaly pattern may influence the
atmosphere and contribute to the necessary conditions for
persistence of negative NAO conditions and extreme cold
winter weather over northwest Europe. An earlier study
by Cassou et al. (2007) also found the SST anomaly pat-
tern associated with re-emergence led to an atmospheric
circulation which resembled the one from the previous
winter.

The atmospheric conditions during the winters of
1968/69 and 1977/78 were similar to those experienced in
the winter of 2009/10, with the NAO and AO indices in an
extreme negative state (Fig. 6). Taws (2013) examined SST
fields from EN3 for evidence of previous re-emergence sig-
natures. Figure 12a shows lagged pattern correlations ref-
erenced to March (March through to April of the following
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dle), and 1986/87 (bottom). The winter of this year is shown on the
left and for the following year when no AMOC minima is seen on the
right

year) of SST anomalies for the North Atlantic computed
from EN3 (Ingleby and Huddleston 2007). It shows that
both March 2010 and the following winter and March 1969
and the following winter exhibited higher levels of correla-
tion (between 1 and 2 standard deviations of the 1960-2011
period) between subsequent winters, and the similarity of
the timing and strength of the correlation suggests that both
periods experienced re-emergence events. March of 1978
and the following winter show no significant increased
correlation, suggesting that re-emergence did not occur
during this period. None of the other years show a strong
indication of re-emergence. Figure 12b is equivalent to 12a,
but instead shows a composite of the lagged pattern cor-
relations computed from SST anomalies in the ensemble
of ORCAO025 models. The models also show significantly
higher correlations between the winter months of 1968 and
1969, in this case between 2 and 3 standard deviations,
indicating that there was a re-emergence event. The model
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Fig. 9 Winter mean surface air temperature anomalies calculated
from the NCEP/NCAR reanalysis dataset for years in which a pair
of AMOC minima are seen in consecutive winters. Events shown are

ensemble also found no significant correlation between
March 1978 and the following winter, indicating that this
period did not experience a re-emergence event.

To further examine the strong indicators of reemer-
gence for 1968/69 we plot surface and subsurface tem-
perature anomalies for the region 5-65°N, 80-10°W. An
SST anomaly pattern similar in amplitude and distribution
to the one presented in Fig. 11 is present in March 1969
(Fig. 13a). After persistent AO negative atmospheric con-
ditions over the winter months this anomaly is coherent
down to the base of the winter mixed layer (Fig. 13d). The
pattern continues to persist into September at the winter
mean mixed layer depth, below the shallow summer mixed
layer (Fig. 13e), and through to January of 1970 (Fig. 13f),
where the seasonal mixing returns the anomaly to the sur-
face (Fig. 13c). The SST anomaly in September of 1969
(Fig. 13 b) is uncorrelated with the SST anomaly present in
March 1969 (see Fig. 12b).

1969/70 (top), 1978/19 (middle), and 2010/11 (bottom). The winter
of the first year is shown on the /eft and for the following year on the
right

The mechanism of re-emergence, whereby temperature
anomalies formed in the deep winter mixed layer are trapped
subsurface by the shallow summer mixed layer and then re-
entrained into the mixed layer during the onset of the fol-
lowing winter occurs annually. However, in order to provide
a memory to the atmosphere a strong and coherent SST
anomaly pattern must form during the first winter. A strong
negative AO or NAO state which is persistent throughout
the winter would facilitate this. There are a number of indi-
vidual AMOC minima events which occur in the composite
time series (Fig. 2), some of which are associated with nega-
tive NAO states, some of which are not. A possible explana-
tion for why re-emergence events only occurred during strong
negative AO states is that these events are consistently stable
over the North Atlantic sector throughout winter (December
to March). To examine this we construct a time series of the
maximum monthly NAO index occurring during the win-
ter months (DJFM). The mean and standard deviation of this
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1962/1963

1963/1964

Fig. 10 Winter mean surface air temperature anomalies calculated
from the NCEP/NCAR reanalysis dataset for years in which a sin-
gle minima is seen. Events shown are the winters of 1962/63 (fop),
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Fig. 11 March 2010 SST anomalies obtained from the NOAA OI
dataset
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1980/81 (middle), and 1986/87 (bottom). The winter of this year is
shown on the left and for the following year when no AMOC minima
is seen on the right

time series are 1.7 and 1.22 respectively. For the 1968/69 and
2009/10 winters the maximum monthly mean NAO index
reached during winter was —1.4 and —1.5 respectively, around
2.5 standard deviations lower than the mean winter maximum.
The maximum NAO index during winter of 1977/78 was also
anomalously low at —0.5, 1.75 standard deviations below the
mean. The winter maximum NAO index for the three individ-
ual events examined (1962/63, 1980/81 and 1987/88) were all
within 0.5 standard deviations of the mean.

Interestingly the responses in the AMOC are stronger for
1978/79 than for 1969/70, indicating that processes other than
re-emergence might be important for providing memory to
the atmosphere from one winter to the next, resulting in the
wind stress anomalies which provide the Ekman anomaly in
two consecutive winters. Of course it is also possible that two
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Fig. 12 One-year pattern correlation function for North Atlantic
SSTAs (5°N-65°N, 80-10°W). a Shows correlations from EN3 from
March 2010-March 2011 (green), March 1969-March 1970 (blue),
March 1978-March 1979 (red), and a 50-year (1960-2011) aver-
age (black). b Shows the equivalent from the five simulations which
comprise the NEMO ORCA025 ensemble. March 1969-March 1970
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(blue) and March 1978-March 1979 (red) are shown. The lighter
underlay for each line shows the range of the ensemble. The aster-
isks on the blue curve indicate the dates in 1969/70 which are pre-
sented in Fig. 13. For both panels the grey shading denotes the range
(2 standard deviations) of correlation found in the a 1960-2011 and b
1958-2001 periods

()
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60

60
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Fig. 13 Evolution of temperature anomalies from March 1969 to
January 1970. SST anomalies (fop row) and temperature anomalies
at the base of the winter mixed layer (bottom row) from simulation

consecutive events occur by chance, and that no processes for
providing memory from one winter to the next are involved.
4 Summary and discussion

In light of the anomalous minima events recorded in the
AMOC for the winters of 2009/10 and 2010/11 by the 26°N

N102 are shown for March 1969 (left column), September 1969 (mid-
dle column) and January 1970 (right column). Data are low pass fil-
tered and then a mean seasonal cycle is removed

array (McCarthy et al. 2012) we employ an ensemble com-
prising five 1/4° ocean model realisations to investigate how
frequently these events have occurred in the past, and in par-
ticular whether there are mechanisms which might give rise
to multiple events occurring in consecutive winters.

We first make comparisons between two model integra-
tions (one 1/4° and one 1/12°) which cover the period for
which we have observations and determine that the NEMO
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ORCA ocean model is able to adequately reproduce the inter-
annual variability of the AMOC captured by the mooring
array, as well as the timing and amplitude of the anomalously
strong minima which occur during the winters of 2009/10 and
2010/11. The model is not able to capture all of the variability
seen in the observations, and we do not expect it to given that
around 30 % of the variability is chaotic (Hirschi et al. 2013).
The modelled amplitudes of the 2009/10 and 2010/11 events
are slightly lower than observed, but 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 1958 we have identified a number of events for
which a strong reduction of the AMOC transport occurred.
In some cases (e.g. 1962) these are individual events, but
we also identify two pairs of events which occur in consec-
utive years during 1969/70 and 1978/79, which are histori-
cal analogues of the recently observed events. A possible
third weaker analogue occurred in 1997/98.

We compare boreal winter atmospheric conditions for
the years during which extreme negative anomalies in the
AMOC were observed. The AMOC minimum event which
occurred in the winter of 1962 coincides with an extended
period of negative NAO, but no significant AO index. Other
examples of individual events such as in 1981 and 1990 do
not coincide with negative NAO states. In fact 1990 corre-
sponds to one of the strongest positive AO and NAO indi-
ces for the period we examine. The pairs of events identi-
fied in 1969/70, 1978/79 and 2010/11 are all associated with
strong negative AO indices, with particularly strong SLP
patterns over the North Atlantic sector, and corresponding
with strongly negative NAO indices. The event in the win-
ter of 2009/10 coincides with one of the strongest negative
values of the NAO index since records began in 1860, and
there is evidence that the re-emergence mechanism con-
tributed to persistence of the SST anomalies (Taws et al.
2011), and to the renewed development of negative NAO
conditions (Buchan et al. 2014). We show here that the
events of 1968/69 are also connected to an occurrence of re-
emergence, but the equally strong, if not stronger, AMOC
minima seen in 1978/79 are not linked to a re-emergence of
SST anomalies. SAT anomalies for all 3 events in 1969/70,
1978/79 and 2010/11 show a strong negative anomaly
which covers much of Siberia, and other studies suggest
that mechanisms related to sea ice cover over the Arctic and
North Atlantic (e.g. Deser et al. (2007)) or to snow cover
and thickness over Eurasia (Peings et al. 2012; Fletcher
et al. 2009; Gong et al. 2004, 2003) may provide memory to
the atmosphere which allows the negative NAO conditions
over the North Atlantic sector to persist.

The minimum of the events frequently coincides with
anomalously strong southward Ekman transport, which
constitutes around half of the anomaly. We find that the
simulations also capture a substantial amount of the low
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frequency variability of the UMO transport, indicating that
this signal is also surface forced. It may be Sverdrup trans-
port (Duchez et al. 2014b) or related to other mechanisms
such as a lagged ocean response to the surface forcing
such as the one described by Sinha et al. (2013), whereby
changes in windstress influence ocean transport through
adjustments of the vertical velocity and vortex stretch-
ing. Some of the model runs respond strongly for a given
event whilst others show weaker responses, indicating that
the events are not purely a response to the surface forcing
but that there is some dependence on the ocean state or that
ocean physics may affect the strength or timing of the non-
Ekman component of the anomalies. For example, a study
which compared two of the simulations used here (N102
and N112) found that up to 30 % of the total variability
of the AMOC is attributable to chaotic processes such as
mesoscale eddies and internal and planetary waves (Hirschi
et al. 2013). Bryden et al. (2014) examine the 2009/10
event and conclude that some of the observed reduction
is due to modes of ocean variability which are not associ-
ated with recent atmospheric forcing. Understanding these
modes of variability could lead to improvements in the
model representation of such events.

An interesting implication of the association of the
extreme negative events with negative AO patterns and the
re-emergence of SST anomalies is that it may be possible
to predict the onset of negative NAO conditions and a sec-
ond consecutive AMOC minimum (Maidens et al. 2013).
There may also be scope for improved prediction of the
AMOC for a third consecutive winter, since the anomaly
composite reveals that there are no cases since 1958 where
we find three or more consecutive extreme negative events.
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Appendix: Decomposition of the AMOC
Ocean models typically output the northward velocity for

each grid box, which allows us to exactly compute the
AMOC (¥) in the model, i.e.

0 rxe
¥ (y,2) =/ / vx,y,2)  dxd. (1
Z Xw


http://www.noc.soton.ac.uk/rapidmoc
http://www.noc.soton.ac.uk/rapidmoc
http://www.esrl.noaa.gov/psd/
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In order to make comparisons with the observations taken
at 26°N we may also compute components of the transport
corresponding to those measured by the 26°N observing
array, namely the Florida Straits transport, Yrsr, the geo-
strophic (or thermal wind) transport, ¥, and the Ekman
transport, Yem-

WEst is computed by integrating the meridional velocity,
v, through the Florida Straits (between Florida, x,,, and the
Bahamas, xpp,), and from the maximum depth of the Florida
Straits Hp to the surface,
7' is a dummy integration variable. ¥,,,, the baroclinic geo-

0 pxpn
Yrst = / / v(x,Z')  dxdZ. )
HF Xw

strophic component arising from zonal density gradients
across the Atlantic basin is

0 rxe
lpgeo(Z) = / / (Vgeo - ‘_)cump) dXdZ/, 3)
z JxBn
where vge, and Veopy, are
g [+ 9
> = - . d
Vgeo(x 2) o f e ax < “4)
and
1 0
Ve 5 = T < e\ 5 ' d ' v
Vwmp(x 2) H(x) ,/—H(x) ng(x Z) Z + VFST (®)]

respectively, x, is the easternmost extent of the Atlantic (i.e.
Africa), H(x) is the maximum depth of the basin as a func-
tion of longitude, g being the Earth’s gravitational accelera-
tion, p the in-situ density, f the Coriolis parameter, and p* a
reference density. vgsr is

_ Yrst
VEST = — (©)
with A being the cross-sectional area of the Atlantic basin
east of the Bahamas.

We define W,,,, the Ekman (wind driven) component,
here as a function of latitude and depth compensated by a
section mean return flow to ensure no net transport,

Z Xe
l’[/ekm(ys 2) = / / (Vekm — Vekm) dXdZ/a 7)
—Hypax () 7 X

where vk, and Vg, are

1 Ye
Vekm = _m ‘/xw Tedx )
and
_ 1 e
o = =g ] g

respectively, L being the basin width, A, the Ekman depth,
and H,;,4,(y) the latitudinally dependent maximum depth of
the basin. The Ekman depth, A,, which defines the base of
the Ekman layer in which the wind driven transport occurs
we chose to be 100 m. The choice of A, does not strongly
affect the resulting overturning profile. Note that the com-
pensation term associated with the Ekman transport could
equally be added to Vcomp, but that it will be small com-
pared with the other terms.

Therefore at 26.5°N the AMOC transport can be consid-
ered as the sum of these components plus a residual term,
lpres,

¥ = Wpst + wgeo + Wetm + Wres- (10)

where ¥, can be obtained by rearranging Eq. (10). If aver-
aged over a time longer than a few cycles of the local iner-
tial period the residual term is small (order 1 Sv), and can
be ignored. It should be noted, however, that this term can
dominate the AMOC variability at near-inertial time scales
(Blaker et al. 2012; Sevellec et al. 2013).
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