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ABSTRACT

Variations in the Atlantic meridional overturning circulation (AMOC) driven by buoyancy forcing are
typically characterized as having a low-frequency time scale, interhemispheric structure, cross-equatorial heat
transport, and linkages to the strength of Northern Hemisphere gyre circulations and the Gulf Stream. This
study first tests whether these attributes ascribed to the AMOC are reproduced in a coupled model that is
mechanically decoupled and, hence, is only buoyancy coupled. Overall, the mechanically decoupled model
reproduces these attributes, with the exception that in the subpolar gyre, buoyancy drives AMOC variations
on interannual to multidecadal time scales, yet only the multidecadal variations penetrate into the subtropics.
A stronger AMOC is associated with a strengthening of the Northern Hemisphere gyre circulations, Gulf
Stream, and northward oceanic heat transport throughout the basin. We then determine whether the char-
acteristics in the mechanically decoupled model can be recovered by low-pass filtering the AMOC in a fully
coupled version of the same model, a common approach used to isolate the buoyancy-driven AMOC. A major
conclusion is that low-pass filtering the AMOC in the fully coupled model reproduces the buoyancy-driven
AMOC pattern and most of the associated attributes, but not the statistics of the temporal variability. The
strength of the AMOC-Gulf Stream connection is also not reproduced. The analyses reveal caveats that must
be considered when choosing indexes and filtering techniques to estimate the buoyancy-driven AMOC.
Results also provide insight on the latitudinal dependence of time scales and drivers of ocean circulation
variability in coupled models, with potential implications for measurement and detection of the buoyancy-
driven AMOC in the real world.

1. Introduction current-day climate, including the latitudinal position of
the intertropical convergence zone (Kang et al. 2008,
2009; Frierson et al. 2013; Marshall et al. 2014) and the
relatively warmer climate in the NH compared to the
Southern Hemisphere (SH; Feulner et al. 2013; Marshall
et al. 2014).

Low-frequency variability in the AMOC is associated
with large-scale variations in meridional ocean heat
transports (e.g., Dong and Sutton 2002; Delworth and
Zeng 2012; Johns et al. 2011; Zhang and Zhang 2015).
Through its role in ocean heat transport, variations in
the AMOC strength have been linked to numerous cli-
mate impacts [see review by Zhang et al. (2019)], in-
cluding sea ice variability (e.g., Yeager et al. 2015; Li
Corresponding author: Sarah M. Larson, slarson@ncsu.edu et al. 2018), NH climate (e.g., Pohlmann et al. 2006), and

The Atlantic meridional overturning circulation (AMOC)
comprises a northward flowing branch of warm upper ocean
waters counterbalanced by a southward-flowing branch of
cold deeper ocean waters that together assemble an over-
turning cell. The AMOC is characterized by cross-equatorial
heat transport into the Northern Hemisphere (NH); thus the
AMOC serves as an important factor in the global redistri-
bution of heat within the climate system (Trenberth and
Caron 2001; Kuhlbrodt et al. 2007; McCarthy et al. 2015;
Buckley and Marshall 2016; Lozier 2012). AMOC-driven
heat transport has been linked to key attributes of
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low-frequency North Atlantic SST variability (e.g.,
Zhang et al. 2019). The AMOC has also been identified
as a prospect for enhancing decadal climate prediction
efforts (Dunstone and Smith 2010; Yeager and Robson
2017), as the predictability of climate on long time scales
lies in the interaction of the atmosphere with slower
components of the climate system, including the ocean.
Low-frequency AMOC-driven variations thus poten-
tially serve as a source of predictability of climate on
longer time scales. For these reasons measuring, pre-
dicting, and understanding changes in AMOC strength
are key foci in both the climate and oceanographic
communities.

Modeling studies have identified a link between
changes in the AMOC strength and variations in the NH
gyre circulations, as well as shifts in the Gulf Stream
path (de Coétlogon et al. 2006; Joyce and Zhang 2010).
Topographic coupling of the overturning and gyre cir-
culations is expected, as bottom pressure torques have
been shown to play a dominant role in the vorticity
budget of both the barotropic gyre circulation and the
AMOC (Yeager 2015). Despite this, modeling studies
do not agree on the sign of the relationship between
variations in the AMOC and gyre circulations. In some
studies, a strengthening of the AMOC is associated
with a strengthening of the subtropical and subpolar
gyre circulations and a strengthening and northward
shift of the Gulf Stream (GS) path (Boning et al. 2006;
de Coétlogon et al. 2006; Yeager 2015). These studies
suggest that the relationship between changes in the
AMOC, the gyre circulations, and GS may be due to
the fact that they are driven by common forcing (e.g., the
North Atlantic Oscillation) or because the GS transport
is, by definition, included in the meridional overturning
streamfunction often used to define the AMOC. In an-
other group of studies, a strengthening of the AMOC is
associated with a weakening of the subpolar gyre and
southward shifts in the GS path (Zhang 2008; Zhang
et al. 2019). In these studies, buoyancy forcing and deep
ocean variations are cited as the driving process, with
increases in the strength of the Deep Western Boundary
Current leading to an increase in the strength of the
Northern Recirculation Gyre and a southward shift in
the GS path (Zhang and Vallis 2007; Joyce and Zhang
2010; Zhang et al. 2019).

Untangling the relative contribution of buoyancy versus
wind variability in driving intrinsic AMOC variations is of
particular interest in predicting the associated impacts
and characteristics, as wind and buoyancy are thought to
drive overturning variability on different time scales (e.g.,
Buckley and Marshall 2016). Interannual AMOC varia-
tions, hereafter referred to as high-frequency variability,
have been linked to wind variability (Biastoch et al. 2008;
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Xu et al. 2014; Roberts et al. 2017) and hence likely have
limited predictability (Sinha et al. 2013). Decadal and
longer AMOC variations, hereafter referred to as low-
frequency variability, are thought to be predominantly driven
by buoyancy variations (Biastoch et al. 2008; Medhaug et al.
2012; Polo et al. 2014; Yeager and Danabasoglu 2014) and
have higher predictability (Keenlyside et al. 2008; Dunstone
and Smith 2010; Msadek et al. 2010). Typically, varia-
tions in deep convection and water mass formation have
been thought to drive the AMOC at low frequencies, but
recent work has called this into question, as there is no
direct observational link between water mass formation
and the AMOC (Lozier 2010, 2012).

The characteristics typically ascribed to buoyancy-
driven AMOC variations include 1) low-frequency, me-
ridionally coherent AMOC variations with a maximum in
the NH subpolar gyre, associated with 2) large-scale
ocean heat transport variations, and 3) connection to
variations in the strength of the NH gyre circulations. We
will henceforth refer to AMOC variations with these at-
tributes as the canonical or interhemispheric AMOC.

However, it is unclear where and on what time scales
these attributes should be detectable in the real ocean
and in coupled models. For example, detection of low-
frequency AMOC variability in the subtropics, where
the RAPID array (Srokosz and Bryden 2015) is located,
is difficult, as the variability is dominated by wind-driven
AMOC variations on shorter time scales (Cunningham
et al. 2007; Baehr et al. 2008; Biastoch et al. 2008; Zhao
and Johns 2014). Boning et al. (2006) argue that in ad-
dition to wind variability masking the buoyancy-driven
signal, convectively driven AMOC variations originating
in the subpolar latitudes weaken as they are communi-
cated southward, further impeding detectability in the
subtropics. Observations of the AMOC in the subpolar
gyre, now being collected as part of the Overturning in
the Subpolar North Atlantic Program (OSNAP; Lozier
et al. 2017), may provide a more favorable location for
understanding buoyancy-forced AMOC changes, but it is
unclear how long a time series one needs in order to
observe meridionally coherent, buoyancy-driven AMOC
changes.

In the literature, fully coupled model studies often
low-pass filter the AMOC in an attempt to remove the
high-frequency wind-driven variations and estimate the
buoyancy driven component (e.g., Cheng et al. 2013;
Yeager and Danabasoglu 2014). That said, it is unclear
whether the resulting temporally smoothed overturning
indeed recovers the same variability had anomalous
wind-driven AMOC variability simply been absent.

Insight can be gained about isolating the buoyancy-
driven AMOC from modeling experiments. Previously,
ocean and ocean-sea ice models with prescribed surface
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flux forcing datasets (hereafter, Ocng,, experiments)
have been used to separate the relative contributions of
buoyancy versus wind forcing to AMOC variations. In
such studies, the buoyancy-driven AMOC contribution
is isolated by forcing the ocean (and sea ice model, if
available) with climatological momentum fluxes and
time-varying heat (and freshwater, if available) fluxes.
The prescribed fluxes and atmospheric state variables
either originate from observational reanalyses (Eden
and Willebrand 2001; Biastoch et al. 2008; Polo et al.
2014; Robson et al. 2012; Yeager and Danabasoglu
2014) or coupled model runs (e.g., Delworth and
Greatbatch 2000; Buckley et al. 2012). Overall, these
studies find that buoyancy forcing is the primary con-
tributor to low-frequency, interhemispheric AMOC
variability, whereas wind variability generates high-
frequency variations and interhemispheric asymmetry,
yet also contributes to decadal variations (Boning et al.
2006; Biastoch et al. 2008). The AMOC response to
wind and buoyancy is also argued to be approximately
linear (Biastoch et al. 2008; Polo et al. 2014; Yeager and
Danabasoglu 2014).

In this work, we separate out the anomalous wind-driven
contribution to AMOC variations from the buoyancy-
driven contribution in a coupled model framework. This
so-called mechanically decoupled (MD) approach (Larson
et al. 2018) results in purely buoyancy-driven climate vari-
ations; hence the AMOC in the MD is purely buoyancy
forced. This experimental framework is first invoked
to test whether the typical attributes ascribed to the
buoyancy-driven AMOC indeed emerge in a coupled
model climate that lacks anomalous wind-driven ocean
variability. The obvious advantage of the MD approach
to the Ocngy, experiments is that a coupled framework
allows the exploration of coupled air—sea modes and the
atmospheric response to the ocean state. The second
goal is to determine whether the characteristics that
describe the buoyancy-driven AMOC in the MD emerge
from a fully coupled (FC) version of the same model
when low-pass filtering the AMOC, a strategy often
employed in FC model studies. Differences between the
MD AMOC and low-frequency FC AMOC then reveal
caveats that must be considered when using a filtering
approach to estimate the buoyancy-driven AMOC in
FC models.

2. Coupled model approach
a. Fully coupled CCSM4

This study utilizes the National Center for Atmospheric
Research (NCAR) Community Climate System Model
version 4 (CCSM4; Gent et al. 2011) with nominal 1°
horizontal resolution and preindustrial forcing. The fully
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coupled (FC) model consists of atmosphere, land, ocean,
and sea ice models that exchange fluxes and fields
through a flux coupler. The ocean model is the Parallel
Ocean Program version 2 (POP2; Smith et al. 2010),
consisting of 60 vertical levels with a vertical spacing of
10m in the upper 160 m and coarser vertical resolution
at depth. The sea ice model is the Community Ice Code
version 4 (Hunke and Lipscomb 2008). The atmosphere
model is the Community Atmosphere Model version 4,
consisting of 26 vertical levels and a finite-volume core
(Neale et al. 2013). The land model is the Community
Land Model version 4 (Oleson et al. 2008). The FC data
used in this study are from a 1300-yr integration ac-
cessed from the NCAR Earth System Grid online re-
pository and are identical to the simulation analyzed in
Danabasoglu et al. (2012b). The ocean and sea ice
models match those in the Yeager and Danabasoglu
(2014) Ocngyy study. Further description of ocean vari-
ability simulated in POP2 is found in Danabasoglu et al.
(2012a). Similar to Danabasoglu et al. (2012b), only
years 700-1300 are analyzed due to the slow deep ocean
spinup occurring prior to year 700.

In the FC, the atmosphere and ocean communicate
through thermal fluxes, freshwater fluxes, and mo-
mentum fluxes. Thermal fluxes consist of both turbu-
lent air-sea heat exchanges, including sensible and
latent heat fluxes; radiative heat fluxes, including
shortwave and longwave solar radiation; and heat flux
due to snow and ice melt. Freshwater fluxes include
precipitation, evaporation, river runoff, and sea ice
melt. Momentum fluxes represent wind stress cou-
pling to the ocean.

b. Mechanically decoupled CCSM4

To analyze the buoyancy-driven ocean circulation in
CCSM4, we utilize a mechanically decoupled (MD)
version of the model (Larson et al. 2018). In the MD
version, anomalous momentum coupling is disengaged
by replacing the wind stress passed from the flux coupler
to the ocean with the seasonal cycle of CCSM4/CESM
wind stress. This means that anomalous wind stress
does not dynamically force the ocean component of
the model, and the ocean component only experi-
ences the wind stress annual cycle. All other advan-
tages of the FC configuration remain intact in the MD,
including unconstrained buoyancy fluxes and atmo-
spheric dynamics. The mean ocean circulation and
anomalous ocean dynamics that are unrelated to
anomalous wind stress are fully represented. The MD
approach’s treatment of air-sea fluxes allows for
consistent fluxes between the atmosphere and ocean,
and, as a result, coupled atmosphere—ocean modes
are possible.
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F1G. 1. Annual mean AMOC in CCSM4 in the (a) FC and (b) MD, and (c) their difference. (d)—(f) As in (a)—(c), but for annual mean
barotropic streamfunction (BSF). Units are Sverdrups (Sv).

The MD is a preindustrial configuration and includes
identical model components and resolution as the FC.
The MD is branched from a FC version of the model.
Both the FC and MD are buoyancy coupled but only the
FC includes momentum coupling. Similar to the FC, the
MD is ““free-running” and can be integrated forward
in time indefinitely. Additional details for the im-
plementation of the MD configuration within the
model code are located in the appendix. Assume for
the remainder of this study that “FC’’ refers to years
700-1300 of the FC simulation integrated at NCAR
and “MD”’ refers to years 700-1300 of an MD simu-
lation integrated at the University of Miami (i.e., the
MD is not branched from the NCAR FC model).

c¢. Verification of the MD simulation: Mean state

The MD qualitatively reproduces the mean AMOC
and gyre circulations seen in the FC model. The maximum
mean strength of the AMOC is similar (25.7Sv; 1Sv =
10°m>s ") in MD and 26.1 Sv in FC) and in both models
the maximum occurs near 1km in depth (Figs. la—c).
However, there are some quantitative differences, which
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are mainly the result of the mean wind stress being
slightly different in the MD than FC. (This is because the
mean wind stress in MD comes from a 100-yr clima-
tology of a FC simulation integrated at the University
of Miami, not the full 700-yr NCAR simulation; see
appendix for additional details). South of 60°N, the MD
AMOC is slightly shallower and weaker than the
AMOC in the FC. In the South Atlantic, the MD sur-
face westerlies are 10%-15% weaker than in the FC,
which may contribute to the overall weaker AMOC
strength as expected from reduced Ekman-induced
upwelling of colder deep waters. Poleward of 60°N
there is a relatively shallow, local overturning cell, which
may be related to an Ekman overturning cell driven by
polar easterlies or a local overturning cell driven by
overflow transports. This cell is stronger in the MD,
perhaps due to enhanced polar easterlies or increased
overflow transports. The MD mean barotropic stream-
function (BSF) is approximately 5 Sv weaker in the center
of the subtropical gyre than in the FC. The mean north-
ward oceanic heat transport (OHT) in the MD closely
reproduces the FC climatology (Fig. 2).
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3. Buoyancy-driven AMOC characteristics

a. Low-frequency meridionally coherent AMOC
variations

In this section we compare AMOC variations in the
MD and FC simulations. We show that the MD simu-
lation produces low-frequency, meridionally coherent
AMOC variations. We also demonstrate that low-pass
filtering the FC model’s AMOC does not lead to AMOC
variations that match the temporal statistics of the MD,
but a similar dominant pattern of variability is observed.

1) TorAL AMOC VARIANCE

First, we consider the total AMOC variance in the FC
and MD experiments. In the MD, the total buoyancy-
driven AMOC anomaly variance is consistent with an
overturning cell with maximum in the NH subpolar gyre
(Fig. 3b). The maximum variance occurs near 45°N at
depths between 1 and 3km. The FC produces a similar
maximum between 40° and 50°N (Fig. 3a) but overall, the
FC AMOC has larger variance than the MD everywhere,
especially in the subtropics (Fig. 3c). Specifically, wind
variability contributes to at least 80% of the AMOC
variability in the upper 1km from 30°S to 30°N. In this
region, wind variability is a key contributor to the over-
turning variability in observations (Cunningham et al.
2007; Zhao and Johns 2014), including that associated
with shallow subtropical overturning cells (Zhang et al.
2003). At depths between 2 and 3 km in the low latitudes
and poleward of 30°N, up to 80% of the FC AMOC
variance can be reproduced by buoyancy coupling
alone (Fig. 3¢).

Following previous approaches, we low-frequency
filter the FC AMOC (hereafter, FCy ) in an attempt
to extract the buoyancy-driven signal. This is done by
applying a low-pass Lanczos filter with a 10-yr cutoff.
Does low-pass filtering the FC AMOC result in the same
AMOC variance pattern as in the MD? The wind-driven
variance in the subtropics is significantly reduced in the
FC.r and a maximum representing the NH centroid
remains (Fig. 3d). For a consistent comparison, we also
apply the same filter to the MD data (hereafter, MDyr;
Fig. 3e). At low frequencies, the MDy g has higher var-
iance than the FC g by at least 50% at depths around
2-3km where the AMOC extends through the sub-
tropics and into the SH (Fig. 3f). Indeed, in forced
hindcast experiments using CESM1 configured with the
same ocean model as in our experiments, Yeager (2015)
argues that high-latitude buoyancy forcing drives south-
ward signal propagation into the subtropical gyre with
maximal impact on the AMOC at 1-3-km depths. So, if
this AMOC signal is buoyancy-driven and the FC in-
cludes such variability, why is the signal weaker in the FC
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FIG. 2. Annual mean northward oceanic heat transport (OHT)
due to Eulerian-mean advection over the Atlantic basin. Units are
PW. Other contributions to the OHT are ignored, as they are at
least one order of magnitude smaller than the contribution from
Eulerian-mean advection (when using annual data).

model? There are two possibilities. Either wind forcing in
the subtropical gyre is sufficiently large to swamp the
buoyancy-forced signal or wind forcing disrupts the me-
ridional communication of the buoyancy-forced signal.
The latter is consistent with reduction of the buoyancy-
driven signal as it penetrates southward out of the sub-
polar gyre (Boning et al. 2006). Overall, low-pass filtering
the FC data produces a similar AMOC variance pattern
as the buoyancy-driven AMOC in the MD, but the am-
plitude of the variance differs at depth, and specifically is
lower by roughly 50%.

Comparing the MD and MD; r AMOC variance re-
veals on what time scales buoyancy drives the variations.
In the subtropics, only a modest decrease in variance
occurs after removing high frequencies (MD — MDyp),
demonstrating that the buoyancy-driven subtropical
AMOC variability in the MD is primarily at low fre-
quencies. On the other hand, high-frequency buoyancy
forcing clearly enhances AMOC variance poleward
of 40°N.

2) TEMPORAL VARIABILITY

Second, we consider the spectral characteristics of the
variability in AMOC strength at each latitude in the FC
and MD. Similar to Buckley and Marshall (2016), we
calculate the annual AMOC strength as the maximum
of the overturning streamfunction ¢(y, z, t) at each
latitude,

{pmax(y’ [) = malep(y, Z’t)a (1)
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FIG. 3. Variance of annual AMOC anomalies for the (a) FC and (b) MD, and (c) their ratio. (d)-(f) Asin (a)—(c),
but for low-pass filtered annual AMOC anomalies. The filter is a low-pass Lanczos filter with a 10-yr cutoff. For
(c) and (f), ratios are set to zero where the FC variance is <0.1 to avoid misleadingly large ratios based on the

statistics of very small numbers, often near topography.

which occurs at depth zyax (v, £). The depth zp,,y is re-
stricted to be below 300-m depth, and we have verified
that the algorithm does not isolate subtropical over-
turning cells. This yields one AMOC strength time series
per latitude. We next compute the spectrum of i, (v, t)
at each latitude from 30°S to 60°N and display the results
as a time scale-by-latitude contour spectra (Figs. 4a,b) to
provide a comprehensive picture of the time scales that
contribute to the AMOC at each latitude. The standard-
ized contour spectra (Figs. 4c,d) are similar to the contour
spectra except that the time series of ,.x(y, f) at each
latitude is standardized (to have a standard deviation of
one) prior to computation of the spectra. This method ac-
centuates the dominant frequencies at each latitude, even if
the total variance of i,.x(V, f) at a given latitude is small.
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We also plot the spectra of the maximum AMOC
strength (AMOC,,,.x), an index that is often used by the
community to measure the strength of the AMOC
(Figs. 5a,b). AMOC,,,y is calculated as the maximum
of Ymax(v, 1) over latitudes 20°-65°N. Since the maxi-
mum mean AMOC strength is located at ~45°N (see
Figs. 1a,b), AMOC,,.x is expected to extract the time
scales and amplitude of AMOC variability in that re-
gion. The spectra at 26°N (Figs. 5c,d) are also included to
depict subtropical variability that is primarily wind-
driven. To test the robustness of different peaks in the
full 600-yr time series spectra (black thin lines), we
break the data up into four nonoverlapping 150-yr pe-
riods, calculate the spectra, and plot the average of the
four spectra (black bold lines). The window-averaged
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FIG. 4. Contour spectra showing spectral characteristics of the AMOC strength as a function of latitude. (a),(b)

Contour spectra of the AMOC strength time series at every latitude in the (a) FC and (b) MD. Units are Sv* cpy.
(c),(d) As in (a),(b), but each AMOC strength time series at each latitude is standardized before computing the
spectrum. This allows one to visualize the dominant time scales contributing to the AMOC at each latitude, even if
the amplitude of AMOC variability at that latitude is small. Units are standard deviation® cpy. To compute each
spectrum, the time series is divided into four nonoverlapping 150-yr windows, the variance-preserving spectrum is

computed over each window, and the average of the four spectra is plotted.

spectra help identify peaks that are generally common
among the four 150-yr periods and help alleviate some
of the noisiness seen in the full time series spectra.

The MD contour spectra (Fig. 4b) reveal that in the
subpolar gyre, the buoyancy-driven AMOC exhibits
variance across time scales, from interannual to multi-
decadal. In the subtropical gyre, little variance occurs on
any time scale, but the variability that does occur is
primarily at decadal or multidecadal time scales, as in-
dicated by the standardized contour spectra (Fig. 4d).
This suggests the potential presence of interhemispheric
buoyancy-forced AMOC variability on low-frequency
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time scales. These results show that even though buoy-
ancy drives AMOC variations in the subpolar gyre on
interannual to multidecadal time scales, primarily low
frequencies penetrate into the subtropical gyre (Johnson
and Marshall 2002a,b, 2004; Boning et al. 2006; Zou
et al. 2019).

In the FC, AMOC variability in the subtropics is
dominated by high variance wind-driven variability
(Figs. 4a,c). At 26°N, the MD shows less variance than
the FC at time scales of 2-10 years (Figs. 5c,d), consis-
tent with subtropical AMOC variability being primarily
wind-driven as seen in the Ocng,y experiments and
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FIG. 5. Variance-preserving spectral analyses for (a) the FC AMOC,,,x and (b) the MD AMOC,,,, time series.
The black thin line depicts the spectrum computed over the full 600-yr time series. The black bold curve depicts the
average spectrum computed over four nonoverlapping 150-yr windows. The blue bold curve depicts the AR(1) fit
for the window-averaged spectrum with the respective 95% confidence interval shaded. (c),(d) Asin (a),(b), but for

the AMOC strength time series computed at 26°N.

observed estimates (Zhao and Johns 2014). In the sub-
polar gyre, the FC AMOC exhibits variability on inter-
annual to multidecadal time scales. The magnitude of
the variance is larger than that in the MD (cf. Figs. 4a,b),
indicating that AMOC variations in the subpolar gyre
also have a wind-driven component. For the AMOGC,;,.x
(i.e., variability at ~45°N) the MD spectrum shows near-
zero variance at periods shorter than 5 years (cf. Figs. 5a,b),
indicating that buoyancy forcing does not contribute
substantially to AMOC variations on these time scales.
Both wind and buoyancy forcing contribute to variations
in AMOC strength for time scales of 5-20 years; for time
scales longer than 20 years, buoyancy forcing appears to
dominate.
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3) AMOC SPATIAL PATTERNS

Third, we consider the spatial patterns of AMOC
variability by 1) looking at the spatial patterns of
AMOC variability associated with AMOC,,,x and 2)
performing an empirical orthogonal function (EOF)
analysis to extract the dominant modes of AMOC
variability.

The spatial patterns of the AMOC associated with the
AMOC,,.x index are found by computing the correla-
tion between the AMOC,,,x time series and AMOC
anomalies at each latitude and depth. For both the FC
and MD, the correlations are near one at ~45°N, re-
flecting that AMOC,,,.x extracts variability near 45°N
(Figs. 6a,b). In the MD, correlations are high throughout
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FIG. 6. Latitude vs depth profile of the correlation between the AMOC,,,,, time series and AMOC anomalies at
each latitude and depth for (a) MD and (b) FC. (c),(d) As in (a),(b), but both the AMOC,,. index and the AMOC
anomalies are low-frequency filtered (10-yr low-pass Lanczos filter) prior to computing the correlation.

the basin, demonstrating that the AMOC,,,x index well
represents interhemispheric AMOC variability. In the
FC, however, high temporal covariability (correlations >
0.5) between the AMOC and AMOC,,,.« is meridionally
confined near 30°-50°N. When considering only low fre-
quencies (cutoff filter is 10 years), the FC; g AMOC .«
extracts the interhemispheric pattern (Fig. 6d), but the
correlations are smaller compared to the MD (Fig. 6¢).
Even at low frequencies, AMOC,,.x does not represent
purely buoyancy-driven AMOC variations at low lati-
tudes due to the presence of wind-driven variability.
Next, we perform thickness-weighted EOF analyses
over 30°-60°N to isolate the dominant spatial pattern of
AMOC variability. In the MD, EOF1 (Fig. 7a) extracts a
large-scale interhemispheric pattern with a maximum in
the NH subpolar gyre, characteristic of the canonical
AMOC pattern. The principal component time series
(PC1; Fig. 7e) exhibits a broad peak in variance on
multidecadal time scales and a secondary peak at in-
terannual time scales (~8yr; Fig. 7i). This indicates a
large-scale pattern of buoyancy-driven AMOC vari-
ability on interannual and multidecadal time scales.
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Note that this pattern of variability is unrelated to El
Nifio—Southern Oscillation (ENSO), because, by defi-
nition, there is no active Bjerknes feedback in the MD
and thus no canonical ENSO variability (Larson and
Kirtman 2015). In the FC, EOF1 (Fig. 7b) extracts an
interhemispheric pattern symmetric about the equator
but maximized within the subtropical latitudes. The PC1
time series (Fig. 7f) has the largest variance on inter-
annual time scales (<8yr; Fig. 7j), indicative of a sig-
nificant wind-driven contribution.

We have seen differences between the FC and MD
AMOC in terms of total variances (Fig. 3), temporal var-
iability (Figs. 4 and 5), meridional covariability (Fig. 6),
and dominant patterns of variability (Figs. 7a,b). However,
after low-pass filtering the FC, the FC; g EOF1 (Fig. 7d)
extracts a similar pattern as the MD. This pattern explains
60% of the FC; g AMOC variance, whereas the same
pattern in the MDy g (Fig. 7c) explains 73% of the variance,
suggesting that even at low frequencies, wind variability
contributes to the FC AMOC variance (Boning et al. 2006;
Biastoch et al. 2008). The temporal statistics of the low-
frequency PC1 are not the same, however (cf. Figs. 7g,h).
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FIG. 7. An EOF analysis to determine the dominant spatial patterns of AMOC variability. (a)-(d) EOF1 pattern of the annual AMOC
variability in the (a) MD and (b) FC, and (c),(d) the 10-yr low-pass filtered versions (MDyr and FCy) in Sv per unit standard deviation of
the respective principal component (PC1) time series, (e)—(h) the respective standardized PC1 time series, and (i)—(1) the variance-
preserving spectrum of the standardized PC1 time series. Each solid red curve indicates the AR(1) fit and the red dashed curves depict the
respective 95% confidence interval. In (1), orange circles indicate at what periods the variance of the FCy g PC1 spectrum is significantly
different from the variance of the MDy g PC1 spectrum. Significance is determined using a Fisher’s F test at the 99% confidence level. To
estimate the effective degrees of freedom, N, we divide the N = 600 samples by 2 X decorrelation time scale of the respective PC1 time
series (17 yr for both the MD and MDy g; 13 yr for the FC; 16 yr for the FC; ). We estimate the decorrelation time scale by the number of
years it takes for the lag-0 autocorrelation to drop below 0.1. The resulting N.¢ values are 18 for the MD and MDy g, 19 for the FCy g, and

23 for the FC.

Consideration of the variance-preserving power spectra
shows that PC1 for the FC; ¢ exhibits larger variability
on time scales between 10 and 25 years when compared
to the MDy g PC1, as denoted by periods with orange
circles in Fig. 71 (orange circles identify statistically sig-
nificant differences between the MDy  and FCy g at the
99% confidence level). These time scales are just over
the filter cutoff period, suggesting that higher variance in
the FCy is likely a by-product of the filter operating
over a noisy (presumably due to wind variability) data-
set (Cane et al. 2017). Similarly, if the cutoff period is
changed to 5 or even 20 years, erroneous peaks emerge
at time scales just over the specified filter cutoff period
(not shown). So, one can extract the dominant large-
scale pattern of buoyancy-driven AMOC variability by
low-pass filtering the FC, but the statistics of the tem-
poral variability will not be the same.
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b. Meridional ocean heat transport variations

As detailed in the introduction, the canonical pattern
of AMOC variability is associated with large-scale vari-
ations in meridional heat transport. Here, we characterize
the Atlantic Ocean heat transport (OHT) variations and
determine the variations associated with the canonical
AMOC pattern in both the FC and MD.

To place the OHT variations related to the AMOC in
context, we first describe the main features of the me-
ridional OHT variations in both the FC and MD. The
OHT variance is much larger in the FC than the MD for
all latitudes south of 45°N, indicating that OHT variations
at these latitudes are primarily wind driven (Fig. 8a).
Buoyancy-driven variability (i.e., the MD) accounts for
less than 15% of the OHT variability averaged over the
subtropics from 30°S to 30°N in the FC. North of 45°N, the
OHT variance in MD is similar to FC, indicating that at
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FI1G. 8. (a) Total Atlantic Ocean heat transport (OHT) anomaly variance in the FC and MD simulations and the
10-yr low-pass filtered versions (MDyr and FCp ). Units are (10°2 PW)% (b) OHT anomaly regressed onto the
standardized PC1 time series of annual AMOC anomalies and low-frequency AMOC anomalies from the FC and
MD. The PC1 time series are those in Figs. 7e~h. Units are 102 PW per unit standard deviation of the respective

PC1 time series. The OHT anomalies are those due to Eulerian-mean advection over the Atlantic basin.

these latitudes OHT variations are primarily buoyancy
forced. Between 45° and 60°N in the subpolar gyre,
buoyancy-driven variability accounts for about 95%
of the total OHT variance in the FC (low-frequency
buoyancy-driven variability accounts for 75%). When
low-pass filtered, the FC g OHT variance (Fig. 8a, gray
curve) generally reproduces the MD profile, which
demonstrates that most of the wind-driven OHT varia-
tions are at high frequencies. However, there are some
subtleties in the subpolar gyre. 1) Low-pass filtering the
MD reduces the OHT variance (cf. blue and cyan curves
in Fig. 8a) because, like the AMOC (see Figs. 3b,e
and 4b), buoyancy-forced Atlantic OHT exhibits high-
frequency variations in the subpolar gyre. 2) Similar to
the AMOC (see Fig. 3f), wind variability reduces the
low-frequency variance of the OHT (cf. cyan and gray
curves in Fig. 8a). This indicates that wind-driven vari-
ability reduces the detectability of low-frequency buoy-
ancy-driven OHT in the subpolar gyre.

To determine the OHT variations that are associated
with AMOC variations, we regress the OHT anomalies
onto the PC1 time series of the AMOC (Fig. 8b). Recall
that in the FC, the canonical AMOC pattern is recov-
ered as EOF1 only when the AMOC is low-pass filtered
(FCyg) prior to computing the EOFs (Fig. 7d), whereas
in the MD the canonical AMOC pattern is related to
PC1 for both the unfiltered and low-pass filtered AMOC
(Figs. 7a,c). It is clear that the canonical AMOC pattern
is associated with northward OHT anomalies through-
out the entire Atlantic basin in both the FCy g (Fig. 8b,
gray curve) and MD (Fig. 8b, blue and cyan curves). The
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OHT variations associated with the canonical AMOC
include cross-equatorial OHT. The OHT variations are
largest between 30° and 50°N and peak strongly at 45°N,
where the maximal AMOC variations occur.

For the FC, recall that the unfiltered EOF1 of annual
AMOC anomalies extracts an interhemispheric mode,
but this pattern is quite different from the canonical
AMOC pattern. The FC pattern appears largely wind-
driven: it has maximum loading over the low latitudes
(Fig. 7b) and variations are strongest at high frequencies
(Figs. 7f,j). This pattern is associated with large OHT
variations, including significant cross-equatorial OHT
(Fig. 8b, black curve). Unlike the OHT variations as-
sociated with the canonical AMOC pattern, these OHT
variations peak in the tropics and decline poleward of
15° in both hemispheres. The OHT anomalies associ-
ated with the FC PC1 are significantly stronger than
those associated with the canonical AMOC pattern.
However, these OHT variations may be less effective
in driving a climate response as they otherwise would
be in the midlatitudes due to the fact that in the
tropics/subtropics, OHT variations related to wind-
driven Ekman transports tend to oppose SST anomalies
created by air-sea heat fluxes (Larson et al. 2018).

c¢. Connection to the horizontal circulation and Gulf
Stream

To estimate the relationship between the NH gyre
circulations and the AMOC in the coupled model, we
regress the annual barotropic streamfunction (BSF)
anomalies onto the standardized FC;r and MD; r PC1
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FI1G. 9. (a),(b) Barotropic streamfunction (BSF) anomalies regressed onto the standardized PCI1 time series associated with EOF1 of low-
frequency AMOC anomalies from (a) the FC and (b) MD. Units are Sv per unit standard deviation of the respective PC1 time series. (c),(d)
BSF anomaly variance from the FC and MD. (e),(f) As in (c),(d), but for the 10-yr low-pass filtered BSF anomaly variance. Units are Sv2.

time series (unfiltered MD PCI1 yields similar results),
which are associated with the same canonical AMOC
pattern in both simulations. In the MD, a stronger
(weaker) buoyancy-driven AMOC is associated with an
intensification (weakening) of the subpolar gyre (Fig. 9b).
A stronger AMOC is also associated with intensification of
the subtropical gyre, the GS, and the North Brazil Current.
Low-pass filtering the FC AMOC (FC; g; Fig. 9a) extracts a
similar strengthening of the gyre circulations but does not
depict nearly as strong of an intensification of the GS or the
North Brazil Current. This suggests that wind variability
overwhelms buoyancy-driven GS fluctuations in the FC
model, even when only considering low frequencies.
Would AMOC:-related changes in the NH gyre cir-
culations be detectable in the presence of wind-driven
variability? Comparing the BSF anomaly variance maps
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from the FC and MD (Figs. 9¢c,d) demonstrates that
buoyancy forcing accounts for only a small fraction of
the total BSF variance in the subtropical gyre and the GS
region in the FC. This remains true when only considering
low frequencies (Figs. 9e,f). This suggests that attempts to
detect buoyancy-driven AMOC-related changes in the
subtropical gyre circulation may be stymied by the abun-
dance of wind-driven variability across time scales. In con-
trast, in the subpolar gyre, buoyancy forcing accounts for a
significant portion of the circulation variability in the FC
(Figs. 9c,d), and the buoyancy contribution is primarily
at low frequencies (Fig. 9f), as argued in Yeager (2015).
This further suggests that the subpolar gyre may be more
promising to detect buoyancy-driven AMOC-related
variability, as argued in Boning et al. (2006). Sustained
observations of the ocean circulation in the subpolar
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gyre are now being collected as part of the OSNAP
program (Lozier et al. 2017).

Our results are consistent with the same-sign rela-
tionship between the strength of the AMOC and sub-
polar gyre found in Boning et al. (2006) and Yeager
(2015) and opposite to that found in Zhang (2008). In
the subtropical gyre, results appear consistent with de
Coétlogon et al. (2006), who connect a stronger AMOC
to a stronger GS in ocean-only models. Prior studies
have also connected shifts in the path of the GS to var-
iations in AMOC strength (de Coétlogon et al. 2006;
Joyce and Zhang 2010); we choose to not emphasize
potential GS path changes in CCSM4, given that the GS
is poorly resolved (Siqueira and Kirtman 2016). Our
results also demonstrate that variations in the GS in
CCSM4 are dominated by wind-driven processes, even
at low frequencies (cf. Figs. 9e,f). All of these results
suggest that the relationship between AMOC variability
and variations in the horizontal gyre circulations and GS
seen in CCSM4 are likely related to surface processes
(e.g., such as the common driving of the AMOC, the
BSF, and the GS by the North Atlantic Oscillation)
rather than deep ocean processes (e.g., changes in the
Deep Western Boundary Current). The time series of
North Brazil Current transport variations has also been
linked to and proposed as a proxy for AMOC variations
(Zhang et al. 2011), although Riihs et al. (2015) ques-
tioned its usefulness given the abundance of local wind-
driven effects. Consistent with this idea, the North
Brazil Current signal associated with the buoyancy-
driven AMOC appears to be difficult to extract even
when excluding high frequencies (Fig. 9a).

4. Summary

The goal of this study is to determine whether the
characteristics typically ascribed to the buoyancy-driven
AMOC (see the introduction) emerge in a coupled
model that is only buoyancy forced. To do so, we
compare a fully coupled (FC) version of CCSM4 with a
mechanically decoupled (MD) version. In the MD,
anomalous wind stress does not drive changes in the
ocean circulation but wind variations are applied in the
calculations of air—sea buoyancy fluxes via bulk formu-
las. It follows that in the MD, oceanic variability, in-
cluding the AMOC, is by definition buoyancy forced,
whereas oceanic variations in the FC are both buoyancy
and wind forced.

The canonical AMOC is thought to be primarily
buoyancy forced and characterized by several key at-
tributes. To summarize, we list each attribute of the
canonical AMOC, report whether the MD reproduces
these attributes, and determine whether each can be

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 01/30/24 02:25 PM UTC

LARSON ET AL.

4709

extracted in the FC by low-pass filtering the AMOC, a
common method used to isolate the buoyancy-driven
AMOC pattern. In other words, we test whether the
assumption that there is a time scale separation between
high-frequency, wind-forced AMOC variations and low-
frequency, buoyancy-forced AMOC variations is valid
in our model. We also examine the relative magnitude
of the canonical AMOC variations compared to the
total AMOC variations, in order to determine whether
buoyancy-driven AMOC variations are detectable in
the presence of wind-driven variability.

e A low-frequency time scale: The buoyancy-driven
AMOC in the MD is predominantly at low fre-
quencies, but in the subpolar gyre, buoyancy-forced
AMOC variations occur on time scales from interan-
nual to multidecadal (Fig. 4). Low-pass filtering the
FC does not reproduce the statistics of the temporal
variability of the buoyancy-driven AMOC in its en-
tirety (e.g., zero variance in 2-10-yr frequency bands;
too high of variance at periods just higher than the 10-yr
cutoff filter; see Fig. 71). Even when low-pass filtered,
the presence of wind-driven variability in the FC results
in roughly a 50% reduction in low-frequency AMOC
variance between 1- and 3-km depth compared to the
purely buoyancy-driven AMOC in the MD (Fig. 3).

« Single cell meridional overturning circulation with
maximum in the NH subpolar gyre: An EOF analysis
shows that buoyancy-driven AMOC variability in the
MD is characterized by the canonical AMOC struc-
ture (Fig. 7a). One can reproduce this dominant large-
scale pattern of the buoyancy-driven AMOC by
low-pass filtering the FC AMOC before computing
the EOF (Fig. 7d), yet the spectral characteristics
differ at both interannual and decadal time scales
(Figs. 7i,1). Wind forcing substantially reduces the
meridional coherence of the AMOC, even when the
AMOC is low-pass filtered (Fig. 6).

e Connection to variations in Atlantic Ocean heat
transport: A stronger canonical AMOC in the MD is
associated with enhanced northward oceanic heat
transport from 30°S to 60°N in the Atlantic, peaking
at about 45°N (Fig. 8b). However, the FC model also
exhibits significant wind-driven cross-equatorial AMOC
and OHT anomalies (Fig. 8). Low-pass filtering the FC
generally reproduces the latitudinal profile of OHT as-
sociated with the canonical AMOC pattern in the MD
but with a slight reduction of AMOC-related OHT in
both the low and high latitudes. Detecting ocean heat
transport variations associated with the canonical
AMOC pattern in the subtropical gyre is questionable
because buoyancy accounts for less than 15% of the
OHT variability there in the FC; the subpolar gyre is



4710

more promising, as buoyancy accounts for 95% of the
OHT variability.

» Connection to the strength of the NH gyre circulations
and the Gulf Stream: In the MD, a stronger buoyancy-
driven AMOC is associated with stronger NH gyre
circulations and intensification of the GS and North
Brazil Current (Fig. 9b). Buoyancy forcing accounts
for only a small fraction of the variability in the sub-
tropical gyre circulation in the FC model (Figs. 9¢,d),
suggesting that in the real world AMOC-related sub-
tropical gyre variations are likely to be swamped by
wind-driven variations. Low-pass filtering the AMOC
in the FC reproduces the fluctuations in the strength of
the NH gyre circulations seen in MD but not the
strength of the AMOC-GS connection. This suggests
that wind variability, even when only considering low
frequencies, overwhelms buoyancy-driven GS varia-
tions. However, variations in the subpolar gyre circu-
lation are primarily at low frequencies and buoyancy
forced (Figs. 9c-f), further supporting the argument
that detection of buoyancy-driven circulation anom-
alies in the subpolar gyre are promising.

Opverall, these results clearly demonstrate that low-
frequency filtering the AMOC can reproduce the
buoyancy-driven AMOC pattern and associated attri-
butes, with the exception of the North Brazil Current
and GS signals, but the statistics of the temporal vari-
ability will differ. This means that when low-pass filter-
ing the AMOC, one can easily misinterpret variability of
these patterns as being solely linked to the buoyancy
forcing. In reality, low-frequency wind-driven variability
may still be present (Boning et al. 2006; Biastoch et al.
2008; Polo et al. 2014; Yeager and Danabasoglu 2014),
high-frequency buoyancy-driven variability (Bingham
et al. 2007) is excluded, the low-pass filter itself may
generate erroneous peaks at time scales just longer than
the cutoff filter (Cane et al. 2017), and wind variability
can disrupt the penetration of buoyancy-forced signals
into the subtropical gyre or swamp the buoyancy-forced
signal altogether (Boning et al. 2006; Baehr et al. 2008;
Riihs et al. 2015).

Similarities in our coupled model results and those
found via forced, ocean, and sea ice—only hindcast
CESM1 experiments with the same ocean model used in
our coupled setup (Yeager and Danabasoglu 2014;
Yeager 2015) are encouraging and suggest that conclu-
sions based on the these previous studies can generally
be extended to coupled versions of the model. Similar to
our conclusions, Yeager and Danabasoglu (2014) find
that buoyancy primarily drives meridionally coherent
decadal AMOC variations and that wind variability in-
troduces meridional asymmetry. Both previous studies
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find that the subpolar gyre in POP2, the same ocean
model as in the MD and FC simulations, is primarily
buoyancy driven. With the MD experiment, we find that
the coupled model exhibits similar behavior as the
forced ocean-only experiments and that the buoyancy-
driven subpolar variations are mostly on decadal and
multidecadal time scales (Fig. 9f).

5. Discussion

Comparison of the FC and MD AMOC accentuates
the fact that the subpolar and subtropical gyres are very
different places and this has implications for how one
chooses to estimate AMOC variations in models and
measure AMOC characteristics in the real ocean. In the
subpolar gyre, the AMOC has significant low-frequency
variability, buoyancy forcing is important on time scales
from interannual to multidecadal (Figs. 4b,d), and the
gyre circulation is primarily low-frequency and buoy-
ancy forced (Figs. 9c—f). Subpolar variations in meridi-
onal heat transport are also primarily buoyancy-driven
and low-frequency (Fig. 8a). In the subtropical gyre,
AMOC variations are primarily wind forced on high
frequencies (Figs. 4 and 5c,d) and the gyre circulation
and Gulf Stream variations are mostly high-frequency
and wind-forced (Figs. 9c—f). Variability in low-latitude
meridional heat transport is primarily wind-forced and
high-frequency (Fig. 8a).

Since buoyancy-driven AMOC variations and the
AMOC-GS connection are obscured by high variance
wind-driven variations in the low latitudes, subtropical
gyre characteristics are not a good proxy for the ca-
nonical AMOC. Even low-pass filtering the subtropical
AMOC does not accentuate the buoyancy-driven con-
tribution and instead maximal variance tends to occur
on time scales just longer than the cutoff frequency of
the filter. Subpolar AMOC variations appear to be a
better representation of the buoyancy-driven AMOC
pattern, but estimating buoyancy-driven AMOC varia-
tions from subpolar AMOC variations comes with many
caveats. In the real ocean and coupled models, wind
variability reduces the meridional coherence of the AMOC,
even when only considering low frequencies. Therefore,
low-pass filtering the AMOC may not fully reproduce
buoyancy-forced AMOC variations. Additionally, the
buoyancy-forced AMOC has interhemispheric varia-
tions on interannual time scales (Fig. 7i), and low-pass
filtering will remove these signals.

Our results have implications for typically used AMOC
indices, such as AMOC,,.x (e.g., Delworth et al. 1993;
Msadek et al. 2010; Danabasoglu et al. 2012b; Kwon and
Frankignoul 2012; Yeager and Danabasoglu 2012; Delworth
and Zeng 2016). In the presence of wind variability,
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AMOC,,4x is a poor proxy for AMOC variations in the
subtropical gyre or GS region, as AMOC variations are
only correlated with AMOC,,,x in a narrow band of
latitudes around 45°N (Fig. 6). This lack of meridional
coherence in AMOC variability has been established
through ocean-only surface flux forcing experiments
(Biastoch et al. 2008), analysis of interannual meridional
transport in various models (Bingham et al. 2007), and
the review of Lozier (2010). Our results show that low-
pass filtering AMOC,,,,x recovers some of the meridio-
nally coherent buoyancy-driven AMOC signals, but
correlations in the subtropical gyre are still significantly
smaller than they would be in the absence of wind-driven
variability. The low-frequency filtered AMOC,,,x also,
by definition, excludes high-frequency buoyancy-driven
variability that appears nontrivial in our model. The
nonhomogeneity of AMOC variations has prompted
other investigators to question the validity of single
AMOC indexes defined by the meridional overturning
streamfunction (Vellinga and Wu 2004; Yeager and
Danabasoglu 2012) or flow transports (Bingham et al.
2007; Riihs et al. 2015).

Our results also have implications for the commonly
used approach of low-pass filtering the AMOC to ex-
tract buoyancy-driven AMOC variations. The approach
of low-pass filtering to estimate the buoyancy-driven
AMOC component assumes a time scale separation
between the wind-driven and buoyancy-driven AMOC.
We do not find evidence for such a separation in either
the subtropical or subpolar gyre. In the subtropical gyre,
the AMOC is mostly wind-forced and wind-forced var-
iations obscure the buoyancy-forced signal even at low
frequencies. In the subpolar gyre, the AMOC is pri-
marily buoyancy forced and buoyancy forcing leads to
variability across time scales. Therefore, if one hopes to
account for all meridionally coherent, interhemispheric,
buoyancy-driven AMOC variations and the associated
impacts and/or attributes, ignoring interannual time
scales will result in an incomplete picture.

The relative importance of wind and buoyancy forcing
at various latitudes likely is model dependent. Viewing
the contour spectra of AMOC variability for multiple
models, following the analyses shown in Fig. 4a, would
be an insightful first step in understanding the variety of
AMOC temporal behavior in climate models. Although
low-pass filtering the AMOC in CCSM4 is able to re-
produce the spatial pattern of the canonical AMOC, this
does not mean that this same filter can be applied to
other models to extract the buoyancy-forced AMOC.
For a true characterization of buoyancy-forced AMOC
variations in other models, a similar MD approach is
instructive. Another recent approach using an ad-
joint model to separate AMOC forcings also appears
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promising (Heimbach et al. 2011; Pillar et al. 2016;
Smith and Heimbach 2019; Kostov et al. 2019). Without
such techniques, one is likely to misinterpret low-pass
filtered AMOC variability as recovering the full inter-
hemispheric, buoyancy-driven AMOC characteristics.
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APPENDIX

Implementation of the Mechanically Decoupled
Framework

The inception of the mechanically decoupled config-
uration for CCSM4 is described in Larson and Kirtman
(2015) and updated for the Community Earth System
Model (CESM) code modifications in Larson et al.
(2017). Mechanically decoupling within the model code
is relatively simple and should be reproducible using
other models provided that the model’s wind stress cli-
matology is readily available. When atmospheric model-
derived wind stresses are passed from the coupler to
ocean model (which occurs once per model day), the
modified code manually overwrites the values with
CCSM4/CESM climatological wind stress values. This
way, although the atmospheric model freely generates
atmospheric circulation variability that goes into the
turbulent heat flux calculations, the ocean surface is only
mechanically forced by climatological wind stress. There
are no explicit changes in the model code buoyancy flux
calculations; therefore, the MD remains buoyancy cou-
pled similar to the FC. This means that the coupled
model MD framework allows for consistent surface
fluxes and the possibility of thermally coupled modes.
When looking at monthly and longer time scale climate
variations, prescribing monthly mean wind stress cli-
matology, as opposed to daily climatology, appears to be
sufficient at reproducing the approximate FC seasonal
cycle [see Larson et al. (2017) for more details].

The version of the MD in this work is essentially
CCSM4 integrated through the updated CESM archi-
tecture. The reader is referred to Larson et al. (2018) for
additional description and SST diagnostics of the MD
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configuration. The prescribed wind stress climatology in
the MD is taken from the last 100 years of the 680-yr FC
simulation integrated at the University of Miamij; this
FC simulation is also CCSM4 integrated through the
CESM architecture. The 680-yr FC simulation is not
analyzed in the present study.
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