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ABSTRACT

Decadal prediction experiments were conducted as part of phase 5 of the Coupled Model Intercomparison
Project (CMIPS5) using the GFDL Climate Model, version 2.1 (CM2.1) forecast system. The abrupt warming of
the North Atlantic Subpolar Gyre (SPG) that was observed in the mid-1990s is considered as a case study to
evaluate forecast capabilities and better understand the reasons for the observed changes. Initializing the CM2.1
coupled system produces high skill in retrospectively predicting the mid-1990s shift, which is not captured by the
uninitialized forecasts. All the hindcasts initialized in the early 1990s show a warming of the SPG; however, only
the ensemble-mean hindcasts initialized in 1995 and 1996 are able to reproduce the observed abrupt warming
and the associated decrease and contraction of the SPG. Examination of the physical mechanisms responsible
for the successful retrospective predictions indicates that initializing the ocean is key to predicting the mid-1990s
warming. The successful initialized forecasts show an increased Atlantic meridional overturning circulation and
North Atlantic Current transport, which drive an increased advection of warm saline subtropical waters
northward, leading to a westward shift of the subpolar front and, subsequently, a warming and spindown of the
SPG. Significant seasonal climate impacts are predicted as the SPG warms, including a reduced sea ice con-
centration over the Arctic, an enhanced warming over the central United States during summer and fall, and
anorthward shift of the mean ITCZ. These climate anomalies are similar to those observed during a warm phase
of the Atlantic multidecadal oscillation, which is encouraging for future predictions of North Atlantic climate.

1. Introduction

The increased demand for short-term climate pro-
jections on spatial scales that are relevant for societal
applications has spurred considerable research in the
field of decadal climate prediction. Decadal climate vari-
ations arise as the result of externally forced and natural
fluctuations, both of which are potential sources of pre-
dictability. The attempt to predict the externally forced
climate change signal has motivated the numerous ex-
periments performed in support of the Intergovernmental

# Current affiliation: Kongju National University, Gongju, South
Korea.

Corresponding author address: Rym Msadek, NOAA/GFDL,
201 Forrestal Road, Princeton, NJ 08540.
E-mail: rym.msadek@noaa.gov

DOI: 10.1175/JCLI-D-13-00476.1

© 2014 American Meteorological Society

Panel on Climate Change (IPCC) since the early 1990s.
In these experiments, coupled climate models were
forced with historical and projected changes in external
forcing (e.g., greenhouse gases, aerosols, and volcanoes)
with the goal of projecting future climate changes and
understanding their mechanisms in response to this
forcing. These experiments did not explicitly attempt to
predict the additional component of climate change that
arises from natural variability, as such predictions re-
quired initializing the climate models with observations
(Meehl et al. 2009). The ocean, with its large-scale inertia
and its low-frequency variations, has long been considered
an integrator of high-frequency atmospheric fluctua-
tions (Frankignoul and Hasselmann 1977), thus providing
memory and a potential source of predictability to
the whole climate system (Griffies and Bryan 1997).
Regions where natural variability is large with respect
to forced changes have been highlighted as regions of
high potential predictability (Boer 2004, 2011). These
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include the North Atlantic, North Pacific, and Southern
Oceans.

Initial studies carried out by individual models have
shown promising improvements arising from initializing
the ocean (Smith et al. 2007; Keenlyside et al. 2008). This
motivated the recent phase 5 of the Coupled Model
Intercomparison Project (CMIPS5) coordinated decadal
prediction experiments, in which a number of climate
models were initialized using observed estimates, with
the goal of predicting some oceanic-driven internal vari-
ability as well as externally forced changes (Mehta et al.
2011; Taylor et al. 2012). A number of studies have al-
ready documented the results of these experiments,
showing globally modest additional skill arising from
initialization (Mochizuki et al. 2012; van Oldenborgh
et al. 2012; Doblas-Reyes et al. 2011; Garcia-Serrano
et al. 2012; Goddard et al. 2013; Meehl et al. 2014). In
most regions, large correlations arise from predicting the
long-term trend, which is largest in the Indian Ocean
(Guemas et al. 2013). Some skill in predicting natural
fluctuations in the North Pacific has also been outlined in
some models (Mochizuki et al. 2010), but the robustness
of these results remains uncertain. The North Atlantic, in
contrast, stands out as a region where correlations are
improved also because of initial conditions (Yang et al.
2013; Hazeleger et al. 2013; Wouters et al. 2013; Meehl
et al. 2014) with, in particular, some skill in predicting
variations associated with the Atlantic multidecadal sea
surface temperature variability (AMV). A multimodel
analysis, part of the Ensemble-Based Predictions of Cli-
mate Changes and their Impacts (ENSEMBLES) pro-
ject, indicates that the improved skill in AMV likely
results from initializing the North Atlantic Subpolar Gyre
(SPG), whereas the overall AMYV skill is being degraded
by the limited skill in predicting Atlantic variations in the
subtropics (Garcia-Serrano et al. 2012). This is consistent
with a number of studies that point to the North Atlantic
SPG as a region where internal variability is the main
driver of decadal fluctuations (Lozier et al. 2008; Ting
et al. 2009; Terray 2012).

A strong warming of the North Atlantic SPG was
observed in the mid-1990s, with surface temperatures
increasing by more than 1°C in less than five years
(Robson et al. 2012a). Observations also reveal a weak-
ening and a westward contraction of the SPG as the
North Atlantic Oscillation (NAO) switched from a pos-
itive to a negative phase in the mid-1990s (Bersch 2002;
Flatau et al. 2003; Hikkinen and Rhines 2004; Bersch
2007; Lozier et al. 2008). Abrupt changes in northeast-
ern Atlantic marine ecosystems have been observed
following the decline and change of shape of the SPG
(Hatdn et al. 2005, 2009). Predicting such a climatic
event even a few years in advance would be of high
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interest for fishing activities in the area (Keyl and Wolff
2008; Stock et al. 2011). Two hypotheses are discussed in
Robson et al. (2012a) for the mid-1990s warming that we
also consider in the present study. First, it has been
suggested that internal multidecadal variability was
a possible driver of this decline (Boning et al. 2006), with
little influence from external forcing, which is consistent
with the lack of abrupt SPG changes in the coupled sim-
ulations forced by increased greenhouse gases (Yeager
et al. 2012; Robson et al. 2012b). A change in weather
regimes (Cassou et al. 2004), like the shift from a posi-
tive to a negative phase of the NAO that occurred
during the winter 1995/96, was also suggested to be
apossible driver of these oceanic changes, either directly
through air-sea fluxes or as a lagged response through
variations in the oceanic circulation (Lohmann et al.
2009a,b). Indeed, winters during which the NAO index
is positive are known to be associated with increased
westerlies across the SPG, resulting in larger heat loss in
the ocean, an increase in the gyre strength, and an east-
ward shift of the subpolar front (Curry and McCartney
2001; Hurrell 2003; Visbeck et al. 2003; Hatun et al. 2005;
Yashayaev 2007). However, repeated years of positive
NAO favor convective activity and deep-water formation
in the Labrador Sea, which can, in turn, enhance the
Atlantic meridional overturning circulation (AMOC). A
stronger AMOC is associated with a larger transport of
heat from the subtropics northward in the Atlantic (Johns
et al. 2011; Msadek et al. 2013). Therefore, a sustained
positive NAO could have driven a shift from an anoma-
lously cold to an anomalously warm SPG through dy-
namical oceanic changes, as shown by Lohmann et al.
(2009a) and Robson et al. (2012a). Such a mechanism, if
true, would mean that changes like those associated with
the 1995 warming would be predictable, if the ocean state
after a sustained positive NAO is imposed and the mod-
eled AMOC correctly responds to it. Another hypothesis
for the observed warming is the abrupt change of phase of
the NAO during the winter of 1995/96, from a positive to
a highly negative NAO, the latter being associated with an
anomalously warm SPG. In this scenario, the North At-
lantic abrupt warming would be an instantaneous re-
sponse to atmospheric changes and, hence, because of the
limited predictability of atmospheric variability beyond
a few days, the event would not be predictable in our
decadal experiments.

Recent studies by Lohmann et al. (2009a,b) and
Robson et al. (2012a) support the first hypothesis rather
than the latter. Robson et al. (2012a) suggested that the
unusually negative NAO index that occurred during the
winter of 1995/96 might have contributed to the rapidity
of the warming but was unlikely to be the fundamental
cause. The predictive skill of this North Atlantic abrupt
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warming event has been investigated by Robson et al.
(2012b) and Yeager et al. (2012) in the Met Office de-
cadal prediction system (DePreSys) and the National
Center for Atmospheric Research (NCAR) Community
Climate System Model, version 4 (CCSM4) decadal
prediction experiments, respectively. In both studies,
a warming of the SPG appeared in some of the retro-
spective predictions, referred to as hindcasts, initialized
in the early 1990s, albeit at a slower rate than observed,
which was explained in terms of a lack of skill to predict
the NAO itself. The predicted warming was attributed
to the enhanced meridional heat transport (MHT) as-
sociated with the intensified AMOC following the ini-
tialization. Yeager et al. (2012) argued that any of their
forecasts initialized between 1990 and 1995 would have
predicted the same warming, suggesting that the ocean
preconditioning was strong enough in the early 1990s to
drive the warming. However they did not test this hy-
pothesis, as only one experiment was conducted in the
1990s with a start date prior to the SPG warming (1991).
CMIP5 recommended that decadal predictions be con-
ducted every year to test the sensitivity to the oceanic
initial state. The predictions in Robson et al. (2012b)
were initialized every year, and the largest warming was
found in the 1994 DePreSys forecasts. The predictions
of the SPG warming described by Yeager et al. (2012)
and Robson et al. (2012b) show many similarities in
terms of mechanisms, including the key role of the
AMOC in driving the northward advection of warm
waters. However, some differences can be outlined be-
tween these two studies, which to our knowledge are the
only two that investigated in detail the predictive skill of
the mid-1990s SPG warming. In the DePreSys experi-
ments, the shift was due to a convergence of heat in the
SPG, whereas in CCSM4, it was interpreted, from a budget
analysis, as an imbalance between strong advection of heat
and surface heat flux cooling when the NAO changed sign.

Salinity variations can impact the upper-ocean den-
sity, the rate of deep-water formation and hence the
strength of the AMOC. Hazeleger et al. (2013) found
that North Atlantic surface salinity was highly predict-
able in the Thermohaline Overturning-at Risk? (THOR)
multimodel ensemble but skill was more limited and
more difficult to assess for depth-integrated salinity. The
role of salinity in the success of the mid-1990s SPG
warming predictions was not explored by Yeager et al.
(2012) and Robson et al. (2012b).

Although the mid-1990s warming of the North At-
lantic has been shown to be predictable a few years
ahead in the previous two studies, it is important to as-
sess whether this feature is robust across other pre-
diction systems. One would expect the magnitude and
timing of the North Atlantic predicted warming to
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depend on the model used to run the predictions, as well
as on the ocean initialization and details of the assimi-
lation scheme (Bellucci et al. 2013). Coupled models
show a large range in the mechanisms driving the fluctu-
ations of the AMOC on decadal time scales (Msadek
and Frankignoul 2009; Frankcombe et al. 2010; Kwon
and Frankignoul 2012; Escudier et al. 2013; Sévellec and
Fedorov 2013). The timing of the shift in the predictions
will therefore likely depend on the adjustment response
of the simulated AMOC to NAO forcing (Eden and
Willebrand 2001; Deshayes and Frankignoul 2008).

Significant climate impacts have been identified in
several coupled models in response to natural fluctua-
tions of the AMOC (Knight et al. 2006; Msadek et al.
2011), with anomalies that are comparable to those
driven by the AMV in observations (Sutton and Hodson
2005; Zhang and Delworth 2006). Robson et al. (2013)
compared the DePreSys hindcasts initialized before and
after the mid-1990s warming and identified significant
seasonal impacts over North America, western Europe,
and the tropical Atlantic region, with some similarities
to observations. Natural variations of the AMOC and
the AMYV in a long control simulation of the Geophysical
Fluid Dynamics Laboratory’s (GFDL) Climate Model,
version 2.1 (CM2.1) have also been linked to observed
changes in temperature and sea ice in the Arctic region
(Mahajan et al. 2011). This suggests that North Atlantic
changes like the SPG mid-1990s warming could have
impacted Arctic variability, a link that has not been in-
vestigated in previous predictability studies.

In this paper, we analyze the predictive skill of the mid-
1990s North Atlantic SPG warming using the GFDL
CM2.1 forecast system. Unlike other CMIPS5 predictions,
our forecast system is initialized using balanced initial
conditions from the Ensemble Coupled Data Assimila-
tion (ECDA) (Zhang et al. 2007; Chang et al. 2013) with
start dates every year. The model and experiments that
are used in this analysis are described in section 2. Results
of the initialized predictions of the mid-1990s SPG
changes are presented in section 3, followed by a de-
scription of the proposed mechanism that operates in the
GFDL CM2.1 initialized predictions (section 4). Signifi-
cant climate anomalies over the Arctic and North Atlantic
regions are found in the predictions that successfully
capture the abrupt warming, as presented in section 5.
Discussion and conclusions are given in section 6.

2. Description of the forecast model and
experiments
a. Design of the decadal prediction experiments

The GFDL decadal prediction experiments are based
on the GFDL CM2.1 (Delworth et al. 2006) and are
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initialized using the ECDA (Zhang et al. 2007; Chang
et al. 2013). ECDA is based on an ensemble adjustment
Kalman filter (Anderson 2001) applied to the fully
coupled climate model CM2.1 (Zhang et al. 2007), which
ensures a better-balanced initialization than if each
component of the climate system were using its own as-
similation system. Both atmospheric and oceanic com-
ponents are constrained by observations using a full-field
assimilation. The atmosphere is constrained by the NCEP
atmospheric analysis (Kalnay et al. 1996) and the ocean
assimilates observations of SST from satellite [optimum
interpolation SST (OISST)] and temperature and salinity
from the World Ocean Database 2009 (Boyer et al. 2009),
which includes profiles from expendable bathythermo-
graph temperature (XBT) and Argo profiles after year
2000. Systematic biases associated with the fall rate of
XBT are corrected following the method of Hanawa et al.
(1995) and Kizu et al. (2005), as described in more detail
in Chang et al. (2013). Because salinity data are sparser
than temperature data, ECDA uses pseudosalinity ob-
tained from the temperature-salinity (7-S) relationship,
using XBT data down to 500-700m and altimetry in-
formation (Chang et al. 2011a,b). The altimetry sea sur-
face height (SSH) information is partially used for
the generation of pseudosalinity profiles (Chang et al.
2011a,b) but is not directly assimilated to the current
ECDA system. ECDA includes Argo profiles since their
advent in the early 2000s, which provide observations of
the global ocean over the upper 2000 m (Roemmich and
Gilson 2009), offering the potential to initialize ocean
heat and density anomalies.

Ten-member ensembles are initialized on 1 January of
every year between 1961 and 2012 and run for 10 years
(giving a total of 5200 model years). The ensemble size
of ECDA is 12. We focus on annual means in this paper;
hence, year 1 (or lead 1 yr) of the prediction corresponds
to the January-December mean following the initiali-
zation. For 1961-2005, the model is forced with obser-
vationally based estimates of changing concentrations of
greenhouse gases and aerosols, land use changes, solar
irradiance variations, and volcanic aerosols. After 2005,
the model is forced with estimates of changing green-
house gases and aerosols based on the representative
concentration pathways (RCP4.5) scenario (Meinshausen
et al. 2011). In addition to these 10-member initialized
predictions, we run a 10-member ensemble of uninitialized
retrospective predictions (also referred to as projections or
forced experiments) using the same model and the same
radiative forcing as in the initialized experiments but with
no information about the observed initial state. These
simulations are intended to provide the forced response of
the climate system and are compared to the initialized
predictions to determine the impact of initialization.
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The global skill of these GFDL decadal prediction
experiments has been investigated in a companion paper
by Yang et al. (2013). Most of the decadal skill of CM2.1
in SST and ocean heat content (OHC) arises from the
climate response to radiative forcing with overall little
impact of initialization except in the North Atlantic and
Southern Oceans (Yang et al. 2013), which is in agree-
ment with other CMIP5 model experiments (Kim et al.
2012; Garcia-Serrano et al. 2012; Goddard et al. 2013;
Hazeleger et al. 2013). Yang et al. (2013) further showed
that the most predictable pattern on decadal time scales
in the Atlantic projects on a structure that resembles the
observed Atlantic multidecadal oscillation (AMO) or
AMYV pattern. Encouraging results for predicting trop-
ical Atlantic variations and, in particular, North Atlantic
hurricane frequency were also found in the CM2.1 de-
cadal prediction experiments (Vecchi et al. 2013). Here,
we use the same forecast suite to investigate the skill in
predicting the North Atlantic SPG warming that oc-
curred in the mid-1990s.

b. Lead-dependent climatology

While there are various ways to initialize climate
predictions, we can briefly describe two main procedures
that are most commonly used: the full-field initialization
and the anomaly initialization. Full-field initialization
brings the model state close to observations and, as
a consequence, the model then drifts toward its own
mean state, requiring the predictions to be bias adjusted
(Kumar et al. 2012; Goddard et al. 2013; Meehl et al.
2014). Anomaly initialization adds the anomalous com-
ponent of the observed state to the model climatology,
thereby minimizing the drift during the prediction. How-
ever, it produces mismatches between the observational
anomalies and the model climatology without fully
eliminating the drift (Robson 2010). The GFDL CM2.1
predictions use a full-field assimilation, which tends to
be favored by most modeling groups (Smith et al. 2013),
although a more systematic evaluation would be needed
to draw firm conclusions on which technique is best and
whether it has an impact on predictive skill. Following
the protocol suggested for CMIP5 (ICPO 2011), we take
the model’s systematic error into account by removing,
from each forecast, a lead-dependent climatology. We
build a climatology that depends on lead time by aver-
aging, for each lead time between 1 and 10 years, the
forecasts that verify in the years 1986-2005. For example,
a 1995 annual mean anomaly predicted at a 1-yr (2-yr)
lead has been initialized in January 1995 (1994), so the
anomaly is defined by subtracting from the first (second)
year of the prediction the 1986-2005 mean value pre-
dicted at the 1-yr (2-yr) lead. The model climatology is
computed by averaging all 10 ensemble members. The
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key impact of subtracting the lead-dependent climatology
is to remove the systematic bias that arises in the forecasts
as the model drifts toward its own mean state (Stockdale
1997). By defining a fixed climatology (1986-2005), we
make the assumption that the model drift does not de-
pend on the initialization period: that is, the systematic
drift does not depend on the changes to the climate ob-
serving system that have occurred in the last 50 years.
This is quite a strong assumption that could affect the
assessment of forecast skill (Kumar et al. 2012; Vecchi
et al. 2013).

3. Results

a. Forecast skill assessment for North Atlantic OHC
changes in the mid-1990s

Prior to 1995, the North Atlantic upper-ocean tem-
peratures were characterized by cold anomalies in the
SPG with respect to the 1961-90 mean and warm
anomalies in the subtropics (Fig. 1a). This dipolar pat-
tern turned into a uniform warming across the whole
North Atlantic basin after 1995, a warming that per-
sisted for more than a decade. The abrupt warming of
the North Atlantic upper ocean and the associated de-
cline of the SPG strength in the mid-1990s are quite well
reproduced in ECDA. This is expected, as observed
surface and subsurface temperatures have been assimi-
lated. Overall, as shown by Chang et al. (2013), the mean
and variability of upper-ocean heat content compare
well with other observational analyses (Levitus et al.
2005; Ingleby and Huddleston 2007; Levitus et al. 2009).
We will therefore use the ECDA reanalysis as our ob-
servational reference for North Atlantic upper-ocean
temperature and salinity and for the SPG strength index
(Fig. 1). Hereafter, we will refer to ocean heat content as
the potential temperature (°C), averaged over the upper
600m (the actual bottom cell boundary is 617 m, given
that we extract the depth level closest to 600 m with no
further interpolation). There is a thickening of Labrador
Sea mixed layer depth in ECDA between 1991 and 1995
as the NAO persists in its positive phase (not shown). As
a result, the SPG displays a gradual strengthening from
1970 onward, and then it strongly declines after 1995 as
the NAO reverses (Figs. 1b,c).

The mid-1990s warming of the SPG is retrospectively
well predicted by the 5-yr mean and 9-yr mean
ensemble-mean initialized predictions compared to the
uninitialized ones, although the predicted magnitude is
smaller than observed (Fig. 2). This results in a high
correlation skill in predicting SPG OHC anomalies
(Fig. 3). The SPG OHC time series is defined by the
OHC averaged over the region (50°-65°N, 60°-~10°W)
shown by a black box in Fig. 1a. The correlations reach
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0.89 at lead 2-6 and remain significant at the 95% level
up to lead 5-9 for the 5-yr mean and 2-10 for the 9-yr
mean (Fig. 3a). Significance is lost at lead 6-10, as we are
further from initial conditions, but it remains statistically
significant at the 90% level. The corresponding corre-
lations for the uninitialized predictions are all negative,
indicating a lack of skill (Fig. 3a). As some of the skill in
the initialized predictions likely arises from the persis-
tence of oceanic anomalies, a persistence forecast is
defined as a reference for each lead time. For example,
the persistence forecast for lead 2-6 is defined by aver-
aging the observed values over the 5 years that precede
the model’s initialization. Large correlations are found
for the persistence forecast at all lead times, which is
consistent with the finding of Branstator et al. (2012)
that the memory of the initial state of OHC could persist
for about a decade in the GFDL CM2.1 model.

In contrast, the uninitialized predictions show a de-
cline of SPG OHC anomalies starting in the mid-1990s,
along with a decline of salinity, a reduced AMOC, and
a weakening of the SPG (Fig. 4). The initial AMOC
decrease reduces the transport of warm and salty water
northward. The lack of salty water in the SPG reduces
density, which inhibits deep convection, further weak-
ening the AMOC and the North Atlantic Current
(NAC) transport (not shown). The uninitialized exper-
iments therefore show no skill in reproducing the SPG
OHC fluctuations during the late twentieth century,
suggesting that changes in external forcing were not the
primary driver of the observed warming in the mid-
1990s. A decrease of the AMOC was also found in the
uninitialized DePreSys experiments (Robson et al. 2012b),
but it happened in phase with a slow warming of the
SPG. This behavior (a warming of the SPG despite an
AMOC weakening) is also found in other CMIPS un-
initialized experiments (Cheng et al. 2013), suggesting
that while the AMOC response to external forcing
might be quite robust, the SPG heat content response is
not. The SPG response to external forcing in CM2.1 is
also different from the response of the whole North
Atlantic basin, which, unlike the SPG, warms in the
uninitialized predictions (not shown). This indicates that
caution should be taken when attributing observed
changes in the whole North Atlantic basin to one single
mechanism, as a basin average can hide complex gyre-
scale processes (Lozier et al. 2008; Williams et al. 2014).
In particular, area-averaged temperature anomalies like
the AMV SST index can hide different gyre-scale pro-
cesses that have different predictive skill (Garcia-
Serrano et al. 2012; Terray 2012).

While initialization clearly improves skill in the SPG
compared to the uninitialized projections, the large er-
ror bars associated with the correlations limit our ability
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FIG. 1. (a) OHC anomalies (°C) estimated from the ECDA observational estimate, averaged over the top 617 m of
the ocean: (left) the 1986-95 anomalies with respect to the 1961-90 mean; (right) as in (left), but for the 1996-2005
anomalies. (b) Strength of the SPG in ECDA in sverdrups (1Sv = 10°m>s™!) defined by the maximum barotropic
streamfunction anomalies (with respect to the 1986-2005 climatology) averaged over the subpolar region [50°-65°N,
60°—10°W; black box in (a)]. The index has been inverted so that positive values indicate a stronger gyre. The thin line
denotes annual mean values; the thick line is the 5-yr running mean. (c) Observed December-March (DJFM) NAO
station-based index from the NCAR Climate Analysis Section (Hurrell 1995).

to assess the significant improvement arising from ini-
tialization compared to a simple persistence forecast.
This is due to the small number of effective degrees of
freedom that results from the short observational record
and the highly autocorrelated variables (Vecchi et al.
2013; Hazeleger et al. 2013; Wouters et al. 2013). The

largest difference between the initialized and persistence
forecast is found for the second pentad (lead 6-10), sug-
gesting that skill over that lead time cannot be simply
attributed to the persistence of initial anomalies. We
hypothesize that the large correlations at long lead times
also result from the hindcasts’ ability to capture the
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FIG. 2. Time series of the (a) 5-yr mean and (b) 9-yr mean ensemble-mean initialized
hindcasts of the SPG OHC anomalies (°C) compared with the ECDA observational estimate
(black) and the uninitialized predictions (blue). Thin blue lines show the spread of the unin-
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itialized predictions, defined by the standard deviation of the 10 members.

mid-1990s temperature increase, which cannot be cap-
tured by a persistence forecast model, and hence moti-
vates the use of a dynamical model.

Following recommendations by Goddard et al. (2013),
we use another measure of skill to assess the accuracy of
the forecasts, the mean-square skill score (MSSS). The
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MSSS is a function of both the correlation and the
conditional bias (Murphy 1988) and it indicates whether
a better skill comes from an increased correlation, a re-
duced conditional bias, or both (Goddard et al. 2013).
We define in Eq. (1) the MSSS as a function of the mean-
square error (MSE) between the initialized forecast

0 0.2 0.4 0.6
MSSS(Init,Clim)

Improvement relative to climatology

FIG. 3. (a) Anomaly correlations of the North Atlantic SPG OHC anomalies as a function of forecast lead time in the initialized (red),
uninitialized (blue), and persistence-based (green) forecasts. The correlation value is shown by a circle, and the bar indicates the two-sided
90% confidence interval of that correlation estimate, defined using Fisher’s z transform (von Storch and Zwiers 1999, p. 148). An asterisk
on top of a correlation indicates that it is not statistically different from zero at p = 0.05 in a single-sided ¢ test. The effective number of
degrees of freedom is estimated accounting for serial autocorrelation (Bretherton et al. 1999). (b) Mean-square skill score of the initialized
predictions of SPG OHC anomalies. Positive values on the x (y) axis indicate an increased skill, relative to the forecast climatology
(uninitialized predictions). Values indicate the different averaged lead times in years. More details about MSSS computation are given in

the text.
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FIG. 4. Time evolution of the AMOC index at 50°N (Sv), the SPG strength index (defined as
in Fig. 1, Sv), the SPG SST (°C), the SPG OHC (°C), and the SPG SALT anomalies (psu) in the
forced uninitialized experiments. Each time series has been normalized by its standard de-
viation, and its mean has been removed to facilitate the comparison.

(referred to by the subscript F) and a reference forecast
(X), as in Vecchi et al. (2013). The reference forecast
can be the observed climatology if one wants to evaluate
the improvement over climatology, or the uninitialized
forecasts if we test the improvement due to initializa-
tion. Both are shown in Fig. 3b for the initialized pre-
dictions of SPG OHC at different lead times. MSSS is
defined as follows:

_ MSE,(r)

X

)

Positive values of MSSS on the x (y) axis indicate an
improvement of skill relative to climatology (unin-
itialized forecasts) with a maximum value of 1 for per-
fect accuracy. While values of MSSS decrease as lead
time increases, all the values remain positive at all lead
times and lie along the one-to-one line, which indicates an
improvement with respect to both uninitialized forecasts
and climatology. Decomposing further the MSSS in-
dicates that the improvement of accuracy when pre-
dictions are started from the observed state results from
both a larger correlation and a reduced conditional bias
compared to uninitialized forecasts (not shown). Initial-
ization therefore limits the error growth associated with
the tendency of the model to evolve toward its own mean

state, as was shown by the multimodel study of Goddard
et al. (2013).

b. Sensitivity to initial conditions

The predicted 10-yr trend of SPG OHC anomalies is
shown in Fig. 5 for all the hindcasts initialized between
1991 and 1996. All indicate a warming over the pre-
diction period, but the trend is smaller than observed for
all except the 1995 and 1996 start dates. The magnitude
of the SPG OHC predicted over the first year of 1995
and 1996 hindcasts is smaller than observed, but the
trend is comparable to observations (Fig. 5a). The suc-
cess of the 1995 and 1996 retrospective predictions
compared to the other start dates is also illustrated in
Fig. 5b, which shows the predicted trend as a function of
the observed trend. As the trend is always positive be-
tween 1991 and 2000 in observations, positive (negative)
values on the y axis indicate the right (wrong) sign in the
predicted decadal trend. The values for the uninitialized
hindcasts are all negative, consistent with the lack of
skill described in Figs. 2 and 3. The hindcasts initialized
between 1991 and 1997 all show a consistent sign com-
pared with observations, with too-small values between
1991 and 1994, a perfect agreement in 1995, and a slightly
too-large value in 1996. The predicted trend remains
positive for the 1997 start date but goes below zero after
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hindcasts initialized between 1991 and 1996. (b) Scatterplot of the predicted trend values (y axis) as a function of the
observed ones (x axis). The hindcasts initialized between 1991 and 2000 are shown as red dots and are labeled with
their start dates. The corresponding values for the uninitialized predictions are shown as blue unlabeled squares.

1998, indicating that skill is lost for the predictions
initialized in the late 1990s. This suggests that, although
the warming trend persisted in the 2000s, the mecha-
nism was different from that in the mid-1990s or the
observing system changed or the assimilation and
forecast model failed at reproducing the observed
changes.

We next look at the time evolution of the individual
hindcasts started between 1991 and 1996 (instead of
averaging over a given lead time as in Fig. 2) to de-
termine whether the observed abrupt changes in the
SPG strength after 1995 would have been predicted
prior to the shift. The ensemble-mean SPG OHC hind-
casts, initialized in 1992, warm during the first few years
following initialization but much more slowly and with
a weaker magnitude than observed (Fig. 6). The mean
trajectory of the SPG SST is very similar, indicating
comparable skill at the surface and subsurface. The
hindcasts initialized in 1991 and 1993 are very similar to
those started in 1992 and are therefore not shown here.

The SPG SST and OHC hindcasts initialized in 1994 do
not show any warming. Looking at the individual mem-
bers spread indicates that some members predict a cool-
ing and others a warming (Fig. 7) while, for the other start
dates, the spread of the ensemble is as large, but it shows
a monotonic warming.

In contrast, the mean hindcasts initialized in 1995 and
1996 warm rapidly, both at the surface and over the
upper 600 m. The ensemble mean of the 1995 hindcasts
lies near the observations for much of the hindcast pe-
riod, and the warming occurs at a slightly slower rate
than observed, reaching a smaller magnitude than ob-
served at the end of the hindcast period. The 1996
ensemble-mean hindcasts warm more slowly than ob-
served and thus underestimate the magnitude of the
warming before 1999. Overall, the ensemble-mean ini-
tialized forecasts tend to underestimate the SPG OHC
anomalies, as seen in Fig. 2. The 1995 hindcasts envelope
does not include the observed trajectory for the first few
years, but looking at the individual members indicates
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FIG. 6. Ensemble-mean predicted trajectories of North Atlantic SPG OHC anomalies (°C), SALT anomalies (psu), and gyre strength
anomalies (Sv, defined as in Fig. 1) initialized between 1992 and 1996. Red lines indicate the initialized predictions, blue lines indicate the
uninitialized predictions, and the black lines indicate the observed value estimated from ECDA.

that some are able to reproduce both the magnitude and Salinity variations in the SPG are less certain than
timing of the warming after the 1995 initialization, sug- temperature variations because of the sparser observa-
gesting that the skill of individual members can exceed tions. The available station data in the SPG indicate
that of the ensemble mean (Fig. 7). marked decadal variability with a large freshening between



6482

Initialized in 1992 Initialized in 1994

JOURNAL OF CLIMATE

VOLUME 27

Initialized in 1995 Initialized in 1996

SPG OHC SPG OHC SPG OHC SPG OHC
0.5 0.5
0 0
-0.5 -0.5
-1 -1
1970 1980 1990 2000 2010 1970 1980 1990 2000 2010 1970 1980 1990 2000 2010 1970 1980 1990 2000 2010
30 30 R 30 R 30 e
SPG Heat flux SPG Heat flux SPG Heat flux SPG Heat flux
20 20 20 20
10 10 10 1 10
0 0 0 0
-10 -1 -10 -10
-20 -20 -20 -20
-30 -39 -30 -30
1970 1980 1990 2000 2010 1970 1980 1990 2000 2010 1970 1980 1990 2000 2010 1970 1980 1990 2000 2010

FIG. 7. Ensemble-mean trajectories (red) and their spread (magenta) of North Atlantic SPG OHC anomalies (°C) and surface heat flux

anomalies counted positive from the atmosphere to the ocean (Wm™

2) for the predictions initialized between 1992 and 1996. Positive heat

flux anomalies correspond to a downward flux (i.e., a warming of the ocean by the atmosphere).

1960 and the mid-1990s followed by an increased salinity
(Curry and Mauritzen 2005; Boyer et al. 2005; Reverdin
2010). The freshening during the 1990s has been attrib-
uted to NAO-related freshwater fluxes in observations
(Visbeck 2003; Reverdin 2010). The salinity variations in
ECDA are broadly consistent with observations (Chang
et al. 2013), suggesting that initial salinity conditions used
in the predictions are at least somewhat realistic, given
the paucity of salinity observations available.

The curves of the predicted SPG upper-ocean salinity
anomalies (SALT) follow a trajectory very similar to
OHC anomalies, with a modest increase for all start dates
between 1991 and 1994 and a large increase following the
1995 and 1996 initialization. This suggests that the
mechanism in the predictions is such as it involves in-
phase changes in temperature and salinity in the SPG
following the abrupt warming. The relationship between
temperature and salinity is different before the shift, as
cold and relatively salty anomalies are predicted by the
1995 hindcast for the first year (Figs. 6 and 8), except in
the Labrador Sea where the anomalies are cold and fresh,
consistent with observations (Yashayaev 2007). The SPG
ensemble-mean SALT anomalies predicted by the 1995
and 1996 hindcasts do not follow the same trajectory as
ECDA (Fig. 6), suggesting that other processes that are

not predicted, and possibly not predictable, damp the
salinity anomalies in observations. The 1995 ensemble-
mean hindcasts are also able to capture the observed
weakening of the SPG strength with a remarkable agree-
ment compared to observations (Fig. 6). The predictions at
other start dates show a more modest or slower decrease of
the SPG strength, consistent with the predicted tempera-
ture anomalies. Note that a weakening of the SPG is also
found in the uninitialized predictions despite the projected
cooling, suggesting a different mechanism than in the ini-
tialized hindcasts. This could be partly due to the influence
of the positive freshwater anomalies in the forced simu-
lations as precipitation increases in response to larger CO,
concentrations.

To determine the reason why the 1995 and 1996 pre-
dictions are more successful than those initialized the
previous years we look at the local surface heat flux
predicted after each start date. Given that the NAO
switched sign during the winter of 1995/96 and that
a negative NAO is associated with a warmer SPG, we
check that the warming in the 1995 and 1996 hindcasts
does not result, even partially, from a correct (though by
chance) prediction of the atmospheric fluxes. Figure 7
shows the atmospheric heat flux predicted by the
ensemble-mean hindcasts initialized between 1992 and
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FIG. 8. North Atlantic SST (°C), sea surface salinity (SSS) (psu), and surface density (kgm>) anomalies predicted by the 1995 en-
semble-mean hindcast. (top) The first year of the predictions and (bottom) the average over the whole 10-yr hindcast period are shown.

White contours indicate statistically significant values at 95%.

1996. None of the forecasts is successful at predicting the
positive surface heat flux anomalies in 1996. The 1995
and 1996 ensemble-mean predictions show negative
heat fluxes for almost the whole hindcast period, even
though the initialized values are positive in 1996. The
spatial pattern of heat flux anomalies is similar to the
OHC anomalies with the opposite sign (not shown),
indicating that the fluxes are damping the warmer tem-
peratures, rather than creating them. Looking at the
predictions of sea level pressure (SLP) further shows no
skill at predicting the sign of the NAO, as expected. Out
of the 10 members of the 1995 hindcasts, 2 predicted
a positive (and rather weak) NAO, whereas the other
8 members predicted a neutral or weakly negative NAO
(not shown). The successful SPG warming predicted by
the 1995 and 1996 forecasts is thus not due to some
members skillfully predicting the sign of the NAO.
Comparing the initial conditions in 1995 to those of
the previous years indicates larger salinity anomalies
along the NAC path in 1995 compared to 1994 and
previous years and positive salinity anomalies that are
spread to the central and eastern parts of the SPG (not
shown). The predictions initialized in early 1995 show
positive surface density anomalies for the first year over

most of the SPG, except for the Labrador Sea (Fig. 8).
The SPG gets uniformly warm and salty over the 10-yr
hindcast period following 1995, a feature not found for
prior start dates. Looking at the spatial evolution of
temperature anomalies after the 1995 initialization sug-
gests that the warming comes from an increased north-
ward advection of positive anomalies from the subtropics
(Fig. 9). The largest increase in OHC and SALT is found
first in the eastern SPG, where the influence of the NAC
and the wind stress curl are strongest (Reverdin 2010).
The increase of upper-ocean salinity in the 1995
ensemble-mean hindcasts is consistent with salinity
anomalies being advected from the subtropics (Fig. 6).
None of the other forecasts initialized between 1991
and 1994 shows comparable propagation of OHC and
SALT; although an initial strengthening of the NAC is
suggested in the predicted first year, the anomalies
quickly fade away before reaching the SPG. An en-
hanced NAC is also found following the 1996 initiali-
zation, but the SPG density anomalies are smaller than in
1995 because of the warmer SST anomalies in 1996, as the
hindcasts are started just when the NAO switched to a neg-
ative phase. The propagation of anomalies from the Sub-
tropical Gyre has been clearly identified in hydrographic
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data (Bersch 2007; Holliday et al. 2008). Reverdin
(2010) stressed that the NAC transport varies as the
integral of the NAO forcing in observations (Curry and
McCartney 2001), yielding the strongest transport in
1995. Following this mechanism, the 1995 warming and
the enhanced SPG salinity would be linked to changes in
the barotropic circulation (Héttin et al. 2005). Model
studies have also suggested that the decadal warming of
the SPG could be due to the lagged response of the
AMOC to interdecadal variability of the NAO (Eden
and Jung 2001). Both mechanisms could be linked, as is
further explored below.

4. Mechanism explaining the success of the
retrospective predictions

a. Role of the initial AMOC anomalies

The evolution of OHC anomalies in Fig. 9 suggests an
increased northward transport of warm and salty sub-
tropical waters by an enhanced North Atlantic Current
following the 1995 initialization. The barotropic stream-
function anomalies predicted over the few years following

the 1995 initialization indicate a weakening of the Sub-
tropical Gyre, a strengthening of the Western Subpolar
Gyre, and an enhanced NAC at the boundary between
the two gyres with a northeastward extension (Fig. 10a).
These anomalies act to weaken and contract the SPG
northwestward, favoring a northward advance of warm
saline subtropical waters (Fig. 10a). This suggests that
the predicted mid-1990s warming was linked to changes
in the barotropic circulation.

The NAC is the upper branch of the AMOC, and an
increased overturning circulation is usually accompa-
nied by an enhanced transport by the NAC. The pre-
dicted changes in the barotropic circulation described in
Fig. 10a are associated with an anomalously strong
AMOC (Fig. 10b), colder deep temperatures over the
depth range of the lower North Atlantic Deep Water
(NADW) (Fig. 10c), and a deeper mix in the Labrador
region (Figs. 10d, 11). These are all consistent with an
enhanced deep-water formation in the Labrador Sea,
leading to an intensified North Atlantic Deep Water cell
and a subsequently larger southward return flow at depth
following the 1995 initialization, which is consistent with
the oceanic response to a persistent positive NAO.
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FIG. 10. (a) Barotropic streamfunction anomalies (shaded values) averaged over years 1995-2000 following the 1995 initialization. The
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the same period as in (a) for AMOC, with lower NADW temperature defined as the average between 1000 and 2500 m, and mixed layer
depth, respectively. In (b)—(d), white contours indicate statistically significant anomalies at 95%. For clarity, only statistically significant

anomalies are shaded in (a).

The surface density anomalies predicted by the 1995
hindcasts show negative density anomalies in the Lab-
rador Sea when the ocean is cold and fresh and positive
anomalies over the whole Subpolar Gyre for the fol-
lowing years, as warm and salty anomalies spread
northward (Figs. 8 and 9). This indicates a strong impact
of salinity on density anomalies and hence on deep-
water formation in the 1995 hindcasts. Following the
1995 initialization, the mixed layer depth initially in-
creases in the central Subpolar Gyre, which corresponds
to the region where the ocean is anomalously cold and
salty until 1997 (Fig. 11). The mixed layer depth then
decreases in this area and becomes enhanced in the

Labrador Sea from 1998 onward, as warm and salty
anomalies have reached the western SPG. The stronger
AMOC initialized in 1995 is therefore maintained and
further enhanced over the 10-yr hindcast period, as
salinity-driven density anomalies maintain deep con-
vection in the SPG. Note that, unlike in the predictions
shown in Fig. 11, deep convection in the Labrador Sea
stops after 1995 in ECDA, consistent with observations
by Lazier et al. (2002). This is because the SPG warming
in the ensemble-mean initialized predictions occurs
at a slightly slower rate than observed over the first
few years following initialization (Fig. 6). Hence, the
mechanism in the predictions is delayed by a few years,
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FIG. 11. Evolution of North Atlantic mixed layer depth anomalies (m) following the 1995 initialization. White contours indicate
statistically significant values at 95%.

compared to what likely occurred in the real climate
system.

The evolution of AMOC anomalies with latitude and
time indicates maximum values between 40° and 60°N,
peaking in the first three years following initialization
and slowly decaying thereafter as they propagate south-
ward (Fig. 12). This southward propagation of AMOC
anomalies from the SPG to the Subtropical Gyre can be
slowed by the existence of interior pathways (Zhang
2010) and can thus be slightly different in models with
increased horizontal resolution (Boning et al. 2006).
Broadly, the same time and latitude evolution is found
for Atlantic MHT anomalies, with maximum values of
about 0.1PW at about 45°N in 1996 at the time the
AMOC peaks and a small phase lag north of 50°N.
Decomposing the total MHT into its overturning and
gyre components confirms the large role of the over-
turning, in particular south of 50°N (Fig. 12b). It also
shows a positive contribution from the horizontal cir-
culation north of 50°N after a couple of years, which
explains the phase lag between AMOC and total MHT
in the SPG (Fig. 12b). Following Robson et al. (2012b)
analysis, we decompose the predicted MHT anomalies
into a VT’ component and a V'T component, which
represent the advection of temperature anomalies by
the mean currents and the anomalous advection of mean
temperatures, respectively (Figs. 12d,e). The contribu-
tion of V'T is initially positive north of 50°N but weak
and is only significant between 10° and 20°N. It then
increases after 1996 with a pattern very similar to the
overturning and total MHT south of 45°N. In contrast,
VT is initially positive between 35° and 50°N, which
corresponds to the warm anomalies along the NAC path

in Fig. 1a, and then it dominates the MHT in the SPG
north of 45°N. This indicates that both VT’ and V'T
contribute to the North Atlantic warming, with V'T
having the largest contribution in the Subtropical Gyre
and VT’ being dominant in the SPG. This is consistent
with a warming initiated in the subtropics and advected
northward through an enhanced AMOC. None of the
hindcasts initialized before 1995 shows positive MHT
and AMOC anomalies for the whole hindcast period, as
in Fig. 12. The MHT evolution in the 1996 hindcast is
comparable to that following the 1995 initialization,
except that the AMOC and MHT anomalies have
a smaller magnitude and persist for fewer years, as
compared to the 1995 hindcast.

We hypothesize that the strong sensitivity to initial
conditions can be partly explained by the adjustment
time to NAO forcing as described in the following sec-
tion, as well as to initial conditions used in the pre-
dictions, and more specifically, the evolution of SPG
salinity in ECDA between 1991 and 1995. The hindcasts
initialized in the 1990s prior to 1995 have initial SPG
salinity anomalies (both at the surface and integrated
over the upper ocean) fresher than climatology. The
evolution after initialization indicates an increase in
salinity consistent with the increased transport from the
subtropics, but in these predictions, the anomalies re-
main negative (Fig. 6). In contrast, in the 1995 hindcasts,
the ocean is initialized with slightly positive salinity
anomalies both at the surface and over the upper 600 m,
which further increase during the hindcast period (Fig.
8). We hypothesize that these salinity anomalies, which
drive denser anomalies over the SPG, maintain a deep
mixed layer in the 1995 hindcasts and hence a strong
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AMOC and associated heat transport, whereas in the
other hindcasts, the anomalies quickly fade away.
Whether the variability of salinity anomalies in ECDA
between 1991 and 1995 does match actual observations
is difficult to assess given the sparse observations. Ob-
servations suggest that temperature is the main driver of
density changes in the SPG on interannual time scales
(Reverdin 2010). Deshayes et al. (2014) showed that the
relationship between AMOC and salinity in climate
models actually depends on the time scale of interest
and on the model’s internal variability, stressing the
need for additional continuous observations of SPG
salinity to fully address this issue. Importantly, for the
mechanism described in this study, an increase in the SPG

salinity tends to precede the intensification of the
AMOC in CM2.1, as described by Deshayes et al. (2014)
for the GFDL CM3 model, where the ocean component
is quite similar to that of CM2.1, with the same sensi-
tivity to salinity (not shown).

b. SPG response to persistent positive NAO forcing
in CM2.1

The proposed mechanism for the SPG warming, which
involves a buildup of positive density anomalies in the
SPG in the early 1990s in response to the persistent posi-
tive NAO forcing, was based on previous modeling studies
of the oceanic adjustment to the observed NAO (Visbeck
et al. 2003; Lozier et al. 2008; Lohmann et al. 2009a).
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F1G. 13. Time evolution in response to a persistent positive NAO in CM2.1 of the SPG
strength index (defined as in Fig. 1), the AMOC maximum at 42°N, and the SPG upper OHC
and SALT anomalies. All the time series have been low-pass filtered at 10 yr and normalized.

To better determine the adjustment time scale of the
SPG in the CM2.1 initialized predictions, we make use
of additional sensitivity experiments in which the models’
fluxes at the air-sea interface have been modified.
Specifically, extra fluxes of heat, water, and momentum
that have the spatial pattern of the regression co-
efficients associated with a positive phase of the models
NAO are added to the ocean. This anomalous NAO-
related forcing is applied for 20 years, only in the
months of November-March, with a 10-day ramp-up and
ramp-down of the forcings at the beginning and end of the
period. The application of these extra flux terms is meant
to mimic the impact of a persistent positive NAO on the
ocean through the surface flux terms. An ensemble of
five experiments was conducted, which differ only in
their initial conditions taken from periods 50 years
apart in the CM2.1 control integration. As we are
interested in comparing with the mid-1990s adjust-
ment, we show the results of an experiment that
corresponds to an initially cold and strong SPG, as in
Fig. 1. The response is then obtained by subtracting
a “‘neutral” experiment defined by the average of five
control experiments.

Under persistent positive NAO forcing, the initially
strong SPG is, after about 10 years, replaced by a
weakening of the SPG (Fig. 13). This change in the gyre
strength is caused by the delayed AMOC response to the

formation of intermediate and deep waters in the SPG
region. The adjustment results from the thickening of
the intermediate layers when the SPG is anomalously
cold, leading to an enhanced AMOC and a larger pole-
ward advection of warm water, which in turn induces
a thinning of the intermediate layers, reversing the initial
state. The spin-up of the AMOC is associated with the
poleward advection of warm surface water from the Sub-
tropical Gyre counteracting the local buoyancy forcing in
the SPG region. The SPG strength can take up to 10 years
to respond to positive NAO conditions. The time scale of
this initial adjustment depends on the initial oceanic state.
The four other NAO experiments that were done starting
from different oceanic states, each 50 years apart, reveal
that the increase of the SPG strength in response to a
persistent positive NAO is reduced when starting from
stronger AMOC initial conditions (not shown), consistent
with the results of Lohmann et al. (2009a). The adjust-
ment of temperature and salinity anomalies to a persistent
positive NAO and the subsequent changes in the SPG
strength are in agreement with the mechanism described
by Lohmann et al. (2009b) and are similar to the changes
predicted by the 1995 and 1996 hindcasts. The evolution
with time of the OHC anomalous pattern is also very
similar to the anomalies shown in Fig. 9, which strengthen
the validity of the mechanism assessed from the initialized
predictions.
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FIG. 14. Winter (FMA) surface air temperature anomalies (°C) and sea ice concentration (between 0 and 1) associated with the
predicted SPG warming. A detailed description of the method used to define the anomalies is given in the main text. Only the anomalies

that are statistically significant at 90% are shown.

5. Predicted climate impacts associated with the
SPG warming

In addition to understanding how the SPG upper-
ocean temperatures rise in the initialized hindcasts, it is
important to identify whether they potentially have any
significant climatic impact, in particular over the sur-
rounding land regions. Following the method used by
Robson et al. (2012b, 2013), we explore the predictability
of the climate anomalies associated with the SPG
warming in the GFDL CM2.1 initialized hindcasts by
computing the difference between the initialized hind-
casts that predict the abrupt warming (the 1995 and 1996
start dates) and those initialized before the warming
(between 1960 and 1990). As in Robson et al. (2013), we
subtract the same difference from the uninitialized pro-
jections to determine the impact of initialization, and we
focus on lead 6-10yr when the impact of initialization is
substantially larger than persistence (Fig. 3). The statis-
tical significance of the difference is assessed by using
a two-sided ¢ test in which the number of degrees of
freedom is defined by the total number of years 6-10,
reduced to account for the serial correlation of the time
series (Bretherton et al. 1999). Figure 14 shows the winter
[February—April (FMA)] surface air temperature (SAT)
and sea ice concentration anomalies over the Arctic re-
gion. The warming of the SPG extends across the whole
pan-Arctic region, with the largest anomalies over the
Labrador Sea, the Nordic seas, and the Barents Sea.
While only the FMA anomalies are shown, a significant

reduction of sea ice concentration is predicted for all
seasons, with the largest anomalies occurring during
winter. The Arctic anomalies predicted by the initialized
hindcasts that warm abruptly are very similar to those
described by Mahajan et al. (2011), which were associated
with the natural variations of the AMOC and the AMV in
the 1000-yr control simulation of the GFDL CM2.1.
Mahajan et al. (2011) suggested that a strengthening of
the AMOC, in addition to external forcing, might have
contributed to the observed decline of winter sea ice in
the Labrador and Nordic seas over the past decades. Our
results are consistent with their finding and further sug-
gest that the observed warming of the SPG in the mid-
1990s might have contributed to the decline of Arctic sea
ice over the following decade.

Besides sea ice, significant seasonal impacts in atmo-
spheric temperature, precipitation, and sea level pres-
sure are predicted by the hindcasts that warm abruptly
(Fig. 15). The climate anomalies described in this study
can be seen as representative of what could be predicted
when a strong warming of the SPG occurs and is pre-
dicted. Unlike in Robson et al. (2013), we do not attempt
to identify whether these anomalies compare well with
observations over the same period. Instead, we discuss
the extent to which these climate anomalies are similar
to those associated with the AMYV published in previous
papers. All seasons show warm temperatures over the
North Atlantic, associated with enhanced rainfall and
low sea level pressure. The warming extends over land
to western Europe and North Africa for all seasons.
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FIG. 15. Seasonal surface air temperature (°C), precipitation (mm day '), and sea level pressure (mb) for anomalies in (top) March—
May (MAM), (middle) July—August (JJA), and (bottom) September—November (SON) associated with the predicted SPG abrupt
warming. See text for more details on how the anomalies are defined. Only anomalies that are statistically significant at 90% are shown for
precipitation and SLP. Significance is indicated by white contours for SAT.

Higher temperatures are found over North America
during winter and spring, with anomalies localized over
the central and eastern United States during summer
and fall, which is consistent with AMV-induced climate
anomalies described in Sutton and Hodson (2005). The
climate anomalies in Fig. 15 are also consistent with
Enfield et al. (2001) and McCabe et al. (2004), who
found reduced summer rainfall and increased drought
frequency over much of the United States associated
with warm conditions in the North Atlantic. In our ex-
periments, the largest precipitation anomalies are found
in the tropics, particularly during spring, summer, and
fall, with a pattern that indicates a northward shift of the
ITCZ. A consistent interhemispheric contrast is found in
air temperature; however, the Southern Hemisphere
anomalies are weak and not significant (Fig. 15). The
SPG mid-1990s warming was suggested to be the driver
of increased hurricane frequency in the tropical North
Atlantic (Smith et al. 2010; Dunstone et al. 2011), but no
evidence of this link is found in our retrospective pre-
dictions. Enhanced rainfall is predicted over the Sahel
and over India during summer, with the largest pre-
cipitation anomalies over these two land regions. Con-
sistent temperature anomalies are predicted over Africa
and over the Indian area, with a cooling over south central
India and a warming north of it, a dipole characteristic of
an increased summer monsoon. These anomalies are
consistent with the suggested link between the AMV and
the Indian and Sahel rainfall anomalies described in
Zhang and Delworth (2006) and Knight et al. (20006).

6. Discussion and conclusions

We analyzed the GFDL CM2.1 decadal predictions
that were performed as part of the CMIP5 experiments,
focusing on the mid-1990s abrupt warming that occurred
in the North Atlantic SPG. This event was unique be-
cause it occurred in phase with a reversal of the NAO
and was preceded by several years of positive NAO.
Because the North Atlantic SPG is a region where the
influence of internal variability is larger than external
forcing, this event was a good case study to evaluate
a prediction system and determine the importance of
ocean preconditioning on the ability to predict such an
abrupt shift, were it to happen again in the future. We
showed that initializing the GFDL CM2.1 coupled sys-
tem from an estimate of the observed ocean and atmo-
sphere state leads to a large improvement in predicting
retrospective changes in SPG upper-ocean tempera-
tures, including the abrupt mid-1990s shift, compared
with uninitialized predictions.

Looking at individual start dates prior to the shift, we
emphasized that, despite the lack of skill in predicting
the phase reversal of the NAO, the ensemble-mean
predictions initialized in 1995 and 1996 are able to re-
produce the abrupt warming as well as the associated
weakening and contraction of the SPG. We analyzed the
mechanism responsible for the warming in the successful
1995 and 1996 predictions and showed that both the
AMOC and changes in the barotropic circulation play
a key role. Unlike the hindcasts initialized between 1991
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and 1994, the 1995 and 1996 ensemble-mean hindcasts
are started with an intensified AMOC that remains high
after initialization for several years. The stronger AMOC
is associated with a stronger North Atlantic Current,
which increases the transport of warm saline subtropical
waters northward toward the Eastern Subpolar Gyre.
This leads to a northwestward shift of the Subpolar Front
and a spindown and contraction of the SPG that is con-
sistent with observations (Bersch 2002; Hikkinen and
Rhines 2004; Hatin et al. 2005; Sarafanov et al. 2008;
Holliday et al. 2008). Hence, the warming of the SPG was
found to be linked to changes in both the barotropic
circulation and the baroclinic overturning circulation.
The successful predictions were initialized with a strong
AMOC, which persisted as strong because of salinity-
driven density anomalies that were associated with a
deeper mixed layer in the SPG. We showed that the
stronger AMOC drove a larger transport of heat north-
ward toward the SPG, as well as a contribution of the
horizontal circulation at higher latitudes. We further
showed that the spatial evolution of the ocean temperature
anomalies in CM2.1 was consistent with the model’s re-
sponse to a persistent positive NAO. In 1996, the ocean
was still preconditioned by the preceding years of positive
NAO, but as the NAO reversed to a negative phase during
the 1995/96 winter, the predictions initialized in January
1996 had an initially warmer SPG than in January 1995 and
a less intense North Atlantic Current consistent with an
initially weaker AMOC. That explains the slower pre-
dicted warming after the 1996 initialization. In contrast,
the hindcasts initialized between 1991 and 1994 do predict
an initially stronger NAC, but it does not persist beyond
the first year and is not associated with an intensified
AMOC and overturning heat transport. Therefore, the
predicted warming is not as abrupt as in the 1995 hindcasts
and in observations.

Our results are broadly consistent with earlier studies
based on independent models and forecast systems
(Yeager et al. 2012; Robson et al. 2012b), suggesting
some robustness in the proposed mechanism. However,
some differences can be stressed, in particular with re-
gard to the role of the barotropic circulation and the
timing of the successful predictions. In our forecasts,
initialized every year in January, the shift of the SPG
could only be predicted when initialized at the beginning
of the year it occurred (1995) and the following year
(1996), whereas Yeager et al. (2012) argued that a com-
parable warming would have been retrospectively pre-
dicted by every hindcast started between 1991 and 1995.
This hypothesis was not verified though, as the CCSM4
hindcasts were initialized only once every 5 years, giving
only one start date in the 1990s prior to the shift: namely,
1991. In Robson et al. (2012b), DePreSys was initialized
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every year and all the hindcasts started in 1994-96
showed additional skill from initialization because of an
intensified AMOC. We investigated the reason for the
strong sensitivity to initial oceanic conditions and showed
that the initial salinity anomalies in the CM2.1 initialized
predictions reflected a saltier SPG in early 1995 than prior
to 1995. We argued that these salinity anomalies favored
a stronger initial AMOC in 1995 through increased
upper-ocean density in the Labrador region. This is sup-
ported by the enhanced deep convection and southward
transport of cold water along the deep western boundary
current that is found after the 1995 and 1996 initializa-
tions. Whether the SPG salinity initialized from ECDA
corresponds to a realistic state precisely in 1995 is
uncertain. Comparison with observational studies by
Reverdin (2010) suggests reasonable agreement in the
eastern part of the SPG, but salinity observations are too
sparse to provide an accurate assessment of the vari-
ability of the whole SPG basin. Our coupled assimilation
ECDA includes salinity anomalies even when direct
observations were not available, through the 7-S rela-
tionship and altimetry information (Chang et al. 2011a,b),
but an accurate validation requires more direct obser-
vations. In observations, interannual variations in SPG
density are mainly temperature driven (Reverdin 2010),
unlike what is found in our predictions. This is a key issue,
as a number of climate models show a different sensitivity
of the Atlantic circulation to salinity (Frankignoul et al.
2009; Hazeleger et al. 2013; Deshayes et al. 2014). The role
of salinity was not specifically addressed in previous stud-
ies that assessed the predictive skill of the mid-1990s
SPG warming (Yeager et al. 2012; Robson et al. 2012b).
Further, salinity was restored in the NCAR Common
Ocean-Ice Reference Experiments (CORE) simulation
that provided the initial conditions for the CCSM4 decadal
predictions analyzed by Yeager et al. (2012), which likely
impacted the role of salinity on the SPG variability in their
predictions. The importance of salinity initial conditions
stressed by Hazeleger et al. (2013) should be assessed in
a larger subset of CMIP5 prediction models to identify
whether its importance is a robust feature.

Our results show that the observed changes in the
SPG strength and shape could be predicted in the ini-
tialized experiments that have a strong initial AMOC
and NAC. Our 1995 and 1996 initialized hindcasts show
that the advection of warm salty waters by the enhanced
NAC transport leads a spindown and contraction of the
SPG, which supports the modeling study of Hatun et al.
(2005), who related the mid-1990s decline and contrac-
tion of the SPG to a larger amount of subtropical wa-
ter advected northward. They are also consistent with
Wouters et al. (2013), who showed that the SPG strength
could be predicted up to two years ahead in the EC-Earth
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Consortium (EC-EARTH) initialized hindcasts, al-
though this study did not focus on the mid-1990s shift in
particular. The weakening and contraction of the SPG
were investigated in the decadal prediction analyses of
Robson et al. (2012b) and Yeager et al. (2012). Further
studies would be useful to determine whether abrupt
changes in the barotropic SPG circulation can be pre-
dicted by other forecast systems.

We investigated the climate impacts associated with
the predictions that successfully captured the mid-1990s
warming and found significant anomalies over the Arc-
tic, North American, and European regions. We showed
that the oceanic SPG warming extended to the whole
pan-Arctic region, leading to a reduction of sea ice
concentration over the Labrador Sea, the Nordic seas,
and the Barents Sea, with the strongest anomalies oc-
curring during winter. These impacts were similar to
those associated with the internal variability of the
AMOC in CM2.1 (Mahajan et al. 2011), which suggests
that initializing the AMOC could improve predictions of
Arctic sea ice extent that are not due to external forcing.
The abrupt SPG warming was associated with significant
climate anomalies in the tropics, with enhanced pre-
cipitation over the tropical North Atlantic that extended
to the Sahel region and less precipitation south of the
equator, indicating a northward shift of the ITCZ. These
climate anomalies explain about 5% to 10% of the
seasonal variance. Warmer temperatures and lower sea
level pressure anomalies were also predicted over North
America, western Europe, and North Africa, as well as
an enhanced warming over the central and eastern
United States during summer and fall. Although we did
not validate these predictions directly against observa-
tions, the climate anomalies identified in the North and
tropical Atlantic are consistent with observational and
modeling studies that isolated the seasonal climate im-
pacts of the observed AMV SST pattern (Delworth and
Mann 2000; Enfield et al. 2001; McCabe et al. 2004;
Sutton and Hodson 2005; Knight et al. 2005, 2006; Zhang
and Delworth 2006; Msadek and Frankignoul 2009).
Comparable climate impacts have been found in the Met
Office DePreSys system (Robson et al. 2013), but the
significant rainfall anomalies predicted over the Sahel by
our hindcasts were not found in DePreSys, which can be
attributed to atmospheric deficiencies of the Hadley
Centre Coupled Model, version 3 (HadCM3) (Knight
etal.2006). To our knowledge, our study is also the first to
report Arctic impacts associated with the prediction of
the mid-1990s SPG warming.

A larger positive AMOC anomaly was found between
1991 and 1995 in the initial conditions of the NCAR
CORE simulation (Yeager et al. 2012) and DePreSys
(Robson et al. 2012b) compared with ECDA, which was
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used in this study. ECDA shows a less coherent AMOC
structure than other systems, which can be attributed to
the strong observational constraint that is imposed
(Zhang et al. 2007). One can make the choice to con-
strain an assimilation system less (e.g., by rejecting more
data) and get an AMOC that looks more like that sim-
ulated by an ocean-forced model, which is not the choice
that was made in ECDA. The similarity of our results
with those of Yeager et al. (2012) and Robson et al.
(2012b) indicates that this does not have a strong impact
on the ability to predict the mid-1990s shift. However,
details in the predicted mechanism and timing of the
response can be influenced by this choice, as it can affect
AMOC initialization. Different assimilation methods
were used in the models that contributed to the CMIP5
decadal prediction experiments, some based on full as-
similation (e.g., CM2.1 and CCSM4 predictions), others
on anomaly assimilation (e.g., DePreSys). These dif-
ferences could impact the evolution of the hindcasts
(Robson 2010; Bellucci et al. 2013). ECDA initial con-
ditions were produced by a coupled assimilation method
in which both the ocean and the atmosphere were con-
strained by observations, providing balanced initial
conditions. This differs substantially from the CCSM4
forecast system used by Yeager et al. (2012), in which
the initial conditions were obtained from a CORE-
forced ocean-sea ice model in which the observed at-
mospheric state was prescribed, the ocean feedbacks
limited, and no oceanic observations were directly as-
similated. In Robson et al. (2012b), DePreSys was con-
strained by both atmospheric and oceanic observations
but in an uncoupled way (i.e., the assimilation was done
separately for the atmospheric and oceanic component).
While understanding the source of these differences was
outside of the scope of this work, assessing the sensitivity
of the predictions to differences in the initialization
methods remains to be explored.

Model biases remain a fundamental issue in the
analysis of initialized decadal predictions because cou-
pled models tend to drift toward their own mean state,
which can be far from observations. In particular,
coarse-resolution models tend to have a pathway for the
subtropical water moving north that is too northerly,
thereby favoring a warming and a subsequent weaken-
ing of the SPG. In this study, a lead-dependent clima-
tology was removed from the initialized predictions to
remove part of the drift. However, anomalies were de-
fined by making the strong assumption that the lead-
dependent climatology was stationary in time. Potential
impacts of the nonstationary observing system on the
skill assessment have been outlined by Kumar et al.
(2012) and Vecchi et al. (2013) and have to be better
characterized.
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In most CMIP5 models, decadal skill was limited to
specific regions like the North Atlantic, which is char-
acterized by marked decadal variability (Goddard et al.
2013). It is worth noting that even a simple persistence
forecast model can give high skill in predicting ocean
temperature anomalies in this region, given the large
inertia of the ocean in the North Atlantic. Our case
study analysis highlights that initialized dynamical
models can bring additional value by predicting shifts
like the mid-1990s warming that a persistence forecast
model cannot capture. Predicting specific events like this
shift, even if they are very localized, could improve the
prediction of larger-scale climate impacts given the
teleconnections associated with the North Atlantic
variability. Data assimilation is expected to contribute
to a reduction of the uncertainty compared to the free-
running model (Balmaseda et al. 2007); however, ini-
tialization of decadal predictions is an emerging field that
can benefit from future progress. While one needs to keep
in mind that predictability will be ultimately limited by
the chaotic nature of the climate system (Lorenz 1963;
Balaji 2013), perfect model studies suggest a potential for
skill above that currently found in the initialized CMIP5
experiments (Msadek et al. 2010; Wouters et al. 2013).
The encouraging skill identified in this study should
therefore not be considered as an upper limit of pre-
dictability, as improvement in both coupled models and
initialization methods can be expected to lead to better
predictions in the future.
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