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Abstract

The fundamental mechanisms that explain high subpolar North Atlantic (SPNA) decadal predictability within a particular
modeling framework are described. The focus is on the Community Earth System Model (CESM), run in both a historical
forced-ocean configuration as well as in a fully coupled configuration initialized from the former. The initialized prediction
experiments comprise the CESM Decadal Prediction Large Ensemble (CESM-DPLE)—a 40-member set of retrospective
hindcasts documented in Yeager et al. (Bull Am Meteorol Soc 99:1867-1886. https://doi.org/10.1175/bams-d-17-0098.1,
2018). Heat budget analysis confirms the driving role of advective heat convergence in skillful prediction of SPNA upper
ocean heat content out to decadal lead times. The key ocean dynamics are topographically-coupled overturning/gyre fluc-
tuations that are geographically centered over the mid-Atlantic ridge (MAR). Long-lasting predictive skill for ocean heat
transport can be related to predictable barotropic gyre and sigma-coordinate AMOC circulations, but depth-coordinate
AMOC is far less predictable except in the deepest layers. The foundation of ocean memory (and circulation predictive
skill) in CESM-DPLE is Labrador Sea Water thickness, which propagates predictably through interior pathways towards
the MAR where large anomalies accumulate and persist. Abyssal thickness anomalies drive predictable decadal changes in
the gyre circulation, including changes in sea level gradient and near surface flow, that account for the high predictability
of SPNA upper ocean heat content.
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1 Introduction 2019). The multidecadal variability of the Atlantic Meridi-

onal Overturning Circulation (AMOC) is commonly invoked

Recent studies offer compelling evidence that the subpolar
North Atlantic Ocean is a region characterized by excep-
tionally high decadal predictability through the combined
influence of external forcings and predictable internal vari-
ability related to large-scale ocean dynamics (Yeager and
Robson 2017). Analyses of decadal hindcasts submitted to
the 5th Coupled Model Intercomparison Project (CMIP5)
consistently show that initialization (from observation-based
state estimates) results in the largest positive impact on sur-
face temperature skill in this region (e.g., Miiller et al. 2012;
Kirtman et al. 2013; Doblas-Reyes et al. 2013; Smith et al.
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as a key source of decadal ocean memory contributing to
long-lasting prediction skill in the subpolar North Atlantic
(SPNA), both for perfect model potential predictability (e.g.,
Griffies and Bryan 1997; Collins et al. 2006) as well as for
real-world predictions (e.g., Robson et al. 2012; Yeager et al.
2012; Pohlmann et al. 2013; Msadek et al. 2014). However,
the precise origins of decadal SPNA skill still remain rather
obscure, due to gaps in our understanding of AMOC and
SPNA variability mechanisms, uncertainty about the fidel-
ity of model representation of key processes, and a lack of
observations for ground truthing. In this study, we examine
the predictability mechanisms at work in one state-of-the-art
decadal prediction system—the Community Earth System
Model Decadal Prediction Large Ensemble (CESM-DPLE;
Yeager et al. 2018)—and find that high SPNA skill is pri-
marily attributable to predictable subpolar gyre dynamics
that link highly predictable deep water mass anomalies to
near-surface volume and heat transport variations through
the sea surface height field.
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The present exploration of SPNA predictability dynam-
ics in CESM-DPLE builds on several previously published
works that have shed light on historical Atlantic Ocean
mechanisms at work in reanalysis-forced ocean—sea-
ice (FOSI; see Sect. 2.1) simulations performed with the
CESM ocean and sea-ice model components. Some salient
prior results are summarized here to provide context for the
analysis that will follow. The CESM FOSI AMOC exhibits
a realistic mean strength at 26.5°N, although the Atlantic
meridional heat transport appears to be slightly weaker than
available estimates (Danabasoglu et al. 2014). The AMOC
variability is dominated by a basin-scale, multidecadal fluc-
tuation from anomalously weak overturning in the 1960s
and 1970s, to peak overturning in the mid-1990s, and sub-
sequent weakening towards climatological values (Danaba-
soglu et al. 2016). Yeager and Danabasoglu (2014) showed
that this multidecadal AMOC variability can be ascribed
to high-latitude buoyancy forcing, and specifically, to Lab-
rador Sea density anomalies driven by winter surface flux
anomalies associated with the North Atlantic Oscillation
(NAO). The decomposition of FOSI interannual variability
into buoyancy- and momentum-driven components in that
study further revealed the dominant role of surface buoyancy
forcing in generating variance in fields such as barotropic
streamfunction (BSF), sea surface height (SSH), and near-
surface flow, with the buoyancy-driven variance especially
prominent north of about 35°N.

A dynamical explanation for the strong covariability
between the overturning and subpolar gyre circulations in
CESM FOSI was provided in Yeager (2015). That study
established the dominance of bottom pressure torque (as
opposed to wind stress curl) in the mean and time-varying
vorticity balance of depth-integrated flow in the SPNA. It
showed that the large-amplitude, buoyancy-driven, decadal
AMOC fluctuations in FOSI are associated with deep flow
anomalies that, through interaction with large bathymetric
gradients along the western continental shelf and in the
vicinity of the mid-Atlantic ridge (MAR), also drive large,
decadal variations in the strength of the cyclonic subpolar
gyre circulation. A composite difference between years of
anomalously strong/weak high-latitude AMOC revealed
strongly enhanced/weakened barotropic flow above the
MAR between 40°N and 50°N (Fig. 10 of Yeager 2015),
along with a much stronger/weaker Northern Recirculation
Gyre (NRG) in line with Zhang and Vallis (2007).

Based on the aforementioned findings, Yeager et al.
(2015) offered a sketch of the SPNA dynamics at work in
a 10-member ensemble set of CESM1.0 initialized decadal
hindcasts (submitted to CMIP5) that exhibited high skill at
predicting decadal trends in Arctic winter sea ice extent.
They argued that: (1) Labrador Sea density anomalies in
FOSI in the upper 1000 m (and anticorrelated SSH anoma-
lies) are forced by NAO variations and appear realistic; (2)
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the large decadal variations in water mass properties within
the Labrador Sea region are not skillfully predicted on multi-
year timescales; (3) the equatorward propagation of water
mass (and associated SSH) signals from the Labrador Sea
to the region east of the Grand Banks of Newfoundland,
however, is highly predictable on multi-year timescales; (4)
predictable SSH east of Grand Banks is linked to predict-
able gyre circulation and heat transport across 50°N; and
(5) highly predictable ocean heat transport at the southern
boundary of the subpolar gyre contributes significantly to
initialization-enhanced SST skill in the SPNA.

A deeper understanding of the origins of decadal predic-
tion skill is critical for advancing the field scientifically as
well as for bolstering confidence in the use of decadal pre-
diction data products by various stakeholders. This study
elaborates on the ideas proposed in Yeager et al. (2015) in
order to clarify how (ocean) initial condition information
propagates through space and time to produce large skill
enhancement in the SPNA region on decadal timescales.
Several new findings suggest that the conventional empha-
sis on geostrophic AMOC (measured by boundary density
fluctuations in depth coordinates) as the fundamental reser-
voir of decadal ocean memory contributing to initialization-
enhanced decadal prediction skill should be reconsidered.
In CESM-DPLE, the essential ocean memory resides in
long-lasting abyssal LSW thickness anomalies that move
slowly through interior pathways towards the western flank
of the MAR where they induce highly predictable, decadal
SSH (and surface geostrophic flow) anomalies. The rele-
vant ocean dynamics are therefore primarily barotropic and
relate to buoyancy-driven fluctuations in gyre strength that
project strongly onto overturning in density space, but not
onto overturning in depth space. The focus on a hindcast set
from a single model (CESM-DPLE) allows for an in-depth
examination of processes, but a drawback is that the con-
clusions will not necessarily hold in general for all decadal
prediction systems.

2 Materials and methods
2.1 The prediction system

The CESM-DPLE is a set of 40-member hindcasts initial-
ized each November 1 between 1954 and 2017 and inte-
grated for 122 months, allowing for skill assessment through
10 full lead years. Yeager et al. (2018) provides a general
overview of this community data resource, including details
of the models used (CESM version 1.1), a description of the
experimental design, and global skill assessments for fields
such as upper ocean heat content, surface temperature, and
precipitation. A key strength of CESM-DPLE is that it rep-
resents the initialized counterpart to the 40-member CESM
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Large Ensemble (CESM-LE) set of historical simulations
(1920-2100) that is documented in Kay et al. (2015). Joint
analysis of CESM-DPLE and CESM-LE therefore permits
robust discrimination between skill attributable to initiali-
zation versus that arising from external forcing, within a
single-model framework. The dataset is freely available and
has been submitted as NCAR’s contribution to the Decadal
Climate Prediction Project (DCPP) component of CMIP6,
but it should be noted that both CESM-DPLE and CESM-
LE use external forcings from CMIP5 (Kay et al. 2015).
The preliminary analysis in Yeager et al. (2018) reveals that
CESM-DPLE exhibits very high skill at predicting pentadal
mean upper ocean heat content (UOHC; depth-averaged
temperature between 0 and 295 m) and sea surface tem-
perature (SST) in the SPNA out to decadal lead times. In
line with many other studies (some cited above), the SPNA
stands out as a region of particularly high skill enhancement
associated with initialization.

The ocean and sea-ice initial conditions used for CESM-
DPLE come from a forced ocean—sea-ice (FOSI) simulation
designed to imprint relatively well-sampled historical atmos-
pheric information into the ocean and sea-ice without the use
of data assimilation. FOSI simulations are reconstructions
of historical ocean and sea-ice states obtained by forcing
those model components with reanalysis-based atmospheric
state and surface flux fields. The lack of direct constraint
to observed ocean and sea-ice data in such runs may result
in less-than-optimal state reconstructions, particularly over
recent years characterized by a dramatic increase in ocean/
sea-ice observations via profiling floats and satellites, but
there are also potential advantages to the FOSI initialization
approach for decadal prediction. FOSI runs are cheap and
easy to perform, evaluate, and refine; they can be extended
as far back in time as atmospheric observations/reanalyses
permit; and they are fully prognostic solutions of the govern-
ing equations that admit detailed study of physical mecha-
nisms (as done herein). Furthermore, it has been shown that
ocean data assimiliation does not necessarily deliver more
consistent reconstructions of key phenomena relevant to
decadal prediction, such as multidecadal AMOC variability,
than the much simpler FOSI method (Karspeck et al. 2015).

The ocean and sea-ice state reconstructions from such
FOSI runs have been scrutinized in several recent multi-
model studies (e.g., Griffies et al. 2014; Downes et al. 2015;
Farneti et al. 2015; Wang et al. 20164, b; Ilicak et al. 2016;
Tseng et al. 2016). In the North Atlantic, many models
(including CESM) produce encouragingly realistic mean and
variability compared to available observations when run in
FOSI mode (Danabasoglu et al. 2014, 2016), but potentially
non-trivial biases are also found that are likely related to
both the coarse (nominal 1° in the horizontal) model reso-
lution as well as errors in the atmospheric forcing fields.
Known biases include: low ocean kinetic energy, poorly

represented Gulf Stream (GS) and North Atlantic Current
(NAC) pathways, unresolved overflow physics, and exces-
sive deep water production (Li et al. 2019). The high skill of
CESM-DPLE in the North Atlantic suggests that such errors
in the CESM FOSI are not fatal flaws, but mechanisms diag-
nosed from such simulations should be treated with caution.

CESM-DPLE employs full field initialization with his-
torical ocean and sea-ice states obtained from a FOSI sim-
ulation that uses the same model version (CESM1.1), but
with ocean and sea-ice as the only active model components.
The FOSI run was initialized from observed temperature
and salinity and spun up through 5 consecutive cycles of
adjusted CORE (Coordinated Ocean-Ice Reference Experi-
ment; Large and Yeager 2004, 2009; Griffies et al. 2009)
forcing spanning 1948-2009. The salinity field in the FOSI
run is constrained by nudging to surface climatology with
a 4-year restoring timescale (see Appendix C of Danaba-
soglu et al. 2014). The ocean and sea-ice states from the
fifth cycle (which was extended through 2017) were used
as initial conditions. Refer to Yeager et al. (2018) for fur-
ther details, including a discussion of modifications made
to the standard CORE wind field. Initial conditions for the
atmosphere and land model components of CESM-DPLE
are selected from corresponding years of a single member of
CESM-LE (#34), and hence only reflect the historical state
through the influence of external forcings. The 40-member
ensemble is generated through round-off perturbations to the
atmospheric temperature field.

2.2 Skill evaluation and statistical significance

Spurious climate drifts associated with full field initializa-
tion are removed prior to skill evaluation using the mean
drift correction technique (Choudhury et al. 2017), but de-
drifted fields are analyzed as anomalies and so model fields
are not re-referenced to observed climatology in the drift
correction step (for details, see: Yeager et al. 2018). In the
absence of observations for many fields of interest, CESM-
DPLE hindcast evolution will be assessed relative to FOSI—
the version of historical ocean truth presented to the coupled
model through initialization. The potential predictability of
CESM-DPLE is thus evaluated in terms of anomaly correla-
tions (Pearson’s r) between the 40-member ensemble mean
and the FOSI simulation for assorted fields.

Except where otherwise noted, statistical significance is
assessed using a non-parametric, block bootstrap technique
(e.g., Goddard et al. 2013; Yeager et al. 2018; Smith et al.
2019). Specifically, p-values are computed by resampling the
hindcasts (1000 times with replacement) across ensemble
members and validation times (using a temporal block size
of 5 years to account for autocorrelation in the time series)
to build a probability distribution of skill scores. A Fish-
er’s z-transform is applied to correlation scores prior to the
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determination of p-values. Statistically significant results are
reported for p-values <0.05.

2.3 Model diagnostics
2.3.1 Predictable variance fraction

The large ensemble size used in CESM-DPLE (and CESM-
LE) permits a more accurate estimation of the model’s poten-
tially predictable variance fraction (PVF) than is usually the
case in decadal prediction studies. The PVF is quantified as in
other studies (e.g., Boer et al. 2013; Eade et al. 2014; Scaife
and Smith 2018) as:

PVF =62 /o> (1)

sig! " tot

2

si,

ble mean, and atzm is the total variance computed as the
expected value of the variance from individual members.
Comparing PVF to the squared correlation (r?>) obtained
from verifying against observations (or an observation-based
reconstruction such as FOSI) highlights mismatches between
the potential predictability quantified from ensemble spread
and the prediction skill quantified from correlation. The ratio
of predictable components (RPC; Eade et al. 2014; Scaife
and Smith 2018; Smith et al. 2019) quantifies this mismatch
as:

where ¢ . is the signal variance computed from the ensem-

RPC = r/\/PVF (2

where r is a correlation value. This paper will draw atten-
tion to fields and regions where RPC<1, indicating that
CESM-DPLE skill is lower than would be expected from
the 40-member ensemble spread.

2.3.2 Upper ocean heat budget

We will consider fixed-depth upper ocean heat budgets from
the CESM ocean component. All necessary terms have been
saved to close the temperature tendency equation:

/ 002z = - / "V - w0+ u0)dz

D Dn (3)

- / (V- Kz + 0/ (2,C,)
D

where D is a fixed depth level (D = 295 m is used through-
out), # is sea surface height; 6 is temperature; u is the three-
dimensional resolved velocity; u* is the three-dimensional
subgridscale velocity (which includes both mesoscale (Gent
and Mcwilliams 1990) and submesoscale (Fox-Kemper et al.
2011) components); K is the three-dimensional diffusive
flux; Q,,, is the net air-sea heat flux; p, is the ocean refer-
ence density; and C, is ocean heat capacity. The effects of
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subgridscale advection are bundled with the diffusive fluxes,
so that the heat budget is decomposed in practice as follows:

1 g 1 g
;I[ /D (0t0)dz] =ﬁ[— /D V- (ub)dz

n
_/ V- (K+u0)dz + Qnet/(p()cl’)
D

“
where H = |D| + 5. The terms in Eq. 4 are accumulated
at each model timestep (hourly) and archived as monthly
means. They are referred to as (from left to right): TEND,
ADV, MIX, and SHF (in units of °C/year).

2.3.3 Labrador sea water thickness

Model Labrador Sea Water (LSW) is defined using surface
water mass formation analysis (e.g., Large and Nurser 2001;
Langehaug et al. 2012) performed on monthly mean output
of FOSI. The subpolar North Atlantic is divided into several
subdomains in which monthly surface density flux is inte-
grated over isopycnal outcrop areas (see Fig. ES1 in Online
Resource 1). This analysis shows that there is a climatologi-
cal annual surface production of model LSW in the density
range 36.95 < 0, < 37.2 kg m~>. The strong NAO forcing
of the late 1980s and early 1990s resulted in a pronounced
shift towards denser-than-normal LSW in FOSI (Fig. ES1),
as seen in hydrographic measurements (Yashayaev 2007).
Given the prominent role of the early 1990s LSW signal in
SPNA decadal predictability, we focus on this densest class
of model LSW. LSW thickness (Az; qy) is therefore defined
for both FOSI and CESM-DPLE as the thickness of the layer
37.025 < o, < 37.175kg m~>. The mean upper/lower depths
of this layer in FOSI are roughly 1200 m/3400 m and the
interannual standard deviation of the layer thickness exceeds
600 m in the Labrador Sea (see Fig. ES2 in Online Resource

1).
2.3.4 Geostrophic upper ocean velocity

Near surface meridional geostrophic flow is computed from
observed and simulated sea surface height () as follows:

ga
= 5)

where g is gravitational acceleration (980.6 cm/s?) and f is
the Coriolis parameter.

2.4 Observations

The observational data considered here include: (1) a sta-
tion-based NAO index (https://climatedataguide.ucar.edu/
climate-data/hurrell-north-atlantic-oscillation-nao-index
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-station-based); (2) upper ocean heat content from the UK
Met Office EN4.2.1 gridded ocean temperature product
(Good et al. 2013); and (3) gridded mean sea level anom-
aly from multi-satellite altimetry observations obtained
from Copernicus Marine Environment Monitoring Service
(CMEMS; http://marine.copernicus.edu).

3 Results

3.1 Subpolar North Atlantic upper ocean heat
content

Numerous studies have linked observed, multidecadal vari-
ations in SPNA upper ocean heat content (UOHC) to the
delayed ocean dynamical response to NAO forcing (for a
review, see Yeager and Robson 2017). A steady increase in
winter NAO forcing from the early 1960s to the mid 1990s
was accompanied by a decrease in SPNA UOHC, and an
abrupt shift to weak NAO in the period from 1996 to 2012
corresponds to an anomalously warm period of the SPNA
(Fig. 1). The FOSI simulation faithfully reproduces much of
the observed variability in UOHC in the region albeit with
a standard deviation that is too high compared to the EN4
data (0.55 °C compared to 0.37 °C). The CESM-DPLE skill-
fully predicts the evolution of annual mean SPNA UOHC
out to decadal lead times (Fig. 1), particularly when verified
against FOSI. This potential predictability (i.e., the ability
of DPLE to reproduce FOSI) is the primary focus here that
will permit tentative mechanistic attribution.

The high SPNA skill is associated with accurate ensem-
ble mean forecasts of anomalously cold conditions between
1965 and 1995, warm conditions between 1996 and 2015,
and the abrupt mid-1990s transition between these regimes.
Although CESM-DPLE exhibits a cooling trend between
2010 and 2020 at all lead times (Fig. 1), the observed abrupt
transition to anomalously cold conditions in the SPNA after
2015 is not well predicted. This behavior is the topic of
ongoing investigation and is believed to be related to a fail-
ure to predict the highly anomalous surface fluxes in the
winters of 2013/2014 and 2014/2015 that contributed to the
intensity of the 2015 cold anomaly in the SPNA (e.g., Josey
et al. 2018; Yeager et al. 2016). Unsmoothed (annual mean)
data reveal that SPNA UOHC has rebounded to only slightly
negative conditions in the last couple of years (Fig. ES3 in
Online Resource 1), which has substantially reduced, but not
eliminated, the discrepancy between recent CESM-DPLE
hindcasts and observations.

CESM-DPLE exhibits very little degradation in SPNA
UOHC skill as lead time increases (Fig. 1). The correla-
tion score for lead years 1-5 (LY 1-5) is 0.87 when veri-
fied against FOSI (0.58 when verified against EN4). The
score for LY5-9 is only slightly lower at 0.84 (0.53). The
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Fig. 1 a Station-based winter (DJFM) NAO index. b Running 5-year
mean SPNA upper ocean heat content (to 295 m depth) from EN4
observations (blue), FOSI (black), CESM-DPLE (red; average over
lead years 1-5), and CESM-LE (grey). The SPNA region is defined
as 45°W-20°W, 50°N-60°N (see black box in Fig. 3). The shad-
ing around CESM-DPLE and CESM-LE curves represents ensem-
ble uncertainty (+1o). Correlations (and corresponding p-values)
are given for CESM-DPLE verified against FOSI (black) and EN4
(blue). The square root of the predictable variance fraction (\/PVF;
see Sect. 2.3.1) is given for CESM-DPLE (red) and CESM-LE (grey),
thus permitting direct comparison to correlation values. ¢, d Same as
b but showing lead years 3—7 and 5-9, respectively

amplitude of the UOHC signal and the timing of the mid-
1990s transition appears little changed between LY 1-5 and
LY5-9. Furthermore, the ensemble signal-to-noise character-
istics (quantified in terms of predictable variance fraction or
PVF; see Sect. 2.3.1) are also very stable. Direct comparison
of 1/ PVF with FOSI correlation scores reveals that RPC <
1 for SPNA UOHC at all lead times, with the spread-based
metric suggesting that more than 80% of variance in SPNA
UOHC remains potentially predictable even out to LY5-9.
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This can be compared to roughly 20% of predictable vari-
ance obtained in CESM-LE, whose ensemble average does
not correlate significantly with either FOSI or EN4. The
CESM-DPLE skill scores and PVF show similar stability
with lead time if annual, rather than pentadal, means are
considered (see Fig. ES3 in Online Resource 1). The fact
that the phasing, amplitude, and spread of predicted SPNA
UOHC varies so little with lead time (even out to LY 10),
and is so different from CESM-LE, strongly implies that
the predictability must relate to a dynamical ocean mecha-
nism and cannot be explained by damped persistence (see
e.g., Yeager et al. 2018) and/or coupled model response to
external forcings.

Examination of the upper ocean heat budget (see
Sect. 2.3.2) from FOSI in the SPNA region sheds some pre-
liminary light on the relevant mechanisms (Fig. 2). Both
surface heat flux (SHF) and resolved advective heat con-
vergence (ADV) are important terms in the multidecadal
UOHC signal, and their anti-correlation supports the hypoth-
esis of ocean-driven low-frequency variability in this region
(Zhang et al. 2016; O’Reilly et al. 2016; Kim et al. 2020).
Specifically, ADV (SHF) tendency anomalies are negative
(positive) during the decades of SPNA cooling, and positive
(negative) during the most recent warm decades. The net
UOHC tendency is clearly the residual of large and covary-
ing terms, and so it is difficult to determine causality from
heat budget analysis alone. Nevertheless, since the variance
of UOHC tendency is given by the sum of the variances
and covariances of the terms included in the decomposition
(ADV, SHF, and MIX; Eq. 4), some insight can be gained

by comparing the relative magnitudes of these variances/
covariances and how they change with timescale.

The spatial breakdown of UOHC budget variance is
shown using raw (deseasonalized) monthly timeseries in
Fig. 3, and using low-pass filtered timeseries (5 years and
longer) in Fig. 4. Both figures show that ADV is the domi-
nant term along the GS and its NAC extension into the cen-
tral and eastern subpolar gyre. In panel h of both figures,
we see strong negative covariance between ADV and MIX,
particularly pronounced in regions where ADV variance is
high and dominant, suggesting that diffusive mixing acts to
damp anomalies generated by advective heat convergence
in regions of strong surface flow. The covariance between
ADV and SHF, however, exhibits an interesting difference
after temporal smoothing. When all timescales are included,
ADV and SHF show positive covariance over much of the
subpolar domain (Fig. 3f), suggesting that high-frequency
Ekman dynamics prevail (ie., stronger westerlies cool the
upper ocean both through turbulent heat flux and by induc-
ing anomalously southward Ekman flow). When multiyear
and longer timescales are isolated, the covariance becomes
almost uniformly negative over the domain, suggesting that
high ADV variance along the NAC extension is damped by
the SHF response (Fig. 4f) which adds to the larger damping
effects of MIX (Fig. 4h). This interpretation is supported
by the dominance of ADV variance along the GS path,
the closely matching spatial patterns in the ADV covari-
ance maps (Fig. 4f, h), and lead/lag analysis to be discussed
below. Focusing on multiyear variance also changes the rela-
tive importance of terms when considering the SPNA region

——UOHC
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MIX
(a) SPNA 295m Heat Budget from FOSI | ______ %EIEID
0.80 — 15
060 — -
i — 1.0
0.40 — -
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@ ] C
2 0.00 0.09
£ . -
-0.20 — -
| — -0.5
-0.40 — -
T — -1.0
-0.60 —| -
-0.80 HH\\\\\l\\\\HH\l\\\H\\\\lH\\\\\Hl\\H\H\\lHHH\HlHHH\HlH7 -1.5
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Fig.2 Upper ocean (to 295 m) heat content budget from FOSI for the
SPNA region (45°W-20°W, 50°N-60°N; see black box in Fig. 3).
The left axis is used for UOHC tendency terms, and the right axis
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is used for UOHC. All time series have been low-pass filtered with a
Lanczos smoother with cutoff period of 60 months. Note that TEND
is the sum of ADV, MIX, and SHF (see Sect. 2.3.2 for details)
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Fig.3 Upper ocean (to 295 m) FOSI heat budget variance (in units of
(°Clyear)?) for: a TEND, ¢ SHF, d MIX, e ADV, f 2cov (SHF, ADV),
g 2cov (SHF, MIX), and h 2cov (ADV, MIX). Variance is computed
from de-seasonalized monthly time series spanning 1948-2017.
Cross-hatching indicates negative covariances. b Lists the variance

as a whole (compare Figs. 3b, 4b). Spatially-coherent SHF
anomalies make this by far the dominant term when all time-
scales are included, even though locally within the SPNA
SHF shows lower variance than ADV along strong current
pathways. However, low-pass filtering dramatically reduces
the role of SHF in the SPNA tendency budget, making ADV
the primary driving term with lower-variance passive damp-
ing provided by SHF and MIX. The relative dominance of
ADV in the SPNA heat budget on multiyear timescales
underscores the relevance of this budget term for decadal
prediction. These FOSI results largely corroborate recent
examinations of North Atlantic mechanisms as represented
in more formal ocean state estimation products (Buckley
et al. 2014, 2015).

The high and long-lasting skill of CESM-DPLE is itself
a compelling line of evidence for the causal role played by
ADV in SPNA UOHC, and the remainder of this paper will
focus on the origins and impacts of predictable ADV signals.
As noted above, the absence of realistic SPNA variability in
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decomposition after averaging terms over the SPNA region (black
box; 45°W-20°, 50°N-60°N). Note nonlinear color scale and that the
net tendency variance in (a) is equal to the sum of terms in (c-h).
Thin black contour shows the 2500 m isobath

the CESM-LE ensemble (Fig. 1) indicates that high CESM-
DPLE skill cannot be explained by the model response to
time-varying external radiative forcings (greenhouse gases,
aerosols, etc.). It could be the case that the CESM response
to those forcings is flawed, and that the FOSI-derived initial
conditions used in CESM-DPLE do in fact contain exter-
nally-forced variations that contribute significantly to ini-
tialized decadal prediction skill. Regardless of the origin of
the information contained in the initial conditions (external
forcing versus intrinsic variability), a strong conclusion is
that, in this prediction system, SPNA skill derives primarily
from initialization rather than the coupled model response
to external forcing.

The potential predictability of the SPNA heat budget
is assessed by correlating CESM-DPLE tendency terms
with those from FOSI in Fig. 5. Very high pentadal skill
(r> 0.6) is found for all budget terms north of ~ 40° N, in
a zonal swath extending from the North American coast
into the central and eastern SPNA. The region of highest
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Fig.4 Same as Fig. 3 except all budget terms have been low-pass filtered with a Lanczos smoother with cutoff period of 60 months prior to vari-
ance computation. Note that the variances listed in (b) correspond to the time series plotted in Fig. 2

correlation skill coincides with the region where ADV
dominates UOHC tendency on multi-year timescales (cf.
Fig. 4e). This suggests that the coherent patterns of high
extratropical skill seen in SHF, MIX, ADV, and TEND are
ultimately driven by the ADV term. Additional evidence
will be shown below that bolsters this interpretation. It
is remarkable that correlation scores exceeding 0.8 are
seen for each of SHF, MIX, and ADV in the region above
the MAR (around 50° N, 30° W), even out to LY5-9. The
skill for individual budget terms is generally higher than
that for the net UOHC tendency at any given lead time,
but the TEND skill is very high (r > 0.6) throughout the
extratropics in the first pentad of prediction and it remains
significant in the eastern SPNA even at LY5-9. The high
skill at predicting SPNA UOHC tendency years in advance
is what explains both the stability of UOHC skill met-
rics with lead time (Fig. 1) and the large skill improve-
ment over damped persistence in this region (Yeager
et al. 2018). The subtropical heat budget skill is generally
more short-lived than in the extratropics for each of the
terms, but a swath of significant, persistent tendency skill
is found between the west coast of Africa and the Carib-
bean (Fig. 5k). This feature can perhaps be interpreted
as a manifestation of the subtropical limb of the Atlantic
Multidecadal Variability (AMV) pattern, which has been
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shown to be at least partly driven by ocean dynamics in the
SPNA in the CESM model (Kim et al. 2020).

The relative magnitude of heat budget signals in the
prediction ensemble (quantified as v/ PVF; see Fig. ES4 in
Online Resource 1) exhibits a close match to FOSI corre-
lation skill (Fig. 5) throughout much of the GS/NAC and
eastern SPNA regions. However, \/PVF is considerably
higher at far northern latitudes and in the subtropics. This
mismatch is easily seen as regions where RPC (see Eq. 2) is
significantly less than one in Fig. 6. Low ensemble spread
in CESM-DPLE indicates that there is higher potential
predictability in those regions than is realized in practice,
even when verifying against FOSI (which employs the same
ocean and sea-ice models as CESM-DPLE). Of particular
note is the rapid loss of SHF and MIX skill (but not PVF) in
the Labrador Sea (see LY 1-5 in Figs. 5, 6), a region where
those two terms dominate the FOSI budget (Fig. 4). The
PVF maps suggest that 25% or more of the variance in SHF
and MIX in the Labrador Sea (as well as in the Irminger
and Norwegian Seas) is predictable variance even out to
LY5-9 (Fig. ES4). This implies that the atmosphere in
CESM-DPLE has noteworthy signal variance for heat budget
forcing in high latitude regions of deep water mass forma-
tion, but it is not skillful variance insofar as it differs from
the reanalysis used to drive FOSI. This further implies that
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Fig.5 Upper ocean (to 295 m)

heat budget predictability for 80°N
lead years: 1-5 (left panels),
3—7 (middle panels), and 5-9
(right panels). Rows (from

top to bottom) show anomaly
correlation coefficients between
CESM-DPLE and FOSI for:

60°N

40°N

SHF, ADV, MIX, and TEND, 20°N
respectively. Stippling indicates
correlations that are not statisti- 0

cally significant. Thin black
contour shows the 2500 m

isobath. All timeseries were
detrended prior to analysis 60°N
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there may be ways to improve prediction of North Atlantic
deep water formation through focused work to understand
the origins of unrealistic atmospheric signals over these key
regions. The relatively high PVF (significantly low RPC)
over the high latitude deep water formation regions is likely
part of the explanation for the relatively high PVF seen for
SPNA UOHC (Fig. 1; v/ PVF always exceeds correlation
scores).

3.2 The abyssal mechanisms that sustain subpolar
Atlantic skill

What accounts for the high and persistent advective heat
convergence skill in the central SPNA in CESM-DPLE? The
UOHC tendency skill would appear to be related to very
high and long-lasting skill (r ~ 0.8 for LY5-9) at predicting

60°W 40°W 20°W 0 60°W 40°W 20°W 0

low-frequency variations in net, column-integrated meridi-
onal heat transport (MHT) in the extratropical band 40°
N-60° N (Fig. 7c). However, the skill is much lower and
shorter-lived for AMOC,,,, than for MHT in that latitude
band (Fig. 7b), suggesting that the ocean dynamical memory
relevant to SPNA heat convergence and UOHC skill is not
directly related to AMOC strength. It is interesting that low
ensemble spread would imply much higher higher predict-
ability for AMOC at all latitudes than is realized in prac-
tice when verifying against the FOSI observational proxy
(Fig. 7a, b). This would appear to relate to the low RPC
over deep water formation regions noted above. It seems
that the prediction system has high confidence in its predic-
tions of AMOC surface forcing out to decadal lead times,
but this common (across ensemble members) forcing sig-
nal is not realistic, and so AMOC skill drops rapidly. The
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Fig.6 Ratio of predictable components (RPC; see Sect. 2.3.1 for
details) for UOHC budget for lead years 1-5 (left panels), 3-7
(middle panels), and 5-9 (right panels). Rows (from top to bottom)
show RPC for: SHF, ADV, MIX, and TEND, respectively. Stip-

same is true for MHT, except in the extratropical band where
MHT skill is commensurate with (only slightly lower than)
that implied by the PVF (Fig. 7c, d). The skill at predicting
FOSI MHT degrades quickly for latitudes south of ~ 40°
N, which likely contributes to the low UOHC budget skill
in the subtropical gyre seen in Fig. 5, but the stable MHT
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pling indicates RPC values that are not significantly different from
1. Thin black contour shows the 2500 m isobath. All timeseries were
detrended prior to analysis

skill in the extratropics suggests that MHT in this band is
largely immune to the degradations in surface forcing skill
that cause AMOC skill to drop.

When viewed in full depth-latitude space, it is apparent
that there is in fact very high skill at predicting variations
in deep (below 2500 m) overturning in the extratropics
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(a) ACC for AMOC(1000m)

(b) VPVF for AMOG(1000m)
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Fig.7 Anomaly correlation as a function of latitude between CESM-
DPLE and FOSI for eulerian-mean a AMOC at 1000 m depth and
¢ Atlantic meridional heat transport (MHT), for lead years: 1-5,
3-7, and 5-9. Right panels (b, d) show corresponding values for the

(Fig. 8a—c). This is missed when focusing on indices
intended to reduce AMOC to a single value as a function
of latitude (as in Fig. 7). The spatial distribution of PVF for
AMOC(z) also indicates that the abyssal overturning cir-
culation has exceptionally high signal-to-noise within the
CESM-DPLE ensemble (Fig. ES5 in Online Resource 1).
How does high predictability of abyssal flow translate into
predictable MHT, and in particular, predictable advective
heat convergence in the near surface ocean? The answer
relates to the topographic coupling of the thermohaline over-
turning and gyre circulations described in Yeager (2015) and
expounded upon below.

There is very high and long-lasting skill at predict-
ing BSF variations in the extratropical band (Fig. 9a—c),
particularly along the GS/NAC pathway discussed above.
Maximum BSF skill is found to the east of the Grank
Banks around 45° N on the western flank of the MAR,
extending northeastward to the Rockall Plateau. This
region of remarkably high decadal prediction skill (r > 0.9
in Fig. 9a—c) corresponds precisely to the region of strong,
decadal, buoyancy-driven BSF variance highlighted and

square root of PVF. Statistically significant correlations (left panels)
are indicated by solid curves. All time series were detrended prior to
analysis

explained in Yeager (2015). Abyssal flow interaction with
bottom bathymetry generates barotropic vortex stretching
that can drive the gyre from below in the same way that
wind stress curl forcing drives the gyre from above. These
barotropic dynamics are reflected in variations of vertical
velocity at the ocean bottom:

Wpor = —V - VH ©)

where v is the horizontal bottom velocity and H is ocean
depth. Pentadal variations in w,,, are highly predictable
(Fig. 9j-1), particularly on the slopes of the MAR where VH
is large (see bathymetry map in Fig. ES1 in Online Resource
1), but with high skill extending all the way into the subtrop-
ics. North of ~ 40° N, this predictable w,,, forcing translates
into predictable barotropic gyre circulation. Consistent with
this barotropic mechanism, we find that SSH is also highly
predictable along the GS extension, on either side of the
MAR around 45°N, and into the eastern SPNA (Fig. 9g—i).
Again, this is consistent with earlier work showing that
FOSI SSH variability in these regions is largely decadal
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Fig.8 AMOC predictability for lead years: 1-5 (left panels), 3-7
(middle panels), and 5-9 (right panels). Rows (top and bottom) show
anomaly correlation coefficients between CESM-DPLE and FOSI
for: AMOC(z) and AMOC(o,), respectively. Stippling indicates cor-

and buoyancy-driven (Yeager and Danabasoglu 2014). The
predictability of SSH (and in particular, SSH gradients in the
vicinity of the MAR) is an important contributor to predict-
able upper ocean advective heat convergence in the central
and eastern SPNA discussed above (Fig. 5d—f) and further
elucidated below (Fig. 11).

The fundamental source of ocean decadal memory in
CESM-DPLE in the North Atlantic is slow, interior propa-
gation of long-lived LSW thickness anomalies. Exception-
ally predictable, abyssal thickness anomalies (Fig. 9d—f; see
Sect. 2.3.3 for definition) are what underpin the very high
SPNA predictability in the fields discussed above: abyssal
circulation, w,,,, BSF, SSH, ADV, TEND, and UOHC. The
NAO-related formation and interior propagation of LSW
thickness anomalies, and their surface manifestation as low-
frequency variations in the extratropical SSH field, is clearly
evident in an animation of monthly FOSI anomalies span-
ning 1958-2017 (see Online Resource 2). The animation
shows that Az; ¢, signals generated in the interior Labrador
Sea follow several pathways after exiting that region. Some
propagation of thickness signal is evident along the western
boundary, but the largest anomalies tend to follow eastward,
interior pathways towards the MAR, whereupon they recir-
culate within the SPNA or split into branches that infiltrate
southward on either side of the MAR. It appears that the
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relations that are not statistically significant. Grey contours show the
climatological AMOC streamfunctions from FOSI (contoured at 3 Sv
intervals). All timeseries were detrended prior to analysis

interior pathways are most important for inducing large BSF
and SSH anomalies relevant to CESM-DPLE predictability.
In particular, the southward interior pathway towards the
western flank of the MAR results in accumulation of large
Az, ¢y anomalies that get blocked by bathymetry and persist
for years.

Figure 10 displays a snapshot from the animation show-
ing a persistent blob of anomalously thick LSW sitting
on the western flank of the MAR that resulted from very
anomalous LSW production in the early 1990s. The large,
positive Az; ¢ anomaly is associated with large negative/
positive SSH anomalies on the western/eastern flanks
of the MAR (Fig. 10a). This anomalous SSH gradient
contributes to anomalous northward heat transport into
the central and eastern SPNA in the upper ocean and an
associated (predictable) positive ADV signal in the late
1990s (Figs. 2, 5). The time series of anomalous meridi-
onal geostrophic flow averaged over the MAR (v,,z; see
Sect. 2.3.4) is shown in panel ¢ of Figure 10. The CESM-
DPLE shows excellent skill at predicting this SSH-driven
flow out to decadal lead times (LY5-9 plotted), and the
high predictability relates to the fact that SSH in this
region is predominantly buoyancy-forced (ie., it reflects
the steric effect of deep water mass anomalies). The
variability of Az gy in the western half of the MAR box
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Fig.9 Predictability of the

buoyancy-driven gyre circula- 80°N
tion for lead years: 1-5 (left
panels), 3—7 (middle panels),

and 5-9 (right panels). Rows 60N
(top to bottom) show anomaly

correlation coefficients between 40°N
CESM-DPLE and FOSI for:

BSF, Az gy, SSH, and w,,,,, 20°N
respectively. Stippling indicates
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cally significant. Thin black
contour shows the 2500 m
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(Fig. 10b) is clearly correlated with the zonal SSH gradi-
ent in both FOST and CESM-DPLE (r = 0.99 when Az, g
leads v 4z by 4 years in FOSI). Thickness variations on
the order of hundreds of meters in the abyssal ocean drive
SSH variations on the order of centimeters in this region,
with a several year time lag that will require further study
to understand. Given the roughly 4 year time lag diag-
nosed from FOSI, it can be surmised that the near perfect
prediction skill for Az; gy early in the hindcasts (Fig. 10b,
showing LY 1-5) underpins the high prediction skill for
Vg later in the hindcasts (Fig. 10c, showing LY5-9). The
evidence of LSW-driven SSH gradients combined with
extraordinarily high prediction skill for Az; ¢y in the vicin-
ity of the MAR (Figs. 9, 10) leave little doubt that persis-
tent abyssal water mass anomalies play a key role in the
success of CESM-DPLE in the subpolar North Atlantic.

60°W 40°W 20°W 0

60°W 40°W 20°W 0

The positive peak in v, around the year 2000
(Fig. 10c) occurs several years after the 1996 peak in
SPNA UOHC tendency (Fig. 2) that led to the abrupt, mid-
1990s SPNA warming, and so the timing of signals linked
to SSH-driven flow anomalies over the MAR requires
some clarification. The temporal sequence of events asso-
ciated with predictable SPNA UOHC change (dominated
by the mid-1990s event) is summarized in Fig. 11, which
shows FOSI heat budget regressions onto the normalized
V uag time series (black curve in Fig. 10c). The associ-
ated correlation maps are provided in Figure ES9 (online
Resource 1) using a t-test for statistical significance after
taking into account temporal autocorrelation (Bretherton
et al. 1999). Advective heat convergence (ADV) in the
central and eastern SPNA maximizes in sync with v
(Fig. 11, lead 0), but the net UOHC tendency (TEND)
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Fig. 10 a LSW thickness
(Az;gw) anomaly (color fill)
from October 1999 overlaid 80°N
by low-pass filtered (Lanczos
smoother with cutoff period

of 60 months) SSH anomaly
(contoured at 2 cm intervals,
omitting 0). Both fields are from
the FOSI simulation (see Online
Resource 2 for correspond-

ing animation). b Anomalous
pentadal-mean Az, g, averaged
over the western half of the
(green) MAR box from FOSI
(black) and CESM-DPLE (red;
lead year range 1-5 plotted).

¢ Anomalous pentadal-mean
geostrophic meridional flow 40°N —
regionally-averaged over

the MAR (v 4p; refer to

Sect. 2.3.4) from FOSI (black),

CESM-DPLE (red; lead year

range 5-9 plotted), and satellite

observations (blue). The MAR

box used for observations in o

¢ (blue box) is shifted slightly 20°N
north of that used for model
fields (green box). The shading (b)
around CESM-DPLE curves

represents ensemble uncertainty
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in that region maximizes about 4 years earlier (Fig. 11, = the MAR and SPNA but act to damp the ADV tendency.
lead — 4), as noted above. The explanation for this canbe = As the ADV signal grows over the MAR and begins to
seen in the corresponding regressions for MIX and SHF, extend northward and eastward into the SPNA (Fig. 11,
whose spatial patterns clearly mirror the ADV signals over  leads — 8 to 4), MIX and SHF play catch up and can only
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Fig. 11 FOSI heat budget regressed onto (normalized) geostrophic
meridional flow anomalies regionally-averaged over the MAR (V,4z;
black curve in Fig. 10c): (top row) ADYV, (second row) MIX, (third
row) SHF (multiplied by a scale factor of 3), (fourth row) TEND
(multiplied by a scale factor of 5), (fifth row) UOHC. All time series
were detrended and smoothed with a running 5-year boxcar filter

fully counter the ADV signal by about lead 4 (4 years after
the v,,4r maximum, when TEND is near zero). The largest
discrepancy between ADV and (MIX+SHF), and hence
maximum in TEND, occurs at lead — 4 (ie, 1996 in his-
torical terms), which results in a dramatic UOHC change
from lead — 4 to lead O (noting that the UOHC signal is the
time integral of TEND). As seen previously in Figs. 2 and
4, both MIX and SHF are smaller terms than ADV in the
SPNA, but they work together to counter buoyancy-driven
ADYV anomalies. The high predictability of the SPNA heat
budget over the MAR and SPNA (Fig. 5), including MIX
and SHF terms, arises from the ability to skillfully predict

prior to regression. Columns show results for different lead times in
years with v, leading/lagging for positive/negative lead times such
that advancing from left to right shows the progression through time.
Units for top 4 rows is (°C/year)/(std. dev.); units for bottom row is °
C/(std. dev.)

AZ;gw, Vyur> and the associated evolution of FOSI heat
budget terms depicted in Fig. 11.

4 Discussion

The predictability dynamics at work in CESM-DPLE are
barotropic insofar as the critical ocean heat transport (and
transport convergence) skill appears to be maintained by
multi-year skill at predicting the gyre circulation and
dynamic height field in the intergyre region between the
subtropical and subpolar Atlantic. Bottom vortex stretching
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is the relevant (barotropic) forcing term that sustains the pre-
dictable gyre circulation. Persistent LSW thickness anoma-
lies represent the essential core of ocean memory, driving
predictable anomalous bottom flow (with associated w,,,
and BSF signals) as well as anomalous surface flow through
steric SSH change. The analysis of deep density signals in
terms of water mass thickness permits a transparent linkage
between surface water mass formation, interior propagation,
and surface expression in the SSH field that dictates upper
ocean geostrophic flow.

The net strength of depth-space AMOC exhibits much
lower skill than the net heat transport north of 40°N (Fig. 7),
suggesting that its importance for decadal prediction is not
as high as is commonly assumed. Low AMOC(z) skill
(Figs. 7, 8) is presumably related to the rapid loss of skill
at predicting high latitude surface forcing (Fig. Sa—c) and
associated LSW formation and thickness changes within the
Labrador Sea (Fig. 9d—f). Poor prediction of the wind-driven
component of extratropical AMOC variability is likely a
compounding factor (not shown). The rapid transmission
down the western boundary of (erroneous) LSW thickness
signals results in a relatively quick loss in skill at predict-
ing western boundary density anomalies that set AMOC(z)
strength through the thermal wind relation. Note that the
LY 1-5 skill for AMOC(z) at 45° N (r = 0.6; Fig. 7a) is not
far off from the multi-model AMOC skill reported in Pohl-
mann et al. (2013), so it would not appear that AMOC(z) is
less predictable in CESM-DPLE than in other systems. The
emphasis here, though, is the contrast between this short-
lived AMOC(z) skill and the much longer-lasting MHT skill
at extratropical latitudes (Fig. 7c).

It is not clear how to reconcile these results with earlier
work that emphasizes the role of the overturning component
of ocean heat transport in skillful SPNA prediction (e.g.,
Robson et al. 2012; Msadek et al. 2014; Robson et al. 2017).
One possible explanation is that these prior works focus on
select case studies of rapid SPNA change rather than skill
averaged across all initialization dates. Another is that fun-
damentally different mechanisms could be at work in the
different prediction systems. The analysis of sigma-space
AMOC skill suggests that there might in fact be no discrep-
ancy at all. When viewed in density coordinates (Fig. 8d—f),
there is high skill at predicting the strength of both shallow
and deep circulations even out to LY5-9 in the extratropical
band (40° N-60° N). There is a rapid loss of AMOC(o,) skill
in the lightest class of southward flowing water, which cor-
responds to the surface Labrador Current and its southward
extension along the shelf of the Grand Banks, and this loss
of skill at predicting the near-surface western boundary cur-
rent would appear to be related to the rapid loss of AMOC(z)
skill. However, the skill is very high for southward flow in
the abyssal layers (37.1 < o, < 37.2 kg m™?) which corre-
sponds to the densest LSW water and even denser overflow
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waters. There is another band of very high skill (r > 0.8) in
the warm (light), northward-flowing, extratropical branch of
AMOC(o,). A key thesis of this study is that the high skill of
the northward flowing branch in Fig. 8d—f derives from the
skill in the abyssal layer. In other words, the AMOC(s,) per-
spective predominately reflects horizontal barotropic gyre
dynamics north of about 40° N (Zhang 2010; Kwon and
Frankignoul 2014). The strong covariance between bottom
and surface flows discussed in Sect. 3.2 manifests as bands
of high predictive skill in the lower and upper branches of
AMOC(o,) between 40° N-60° N, separated by a band of
very low skill centered around o, = 37.0 kg m~> (Fig. 8).
It follows that geometric decompositions of heat transport
(Bryan et al. 1975) will show a significant (and predictable)
overturning component even in the extratropical band inso-
far as there is high skill at predicting anomalous transport
of northward-flowing (warm) surface water and southward-
flow (cold) deep water. As we have shown, however, the
relation between heat transport and volumetric overturning
is rather subtle, and AMOC(z) is less relevant than AMOC
(0,) for understanding SPNA predictability dynamics. This
is because the latter better reflects the topographically-cou-
pled overturning/gyre dynamics that factor significantly in
SPNA ocean heat transport (Yeager 2015).

A novel result is the important role played by the Mid-
Atlantic Ridge (MAR) in SPNA predictability. In CESM-
DPLE, the MAR acts like a dam that obstructs the interior
propagation of deep water mass anomalies. As a conse-
quence, consecutive episodes of anomalous LSW formation
result in the growth of a quasi-stationary thickness anomaly
on the western flank of the MAR. This in turn induces per-
sistent BSF, SSH, and MHT anomalies. The geographical
proximity of the MAR to the Labrador Sea therefore sug-
gests an inherent limit of SPNA predictability. The interior
propagation (and accumulation) of pre-formed LSW thick-
ness anomalies is exceptionally predictable (see Figs. 9d—f,
10), but there is much less skill at predicting the formation
of LSW thickness anomalies (see Fig. 9d—f in the Labrador
Sea). By LY5-9, the low skill at predicting water mass for-
mation results in a propagation of low Az, ¢y, skill almost all
the way to the MAR. It can be surmised that the ability to
predict MHT in the extratropical band (Fig. 7c), and ADV,
SHF, and MIX in the central/eastern SPNA (Fig. 5), would
quickly degrade once the LSW thickness skill on the western
flank of the MAR disappears. Longer hindcasts would be
needed to test this hypothesis.

The fidelity of the predictability mechanism at work in
CESM-DPLE remains an open question that cannot be fully
addressed in the present work. The demonstrated decadal
skill of this system when verified against SPNA observations
of UOHC (Figs. 1, ES3) and SST (Yeager et al. 2018), as
well as atmospheric fields such as NAO and winter block-
ing frequency (Athanasiadis et al. 2020), suggests that the
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CESM-DPLE mechanisms underpinning SPNA UOHC
prediction skill are probably not entirely unrealistic despite
the many model flaws. Satellite observations of dynamic
sea level, while too short to permit full validation of the
simulated multidecadal variability in the SPNA, do offer
some confirmation that simulated low-frequency changes
in meridional surface geostrophic flow over the MAR are
realistic (Fig. 10c). Maps of low-pass filtered annual surface
geostrophic flow computed from FOSI SSH and altimetry
(Fig. ES7,8 in Online Resource 1) show some common fea-
tures, such as the development of persistent, positive north-
ward flow anomalies above the MAR the late 1990s and
early 2000s, presumably the result of vigorous LSW pro-
duction in early 1990s. On the other hand, this comparison
also reveals that FOSI SSH anomalies are too large (evident
also from Fig. 10c), which may relate to the overproduc-
tion of LSW in the CESM model (Li et al. 2019) and may
in turn help explain the unrealistically large SPNA UOHC
variance in FOSI (Fig. 1). Preliminary analysis of a FOSI
simulation using an eddy-resolving ocean configuration of
CESM indicates that the essential elements of the mecha-
nism described above (large NAO-driven LSW thickness
variations that correlate with SSH as they propagate through
interior pathways, particularly as they encounter the MAR)
are robust (not shown). The in-depth examination of this
predictability mechanism in other models, including high
resolution models, will be the topic of future work.

5 Conclusions

The mechanisms underpinning decadal predictability of
subpolar North Atlantic (SPNA) upper ocean heat content
in a widely-used initialized prediction dataset, the CESM-
DPLE (Yeager et al. 2018), have been explored by assess-
ing the skill at reproducing the mechanisms at work in a
well-studied, reanalysis-forced ocean—sea-ice (FOSI) simu-
lation performed with the same model. A strength of this
approach is that it leverages previous work that has revealed
the dominant influence of surface buoyancy forcing and
flow-bathymetry interactions on simulated SPNA dynamics
(Yeager and Danabasoglu 2014; Yeager 2015). A drawback
is that the question of model fidelity remains an outstanding
issue that limits the strength of conclusions. A summary of
key findings is as follows:

e Advective heat convergence is the dominant term in the
upper ocean heat budget in the SPNA on multi-year time-
scales. It is a driving term that gives rise to large, coher-
ent mixing and heat flux tendencies of opposite sign.

e CESM-DPLE shows very high potential predictability
skill (as well as high actual prediction skill) for SPNA
upper ocean heat content (UOHC) variations even out

to 10-year lead times, with only slight degradation in
the signal-to-noise across a 40-member ensemble. This
skill derives from accurate multi-year prediction of heat
budget tendency terms in the central and eastern SPNA.
Skillful prediction of advective heat convergence in a
region north of 40° N and over the Mid-Atlantic ridge
appears to be the primary source of UOHC tendency
skill.

e Long-lasting skill at predicting meridional heat
transport at intergyre latitudes (40° N-60° N) is not
explained by the strength of depth-space AMOC,
because skill for AMOC(z) is quite short-lived. Instead,
the critical advective heat transport skill is related to
highly predictable coupled overturning/gyre dynamics.
The latter manifests as long-lasting skill for the baro-
tropic streamfunction over the MAR in the intergyre
region, and for the upper and lower branches of AMOC
when computed in sigma-space.

e The fundamental decadal ocean memory in the North
Atlantic resides in persistent, slowly-propagating
Labrador Sea Water thickness anomalies. These deep
water mass anomalies drive surface advection by alter-
ing the sea surface height in the subpolar region, and
they drive bottom advection by altering abyssal pres-
sure gradients. When they propagate to regions of large
bathymetric gradients (such as the MAR), they induce
strong coupling between the overturning and gyre cir-
culations.

e Satellite-based sea level measurements offer tentative
support to the finding that large, decadal variations in
the strength of the zonal SSH gradient over the MAR,
generated by persistent LSW thickness anomalies in the
abyssal ocean on the western flank of the MAR, play a
critical role in SPNA predictability.

More work is clearly needed to determine whether the pre-
dictability mechanism outlined above holds true in general.
The DCPP component of CMIP6 (Boer et al. 2016) will help
facilitate an examination of the robustness to differences in
model formulation and prediction system design. Testing the
sensitivity to model resolution is more challenging, as multi-
decadal historical simulations using eddy-resolving ocean
models are still quite rare, and initialized ensemble predic-
tion at such resolution remains a limited, frontier activity.
An exploration of the characteristics of abyssal thickness
anomalies in an ocean with fully-developed mesoscale tur-
bulence is needed and is planned. Finally, satellite-based
SSH measurements are and will continue to be a crucial
benchmark, but this work highlights the potential impor-
tance for surface climate of variability in the deep ocean.
The lack of deep ocean observations therefore poses con-
siderable challenges for decadal prediction initialization and
mechanistic verification.

@ Springer
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