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Why is there a deep overturning in the Atlantic
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1. ESTIMATES FROM OBSERVATIONS
Although the ocean is differentially heated and freshened almost exclusively very close to
the surface (the exception being the small contribution provided by geothermal heating), the
existence of temperature and salinity gradients throughout the water column implies flows that
communicate downward the surface values. The mechanism for transferring buoyancy (and other
tracers) in the upper ocean, i.e., the top few hundred meters, is well understood: The surface wind
stress generates a shallow Ekman transport, the convergence of which in the subtropics pushes
tracers down to a depth proportional to (the square root of ) the wind-stress curl integrated over
the longitudinal width of the basin, and inversely proportional to (the square root of ) the local
surface buoyancy gradient (Welander 1971). This is the main thermocline, bounding from below
the double-well-shaped isopycnals in the upper levels of Figure 1 (approximately above the upper
horizontal dashed line).

Figure 1 shows that the densities higher than those in the main thermocline have steep slopes
in the Antarctic Circumpolar Current (ACC) region, while north of the circumpolar latitudes (i.e.,
north of approximately 45!S), the slopes of the density surfaces in the mid-depth and abyssal re-
gions are small in both basins (south of approximately 55!N).1 However, an important asymmetry
differentiates the Atlantic from the Pacific: The mid-depth density surfaces (i.e., those with !2

between 36 kg/m3 and 37.52 kg/m3 in Figure 1a) steepen again and outcrop (i.e., reach the sea
surface) in the northernmost latitudes of the Atlantic but not in the Pacific. The North Atlantic
outcrop of the isopycnals with !2 between 36 kg/m3 and 37.52 kg/m3 marks the transformation of
intermediate and thermocline waters into North Atlantic Deep Water (NADW), the water mass
characterizing the southward branch of the clockwise mid-depth cell of the meridional overturning
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Figure 1
PotentialÑdensityÑreferencedÑtoÑ2,§00ÑdbarÑ(!2)ÑzonallyÑaveragedÑinÑ(a)ÑtheÑAtlanticÑsectorÑandÑ(b)ÑtheÑIndo-PacificÑsectorÑfromÑtheÑ
EstimatingÑtheÑCirculationÑandÑClimateÑofÑtheÑOceanÑversionÑ4Ñ(ECCO4)Ñreanalysis,ÑshowingÑtheÑstratificationÑasÑaÑfunctionÑofÑlatitudeÑ
(abscissa)ÑandÑdepthÑ(ordinate).ÑNoticeÑthatÑtheÑcontourÑintervalÑdecreasesÑwithÑdepth.ÑTheÑhorizontalÑblackÑdashedÑlinesÑdefineÑtheÑ
approximateÑboundariesÑbetweenÑtheÑupper,Ñmid-depth,ÑandÑabyssalÑregions.ÑTheÑwhiteÑregionÑindicatesÑtheÑmaximumÑdepthÑofÑtheÑ
bottom.

1The localized isopycnal doming at 35!N in Figure 1a is due to the Mediterranean Sea, which is included in the zonal average
of Figure 1.
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• Sea surface salinity is higher in the North Atlantic than the North Pacific (Ferreira et al., 2008).
• Cooling creates very dense waters in North Atlantic. 
• Shared isopycnals between North Atlantic and Southern Ocean allows dense waters to upwell 

adiabatically, driven by winds over the Southern Ocean (e.g., Marshall and Speer, 2012).

Steeply sloping isopycnals Isopycnal slopes more shallow

Shared isopycnals

From Cessi (2019)



Overturning circulation in the Atlantic and Indo-Pacific

-60     -40     -20      0        20      40       60      80
latitude

Atlantic Ocean Heat Transport (OHT)
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circulation in the Atlantic sector (see Figure 2a). There is no equivalent deep-water formation in
the Pacific; Section 5 summarizes the reasons for this fundamental asymmetry. Conversely, the
abyssal isopycnals (i.e., those with !2 below 37.52 kg/m3 in Figure 1b) slope downward and strike
the bottom (incrop) in the North Pacific, marking the northward transport by the lower branch
of the counterclockwise abyssal cell, a feature more prominent in the Indo-Pacific than in the

a   Atlantic residual overturning circulation

b   Indo-Paci!c residual overturning circulation
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Figure 2
Meridional overturning circulation obtained by vertically integrating the meridional Eulerian velocity plus
bolus velocity from the bottom to different surfaces of constant !2, then time averaging and zonally
integrating over the Southern Ocean south of 33!S (both panels), over the Atlantic sector north of 33!S
(panel a), and over the Indo-Pacific sector north of 33!S (panel b) from the Estimating the Circulation and
Climate of the Ocean version 4 (ECCO4) reanalysis as a function of latitude (abscissa) and !2 (ordinate). The
red clockwise cell in panel a is the mid-depth cell, and the blue counterclockwise cell below !2 = 37 kg/m3

in panel b is the abyssal cell. The contour interval is 2 Sv. The horizontal dashed lines mark !2 = 37 kg/m3

and !2 = 37.52 kg/m3.
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circulation in the Atlantic sector (see Figure 2a). There is no equivalent deep-water formation in
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Meridional overturning circulation obtained by vertically integrating the meridional Eulerian velocity plus
bolus velocity from the bottom to different surfaces of constant !2, then time averaging and zonally
integrating over the Southern Ocean south of 33!S (both panels), over the Atlantic sector north of 33!S
(panel a), and over the Indo-Pacific sector north of 33!S (panel b) from the Estimating the Circulation and
Climate of the Ocean version 4 (ECCO4) reanalysis as a function of latitude (abscissa) and !2 (ordinate). The
red clockwise cell in panel a is the mid-depth cell, and the blue counterclockwise cell below !2 = 37 kg/m3

in panel b is the abyssal cell. The contour interval is 2 Sv. The horizontal dashed lines mark !2 = 37 kg/m3

and !2 = 37.52 kg/m3.
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Shallow wind-
driven cells

Shallow wind-
driven cells

Cell that spans 
warm and cold 
temperatures

Adiabatic 
upwelling in 
Southern Ocean

From Cessi (2019), velocities are from ECCO v4 (Forget et al.,2015) 

Atlantic Indo-PacificSubtropical 
mode 
waters



The AMOC and ocean heat transport

The Atlantic transports heat northward in both hemispheres. 

How much of the Atlantic ocean heat transport is related to the deep overturing?

From Buckley & Marshall (2016)
Data reproduced from Trenberth & Caron (2001)

Reviews of Geophysics 10.1002/2015RG000493

Figure 3. (a) Meridional ocean heat transports (OHT, positive northward) in PW (1015 W) for the global ocean (black), the Indo-Pacific (green), and the Atlantic
(blue) from NCEP atmospheric reanalysis [Trenberth and Caron, 2001]. (b) Atlantic OHT from NCEP atmospheric reanalysis (blue) [Trenberth and Caron, 2001] is
compared to several direct estimates: Ganachaud and Wunsch [2003] (black diamonds), Talley [2003] (grey circles), Lumpkin and Speer [2007] (yellow stars), the
RAPID-MOCHA array at 26.5!N (red square) [Johns et al., 2011], Hobbs and Willis [2012] (orange diamond), and Garzoli et al. [2013] (magenta cross). The vertical
bars indicate the uncertainty range for the direct estimates. Also compared are the Atlantic OHT in CM2.1 (green solid) and CCSM4 (green dashed) preindustrial
control simulations (modified from Msadek et al. [2013]) and the GFDL ECDA (1960–2010, solid purple) [Chang et al., 2012] and ECCO v4 (1992–2012, dashed
purple) [Forget and Ponte, 2015; Forget et al., 2015] ocean state estimates. (c) Observed hemispheric asymmetry of temperature in the atmosphere and ocean
(in !C) computed from the NCEP reanalysis and the World Ocean Atlas. The asymmetric component of a temperature field T(!) is defined as
Tas(!)=(T(!) " T("!))#2 where ! is the latitude [from Marshall et al., 2014a].

(3) reviews of observations of the AMOC [Srokosz et al., 2012], with particular focus on observations and infer-
ences from a decade of AMOC observations at 26.5!N [Srokosz and Bryden, 2015]; (4) a critical discussion of the
linkages between deep convection and the AMOC [Lozier, 2012]; (5) a review of the surface and deep path-
ways of the AMOC [Lozier, 2010]; (6) a review on the importance of the South Atlantic to the AMOC [Garzoli
and Matano, 2011]; (7) a brief review of the relationship between the AMOC and sea level, in particular
sea level fluctuations on the east coast of the United States [Srokosz and Bryden, 2015]; and (8) reviews on
connections between the AMOC and climate on paleoclimate timescales [Broecker, 2007] and abrupt climate
change [Clark et al., 2002; Alley, 2007].

Despite the interest and scrutiny of AMOC by the community, progress in understanding decadal climate
variability and its connection to the AMOC has been hampered by a paucity of observations, the formidable
challenge of representing key processes in models, and our somewhat limited knowledge of underlying
mechanisms. Controlling mechanisms are a function of timescale. On short (intra-annual to interannual)
timescales, AMOC variability is primarily the response to local wind forcing. On longer (decadal) timescales,
AMOC variability involves a complex interplay between wind-driven and thermohaline processes. A coordi-
nating theme running through this review is the critical role played by buoyancy anomalies in the region east
of the Grand Banks, where the separated Gulf Stream, the North Atlantic Current, and Labrador Currents inter-
act at the western confluence of the subtropical and subpolar gyres. We shall call this region (marked by a box
in Figures 1 and 4) the “transition zone” and use simple dynamical considerations to argue that it is central to
our understanding of decadal and multidecadal AMOC variability.
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Ocean heat transport & overturning in temperature coordinates

15 Sv

ℋ = 𝜌! 𝐶" %
#!"##"$

##"%

Ψ 𝑑𝜃

ℋ ≈ 𝜌! 𝐶" Ψ Δ𝜃

Ψ ≈ 15 Sv, Δ𝜃 ≈ 15 ℃ → ℋ ≈ 0.9 𝑃𝑊

peak OHT of 0.05 PW for the cold cell (solid gray). The heat trans-
ported by these two cells falls short of the total advective OHT
peaking at 1.3 PW: most of the OHT cannot be ascribed to either
circulation separately and is due to the superposition of the two
circulations, the mixed mode (dashed gray). The difficulty in parti-
tioning the OHT among the various overturning circulations has
generated a vigorous discussion on the relative roles of shallow
and deep circulations in transporting heat. Here we tackle the
question with a series of sensitivity studies where we change the
strength of the various circulations and compute their impact on
the heatfunction and the associated OHT.

4.2. Atlantic heat transport

It is often argued that the OHT in the Atlantic is primarily asso-
ciated with a deep meridional overturning circulation that results
from NADW formation at high northern latitudes (Hall and Bryden,
1982). The argument goes that the deep circulation dominates the
OHT because it flows poleward at the surface and equatorward at
depth, therefore encountering a large top to bottom vertical tem-
perature difference. This is supposedly in opposition to the hori-
zontal transport in wind-driven gyres which have a meridional
overturning comparable to the deep circulation, but span the much
smaller east–west temperature difference.

The streamfunction for the Atlantic is shown in Fig. 6a.
Boccaletti et al. (2005) show that the traditional decomposition
into horizontal and vertical OHT1 used for example by Bryden and
Imawaki (2001) assigns, at 24!N, less than 0.1 PW to the horizontal
circulation and 0.8 PW to the vertical circulation. The overturning
circulation in latitude-depth space is indeed dominated by the deep
flow of NADW flowing into the abyss. The prevailing interpretation is
that this deep circulation carries the 0.8 PW and hence dominates
the OHT (Bryden and Imawaki, 2001). However, Fig. 6b shows that
the OHT is surface intensified and it is the result of a circulation
spanning both warm and cold temperature classes (Fig. 6a). Fig. 6c
confirms that the closed warm and cold circulations account for a
minuscule fraction of the OHT. Approximately 75% of heat is carried
by a larger cell enclosing both circulations which is likely sensitivity
to both high latitude convection and to subtropical winds.

Talley (2003) has recently attempted a careful partitioning of
OHT from observations. She found that the shallow circulation con-
tributes a large fraction of the OHT in the North Atlantic. Talley as-
sumed that the wind-driven OHT is carried by a closed circulation
confined to waters lighter than 27.3 kg m!3, the maximum winter
surface density for the North Atlantic subtropical subduction re-
gion. She estimated that 13 Sv are transported southward in the
gyre interior and returned northward in the Gulf Stream. The asso-
ciated OHT remained quite uncertain and ranged between 0.4 and
0.1 PW, depending on whether the bulk of the northward transport
occurred in the warmest core of the Gulf Stream or whether it was
spread uniformly over the whole Gulf Stream layer. We repeated
the same calculation with the model output and we obtained OHTs
of 0.5 and 0.2 PW depending on the choice of return temperature in
the Gulf Stream, values very close to those found by Talley. We
conclude that the bulk of the OHT in the Atlantic cannot be un-
iquely ascribed to shallow or deep circulations. Alternatively we

will ask how sensitive is the OHT to changes in winds versus
changes in mixing and air–sea fluxes.

4.3. Indo-pacific heat transport

The heat budget of the Indo-Pacific basin is simpler to analyze,
because the surface and deep circulations are well separated in
temperature space and there is no ambiguity in partitioning the
OHT. Fig. 7b shows that the heatfunction, and hence the OHT, are
confined to the upper ocean with hardly any contribution from
deep circulations. The northern hemisphere surface cell transports
0.5 PW poleward in the upper 400 m, while the southern hemi-
sphere cell transports almost 0.8 PW poleward in the upper
700 m. The OHT in the southern hemisphere involves also a deeper
circulation connected to the Southern Ocean which contributes
less than 0.1 PW. These estimates are consistent with the obser-
vational results of Ganachaud and Wunsch (2003) and Talley
(2003).

5. Physical processes controlling the ocean heat transport

The heatfunction for the global ocean in Fig. 5 shows that a large
fraction of the OHT is carried by surface circulations in the tropical
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Fig. 6. (a) Streamfunction in latitude-temperature space, (b) heatfunction and (c)
decomposition of the OHT among the various circulations for the Atlantic Ocean in
the control run. Notations are as in Fig. 5.

1 For any latitude y, the meridional velocity v and temperature h are separated into
zonally averaged baroclinic values, hvi(z) and hhi(z), and deviations from the zonal
averages, v0(x,z) and h0(x, z). The OHT can then be broken up into two components,

OHT"y# $
Z

q0cphvihhiL"z#dz%
Z Z

q0cpv 0h0 dxdz; "15#

where L(z) is the width of the section at each depth. The vertical component (first
term) is interpreted as the OHT associated with abyssal circulations because it is
associated with a vertical overturning circulation. The residual (second term), in-
stead, is interpreted as the contribution of the horizontal wind-driven gyres.
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• Overturning circulation spans warm and cold 
temperature classes.   

• Atlantic ocean heat transport (OHT) cannot be 
uniquely  ascribed to a surface or deep circulation.

Figures from Ferrari and Ferreira (2011)
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peaking at 1.3 PW: most of the OHT cannot be ascribed to either
circulation separately and is due to the superposition of the two
circulations, the mixed mode (dashed gray). The difficulty in parti-
tioning the OHT among the various overturning circulations has
generated a vigorous discussion on the relative roles of shallow
and deep circulations in transporting heat. Here we tackle the
question with a series of sensitivity studies where we change the
strength of the various circulations and compute their impact on
the heatfunction and the associated OHT.
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ciated with a deep meridional overturning circulation that results
from NADW formation at high northern latitudes (Hall and Bryden,
1982). The argument goes that the deep circulation dominates the
OHT because it flows poleward at the surface and equatorward at
depth, therefore encountering a large top to bottom vertical tem-
perature difference. This is supposedly in opposition to the hori-
zontal transport in wind-driven gyres which have a meridional
overturning comparable to the deep circulation, but span the much
smaller east–west temperature difference.

The streamfunction for the Atlantic is shown in Fig. 6a.
Boccaletti et al. (2005) show that the traditional decomposition
into horizontal and vertical OHT1 used for example by Bryden and
Imawaki (2001) assigns, at 24!N, less than 0.1 PW to the horizontal
circulation and 0.8 PW to the vertical circulation. The overturning
circulation in latitude-depth space is indeed dominated by the deep
flow of NADW flowing into the abyss. The prevailing interpretation is
that this deep circulation carries the 0.8 PW and hence dominates
the OHT (Bryden and Imawaki, 2001). However, Fig. 6b shows that
the OHT is surface intensified and it is the result of a circulation
spanning both warm and cold temperature classes (Fig. 6a). Fig. 6c
confirms that the closed warm and cold circulations account for a
minuscule fraction of the OHT. Approximately 75% of heat is carried
by a larger cell enclosing both circulations which is likely sensitivity
to both high latitude convection and to subtropical winds.

Talley (2003) has recently attempted a careful partitioning of
OHT from observations. She found that the shallow circulation con-
tributes a large fraction of the OHT in the North Atlantic. Talley as-
sumed that the wind-driven OHT is carried by a closed circulation
confined to waters lighter than 27.3 kg m!3, the maximum winter
surface density for the North Atlantic subtropical subduction re-
gion. She estimated that 13 Sv are transported southward in the
gyre interior and returned northward in the Gulf Stream. The asso-
ciated OHT remained quite uncertain and ranged between 0.4 and
0.1 PW, depending on whether the bulk of the northward transport
occurred in the warmest core of the Gulf Stream or whether it was
spread uniformly over the whole Gulf Stream layer. We repeated
the same calculation with the model output and we obtained OHTs
of 0.5 and 0.2 PW depending on the choice of return temperature in
the Gulf Stream, values very close to those found by Talley. We
conclude that the bulk of the OHT in the Atlantic cannot be un-
iquely ascribed to shallow or deep circulations. Alternatively we

will ask how sensitive is the OHT to changes in winds versus
changes in mixing and air–sea fluxes.

4.3. Indo-pacific heat transport

The heat budget of the Indo-Pacific basin is simpler to analyze,
because the surface and deep circulations are well separated in
temperature space and there is no ambiguity in partitioning the
OHT. Fig. 7b shows that the heatfunction, and hence the OHT, are
confined to the upper ocean with hardly any contribution from
deep circulations. The northern hemisphere surface cell transports
0.5 PW poleward in the upper 400 m, while the southern hemi-
sphere cell transports almost 0.8 PW poleward in the upper
700 m. The OHT in the southern hemisphere involves also a deeper
circulation connected to the Southern Ocean which contributes
less than 0.1 PW. These estimates are consistent with the obser-
vational results of Ganachaud and Wunsch (2003) and Talley
(2003).

5. Physical processes controlling the ocean heat transport

The heatfunction for the global ocean in Fig. 5 shows that a large
fraction of the OHT is carried by surface circulations in the tropical
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1 For any latitude y, the meridional velocity v and temperature h are separated into
zonally averaged baroclinic values, hvi(z) and hhi(z), and deviations from the zonal
averages, v0(x,z) and h0(x, z). The OHT can then be broken up into two components,
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where L(z) is the width of the section at each depth. The vertical component (first
term) is interpreted as the OHT associated with abyssal circulations because it is
associated with a vertical overturning circulation. The residual (second term), in-
stead, is interpreted as the contribution of the horizontal wind-driven gyres.
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How much does the AMOC contribute to OHT?

water-hosing experiments. Note that, differently from the usual
procedure, we do not directly control the anomalous freshwater
flux into the North Atlantic. The anomalous freshwater flux associ-
ated with the modified sea surface salinity restoring for the region
poleward of 50!N was as large as 3.6 Sv during an initial transient,
but it settled to 0.05 Sv within a century. Hence, the implied
change in hydrological cycle in the new equilibrium is rather small.

Finally, we ought to anticipate that changes in the deep overturn-
ing (and the associated mixed mode) are as sensitive to winds as to
deep water formation (see next section). Hence the impact of ice
melting on high latitude convection, OHT and climate must be as-
sessed against the competing changes in the atmospheric hydrolog-
ical cycle and wind patterns (see also Wunsch, 2010). Previous
water-hosing experiments focused on the effect of river runoff by
ice melting and implicitly assumed that the atmospheric circulation,
with its associated winds and freshwater fluxes, remained constant
through radically different climates. This seems quite unlikely.

5.4. Wind stress

The final suite of sensitivity experiments focuses on the role of
winds on the OHT. Wunsch and Ferrari (2004) show that the global

ocean circulation is powered by surface winds and hence we ex-
pect a strong sensitivity of OHT to winds. A comprehensive study
of the effect of winds on OHT should consider changes both in their
magnitude and in their spatial patterns – the overturning circula-
tion is sensitive to both the magnitude of the wind stress (e.g. Ek-
man flows) and its curl (e.g. Sverdrup flows). Such an endeavor is
well beyond the scope of this paper. Our goal is simply to empha-
size the strong sensitivity of OHT to surface winds, leaving the spe-
cifics to future work. We therefore run a series of simulations in all
equal to the control run, but where the surface wind stress was
multiplied by a constant factor. In this way the wind stress and
its curl were varied by the same amount.

The impact of the surface wind stress on OHT has been docu-
mented in recent papers by Saenko and Weaver (2004) and Vallis
and Farneti (2009). Our results are largely consistent with these
previous works, but our emphasis is slightly different in that we
wish to compare the impact of the surface wind stress to other pro-
cesses affecting the OHT.

Fig. 13 shows the overturning streamfunction and heatfunction
for the simulation where the magnitude of the wind stress is twice
that in the control run, an increase probably larger than in any cli-
mate experienced by the Earth in the past. The shallow warm over-
turning circulations are much stronger than in the control run, as

!

CI=2 Sv 

No convection: Atlantic
Te

m
pe

ra
tu

re
 [° C

]

a) 8.1 Sv!6.9 Sv

0

5

10

15

20

25

30

H

CI=0.1 PW

Te
m

pe
ra

tu
re

 [° C
]

b)

0

5

10

15

20

25

30

!30 0 30 60

!0.2

!0.1

0

0.1

0.2

0.3

H
ea

t t
ra

ns
po

rt 
[P

W
]

latitude

c)

Fig. 12. (a) Streamfunction in latitude-temperature space, (b) heatfunction and (c)
decomposition of the OHT among the various circulations for the Atlantic Ocean in
the ‘‘water-hosing’’ run (i.e., a simulation where the value of the surface salinity
restoring north of 50!N has been decreased by 2 psu). Note that the deep
overturning cell associated with NADW has disappeared. Notations are as in Fig. 5.
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Fig. 13. (a) Streamfunction in latitude-temperature space, (b) heatfunction and (c)
decomposition of the OHT among the various circulations for the global ocean in a
run with twice the wind stress used in the control run. Notations are as in Fig. 5.
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Water hosing experiment to shut off 
convection in the  North Atlantic.

• Circulation spanning both warm and cold 
temperature classes disappears. 

Figures from Ferrari and Ferreira (2011)
water-hosing experiments. Note that, differently from the usual
procedure, we do not directly control the anomalous freshwater
flux into the North Atlantic. The anomalous freshwater flux associ-
ated with the modified sea surface salinity restoring for the region
poleward of 50!N was as large as 3.6 Sv during an initial transient,
but it settled to 0.05 Sv within a century. Hence, the implied
change in hydrological cycle in the new equilibrium is rather small.

Finally, we ought to anticipate that changes in the deep overturn-
ing (and the associated mixed mode) are as sensitive to winds as to
deep water formation (see next section). Hence the impact of ice
melting on high latitude convection, OHT and climate must be as-
sessed against the competing changes in the atmospheric hydrolog-
ical cycle and wind patterns (see also Wunsch, 2010). Previous
water-hosing experiments focused on the effect of river runoff by
ice melting and implicitly assumed that the atmospheric circulation,
with its associated winds and freshwater fluxes, remained constant
through radically different climates. This seems quite unlikely.

5.4. Wind stress

The final suite of sensitivity experiments focuses on the role of
winds on the OHT. Wunsch and Ferrari (2004) show that the global

ocean circulation is powered by surface winds and hence we ex-
pect a strong sensitivity of OHT to winds. A comprehensive study
of the effect of winds on OHT should consider changes both in their
magnitude and in their spatial patterns – the overturning circula-
tion is sensitive to both the magnitude of the wind stress (e.g. Ek-
man flows) and its curl (e.g. Sverdrup flows). Such an endeavor is
well beyond the scope of this paper. Our goal is simply to empha-
size the strong sensitivity of OHT to surface winds, leaving the spe-
cifics to future work. We therefore run a series of simulations in all
equal to the control run, but where the surface wind stress was
multiplied by a constant factor. In this way the wind stress and
its curl were varied by the same amount.

The impact of the surface wind stress on OHT has been docu-
mented in recent papers by Saenko and Weaver (2004) and Vallis
and Farneti (2009). Our results are largely consistent with these
previous works, but our emphasis is slightly different in that we
wish to compare the impact of the surface wind stress to other pro-
cesses affecting the OHT.

Fig. 13 shows the overturning streamfunction and heatfunction
for the simulation where the magnitude of the wind stress is twice
that in the control run, an increase probably larger than in any cli-
mate experienced by the Earth in the past. The shallow warm over-
turning circulations are much stronger than in the control run, as
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Fig. 12. (a) Streamfunction in latitude-temperature space, (b) heatfunction and (c)
decomposition of the OHT among the various circulations for the Atlantic Ocean in
the ‘‘water-hosing’’ run (i.e., a simulation where the value of the surface salinity
restoring north of 50!N has been decreased by 2 psu). Note that the deep
overturning cell associated with NADW has disappeared. Notations are as in Fig. 5.

!

CI=5 Sv 

Double wind: Global

Te
m

pe
ra

tu
re

 [° C
]

a) 48 Sv!55 Sv

0

5

10

15

20

25

30

H

CI=0.2 PW

Te
m

pe
ra

tu
re

 [° C
]

b)

0

5

10

15

20

25

30

!60 !30 0 30 60

!2

!1

0

1

2

H
ea

t t
ra

ns
po

rt 
[P

W
]

latitude

c)

Fig. 13. (a) Streamfunction in latitude-temperature space, (b) heatfunction and (c)
decomposition of the OHT among the various circulations for the global ocean in a
run with twice the wind stress used in the control run. Notations are as in Fig. 5.
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peak OHT of 0.05 PW for the cold cell (solid gray). The heat trans-
ported by these two cells falls short of the total advective OHT
peaking at 1.3 PW: most of the OHT cannot be ascribed to either
circulation separately and is due to the superposition of the two
circulations, the mixed mode (dashed gray). The difficulty in parti-
tioning the OHT among the various overturning circulations has
generated a vigorous discussion on the relative roles of shallow
and deep circulations in transporting heat. Here we tackle the
question with a series of sensitivity studies where we change the
strength of the various circulations and compute their impact on
the heatfunction and the associated OHT.

4.2. Atlantic heat transport

It is often argued that the OHT in the Atlantic is primarily asso-
ciated with a deep meridional overturning circulation that results
from NADW formation at high northern latitudes (Hall and Bryden,
1982). The argument goes that the deep circulation dominates the
OHT because it flows poleward at the surface and equatorward at
depth, therefore encountering a large top to bottom vertical tem-
perature difference. This is supposedly in opposition to the hori-
zontal transport in wind-driven gyres which have a meridional
overturning comparable to the deep circulation, but span the much
smaller east–west temperature difference.

The streamfunction for the Atlantic is shown in Fig. 6a.
Boccaletti et al. (2005) show that the traditional decomposition
into horizontal and vertical OHT1 used for example by Bryden and
Imawaki (2001) assigns, at 24!N, less than 0.1 PW to the horizontal
circulation and 0.8 PW to the vertical circulation. The overturning
circulation in latitude-depth space is indeed dominated by the deep
flow of NADW flowing into the abyss. The prevailing interpretation is
that this deep circulation carries the 0.8 PW and hence dominates
the OHT (Bryden and Imawaki, 2001). However, Fig. 6b shows that
the OHT is surface intensified and it is the result of a circulation
spanning both warm and cold temperature classes (Fig. 6a). Fig. 6c
confirms that the closed warm and cold circulations account for a
minuscule fraction of the OHT. Approximately 75% of heat is carried
by a larger cell enclosing both circulations which is likely sensitivity
to both high latitude convection and to subtropical winds.

Talley (2003) has recently attempted a careful partitioning of
OHT from observations. She found that the shallow circulation con-
tributes a large fraction of the OHT in the North Atlantic. Talley as-
sumed that the wind-driven OHT is carried by a closed circulation
confined to waters lighter than 27.3 kg m!3, the maximum winter
surface density for the North Atlantic subtropical subduction re-
gion. She estimated that 13 Sv are transported southward in the
gyre interior and returned northward in the Gulf Stream. The asso-
ciated OHT remained quite uncertain and ranged between 0.4 and
0.1 PW, depending on whether the bulk of the northward transport
occurred in the warmest core of the Gulf Stream or whether it was
spread uniformly over the whole Gulf Stream layer. We repeated
the same calculation with the model output and we obtained OHTs
of 0.5 and 0.2 PW depending on the choice of return temperature in
the Gulf Stream, values very close to those found by Talley. We
conclude that the bulk of the OHT in the Atlantic cannot be un-
iquely ascribed to shallow or deep circulations. Alternatively we

will ask how sensitive is the OHT to changes in winds versus
changes in mixing and air–sea fluxes.

4.3. Indo-pacific heat transport

The heat budget of the Indo-Pacific basin is simpler to analyze,
because the surface and deep circulations are well separated in
temperature space and there is no ambiguity in partitioning the
OHT. Fig. 7b shows that the heatfunction, and hence the OHT, are
confined to the upper ocean with hardly any contribution from
deep circulations. The northern hemisphere surface cell transports
0.5 PW poleward in the upper 400 m, while the southern hemi-
sphere cell transports almost 0.8 PW poleward in the upper
700 m. The OHT in the southern hemisphere involves also a deeper
circulation connected to the Southern Ocean which contributes
less than 0.1 PW. These estimates are consistent with the obser-
vational results of Ganachaud and Wunsch (2003) and Talley
(2003).

5. Physical processes controlling the ocean heat transport

The heatfunction for the global ocean in Fig. 5 shows that a large
fraction of the OHT is carried by surface circulations in the tropical
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Fig. 6. (a) Streamfunction in latitude-temperature space, (b) heatfunction and (c)
decomposition of the OHT among the various circulations for the Atlantic Ocean in
the control run. Notations are as in Fig. 5.

1 For any latitude y, the meridional velocity v and temperature h are separated into
zonally averaged baroclinic values, hvi(z) and hhi(z), and deviations from the zonal
averages, v0(x,z) and h0(x, z). The OHT can then be broken up into two components,

OHT"y# $
Z

q0cphvihhiL"z#dz%
Z Z

q0cpv 0h0 dxdz; "15#

where L(z) is the width of the section at each depth. The vertical component (first
term) is interpreted as the OHT associated with abyssal circulations because it is
associated with a vertical overturning circulation. The residual (second term), in-
stead, is interpreted as the contribution of the horizontal wind-driven gyres.
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Original 
Atlantic
OHT

Hosed 
Atlantic 
OHT

• Peak Atlantic OHT decreases from 0.8 PW 
to 0.3 PW

• About 60% of peak OHT in the Atlantic 
OHT is due to shallow-to-deep circulation.



The role of the deep circulation in the mean Atlantic OHT
• Atlantic ocean heat transport (OHT) cannot be uniquely  ascribed to a thermocline or 

deep circulation.

• Model experiment: suggests 60% of the peak Atlantic Ocean heat transport can be 
ascribed to a circulation that extends from thermocline to mid-depth. 

• Note: Talley et al (2003) used a careful watermass decomposition to estimate role of 
NADW in Atlantic Ocean heat transport from observations. 

• She also found 60% of Atlantic OHT peak is due to NADW transport. 

• The mean AMOC is sensitive to winds over the Southern Ocean, which drive 
upwelling and are needed to sustain the circulation (e.g., Abernathy et al., 2011).



Variations of the AMOC and ocean heat transport
• In the mean, mechanical forcing is clearly needed to sustain the AMOC.

• However, perhaps temporal variations of the AMOC due to wind forcing and 
buoyancy forcing are distinct and can be considered separately. 

• Modeling studies suggest that large-scale, low-frequency variations of the AMOC are 
primarily related to buoyancy forcing over the subpolar North Atlantic.

• Yeager and Danabasoglu (2014) show heat fluxes applied only over the Labrador 
Sea explain most of decadal variability of the AMOC in ocean-ice hindcast 
version of CESM1. 

• In a series of papers, T. Delworth and colleagues show that AMOC variability is 
response of ocean to heat flux variations associated with the North Atlantic 
Oscillation (Delworth and Zeng, 2016; Delworth et al., 2016; Delworth et al., 
2017).



Separating the effects of time variable wind and buoyancy forcing
Separate the effects of time variable wind and buoyancy forcing in a coupled model framework (CESM2)

• Momentum (wind stress) forcing applied to ocean is set to be mean climatology. 
• This is referred to as the mechanically decoupled model (MDM). 

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 FCmodel’s AMOCdoes not lead toAMOC
variations that match the temporal statistics of the MD,
but a similar dominant pattern of variability is observed.

1) TOTAL 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 458N at
depths between 1 and 3km. The FC produces a similar
maximum between 408 and 508N (Fig. 3a) but overall, the
FCAMOC has larger variance than theMD everywhere,
especially in the subtropics (Fig. 3c). Specifically, wind
variability contributes to at least 80% of the AMOC
variability in the upper 1 km from 308S to 308N. 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 3km in the low latitudes
and poleward of 308N, up to 80% of the FC AMOC
variance can be reproduced by buoyancy coupling
alone (Fig. 3c).
Following previous approaches, we low-frequency

filter the FC AMOC (hereafter, FCLF) 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 FCAMOC result in the same
AMOC variance pattern as in theMD?The wind-driven
variance in the subtropics is significantly reduced in the
FCLF 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, MDLF;
Fig. 3e). At low frequencies, the MDLF has higher var-
iance than the FCLF 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

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 (Böning 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 MDLF 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/MDLF),
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 408N.

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 c(y, z, t) at each
latitude,

cmax(y, t)5max
z
c(y, z, t), (1)

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).
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Mean Atlantic OHT

Sarah Larson (NC State) ; Larson et al (2018, 2020)
Mean Atlantic OHT is quite similar in 
FCM and MDM.

FCM
MDM



Ocean heat transport variations: a strong role for wind forcing

these latitudes OHT variations are primarily buoyancy
forced. Between 458 and 608N 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 FCLF 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
(FCLF) 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 filteredAMOC
(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 FCLF (Fig. 8b,
gray curve) andMD (Fig. 8b, blue and cyan curves). The

OHT variations associated with the canonical AMOC
include cross-equatorial OHT. The OHT variations are
largest between 308 and 508N and peak strongly at 458N,
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
158 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 FCLF and MDLF PC1

FIG. 8. (a) Total Atlantic Ocean heat transport (OHT) anomaly variance in the FC andMD simulations and the
10-yr low-pass filtered versions (MDLF and FCLF). Units are (1022 PW)2. (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 1022 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.
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BUOYANCY

WINDS

• In the tropics and subtropics, most of the 
variance in Atlantic ocean heat  transport 
is related to wind-driven variations, even 
at low frequencies.

• Buoyancy forcing plays a role in ocean 
heat transport variations in the subpolar 
North Atlantic (40o-60oN).

Larson et al (2020)



Role of winds and buoyancy in AMOC variability

From Larson et al. (2020), updated to CESM2 by Kay McMonigal [to do: update to density coordinate].

ln
𝜎$(𝜓%&%)
𝜎$(𝜓'(%)

LOG SCALE:
FCM and MDM same variance

FCM has 7x more variance

FCM has 55x more variance

Wind variability increases AMOC variance everywhere, particularly 
• near the surface 
• in tropics/subtropics.



Winds disrupt meridional correlation of the AMOC

Fully coupled model Mechanically decoupled model

Kay McMonigal (personal communication)
Similar results from ocean-only experiments: Boning et al. (2006) and  Biastoch et al (2008)
[To do: analysis for Atlantic OHT or AMOC strength in density coordinates. ]



AMOC variability: regional and timescale dependence

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

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; Böning 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 268N, 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 Ocnflux experiments and

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 Sv2 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 deviation2 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.
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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

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; Böning 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 268N, 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 Ocnflux experiments and

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 Sv2 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 deviation2 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.
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Wind forcing dominates 
AMOC variability in the 
tropics and subtropics.

Both wind and 
buoyancy forcing play 
a role in the subpolar 
North Atlantic. 

Only low-frequency 
buoyancy forced 
AMOC anomalies are 
communicated 
southward to 
subtropics/Tropics. 

Larson et al (2020)



Buoyancy plays a strong role in variability of horizonal circulation

time series (unfiltered MD PC1 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 strongerAMOC is also associated with intensification of
the subtropical gyre, theGS, and theNorth Brazil Current.
Low-pass filtering the FCAMOC(FCLF; Fig. 9a) extracts a
similar strengthening of the gyre circulations but does not
depict nearly as strong of an intensification of theGSor 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

from the FC and MD (Figs. 9c,d) demonstrates that
buoyancy forcing accounts for only a small fraction of
the total BSF variance in the subtropical gyre and theGS
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 gyremay bemore
promising to detect buoyancy-driven AMOC-related
variability, as argued in Böning et al. (2006). Sustained
observations of the ocean circulation in the subpolar

FIG. 9. (a),(b) Barotropic streamfunction (BSF) anomalies regressed onto the standardized PC1 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.
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Wind forcing dominates 
variability in barotropic 
streamfunction in 
subtropics and Tropics.

Buoyancy forcing plays a 
significant role in variations 
in the barotropic 
streamfunction in the 
subpolar North Atlantic. 

Larson et al (2020)

One cannot assume horizontal circulation is wind forced.

Horizontal gyre and overturning circulation are coupled 
by bottom pressure torques (Yeager, 2015). 



Are subpolar SST variations related to the AMOC? 
On what timescales?



Decadal variations in Subpolar North Atlantic SST
SST differences
[2005-2015] minus [1994-2004] 

[See also Robson et al., 2016; Foukal et al., 
2018; Jackson et al., 2022] 

Piecuch et al., (2017)
SST from NOAA-OI-SSTv2



Decadal variations in subpolar SST: a role for the ocean circulation 

trend reversal was not due to local Ekman pumping or surface heat exchanges. Rather, judging from declin-
ing seawater densities seen in the central Labrador Sea since around 1995 and lagged correlations between
central Labrador Sea density and Atlantic meridional overturning circulation (AMOC) stream function at
408N in a climate model, R16 hypothesize that the SPNA decadal trend reversal around 2004–2005 was
related to a decline in AMOC strength [cf. also Robson et al., 2014].

The interpretation of R16 is consistent with some past works (based largely on correlational analysis of cli-
mate models) concluding that SPNA decadal and multidecadal changes are linked to variations in meridio-
nal heat transport (MHT) by the AMOC, such that warmer conditions across the SPNA correspond to an
increase in MHT [e.g., Delworth et al., 1993; Delworth and Greatbatch, 2000; Delworth and Mann, 2000; Latif
et al., 2007; Dong and Sutton, 2005; Knight et al., 2005; Msadek and Frankignoul, 2009; Delworth and Zeng,
2012; Roberts et al., 2013]. It also dovetails with the emerging paradigm of a negative internal feedback
mechanism thought to act on decadal time scales [Menary et al., 2015; Haine, 2016]. Within this paradigm,
anomalous midlatitude ocean circulation introduces temperature and salinity anomalies into the SPNA,
which are then brought cyclonically around the SPNA gyre and into the Labrador Sea, where they impact
water-column stability and water mass formation; thereafter, these density anomalies are communicated
southward along the western boundary, affecting dynamic-height gradients and changing the midlatitude
thermal-wind balance; the resulting geostrophic circulation anomalies flux anomalous temperatures and
salinities of the opposite sign into the SPNA, thus reversing the initial process [e.g., see Menary et al., 2015,
Figure 9].

Yet correlation between decadal SPNA SST and OHC changes and shifts in the AMOC need not necessarily
imply that the latter is the foremost causal driver of the former, and other processes might be relevant to
recent SPNA temperature trend reversals. While AMOC renders dominant contributions to tropical and

Figure 1. Linear trend in Met Office Hadley Centre EN4.2.0 ocean heat content (top 700 m; OHC) [Good et al., 2013] during (a) 1994–2004,
(b) 2005–2015, and (c) difference between Figures 1b and 1a. Thick black outlined box delineates the SPNA control volume. Linear trend in
NOAA Optimum Interpolation SST Version 2 sea-surface temperature [Reynolds et al., 2002] during (d) 1994–2004, (e) 2005–2015, and (f)
difference between Figures 1e and 1d. To emphasize regional behavior, respective global mean OHC or SST time series have been
removed at each spatial grid point prior to trend calculations. Thin black contours are zero crossings. All panels have units of 8C yr21.
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mean velocity, respectively; Fh represents the net (turbulent and radiative) surface heat flux, while Dh repre-
sents the parameterized (iso-neutral and dia-neutral) mixing. Capitalized scripted terms T ; A;M, and F
(which symbolize the change in total ocean heat content, advective heat convergence, diffusive heat con-
vergence, and surface forcing terms, respectively) have units of Joules. Asterisk denotes dummy variable
(Table 1 lists our notation conventions).

Time series of budget terms, diagnosed independently using appropriate model output [cf. Forget et al.,
2015], are displayed in Figure 3. The budget closes exactly, such that the residual difference between left-
hand and right-hand sides of equation !2" vanishes to machine precision (not shown). A explains 87% of the
total T variance, the former showing similar decadal behavior to the latter, increasing over 1994–2004, and
decreasing over 2005–2015 (Figure 3). F is relevant for some periods on interannual time scales, explaining a
modest percentage of the overall T variance (37%), but appears relatively unimportant over the decadal time
scales of main interest here (Figure 3).M contributes negligibly to the T changes (Figure 3).
3.1.2. Trend Reversal
To focus on decadal changes more specifically, we evaluate the T trend reversal and its A;M, and F con-
tributions. Noting that the T time series has a strong quadratic nature, with an inflection point near 2004–
2005, we use ordinary least squares to fit second-order polynomials to the different budget time series. For each
Y 2 T ;A;M;Ff g, we determine the set of constant coefficients a Y# $; b Y# $; c Y# $f g that minimizes the residual,

! Y# $5Y2 a Y# $t21b Y# $t1c Y# $
! "

: (3)

To assess significance of the estimators
(p-values), we use a phase-scrambling method
detailed in supporting information Text S3.
Using these estimators, we define the decadal
Y trend reversal as

D Y# $%: a Y# $dt;

where dt523 year is the duration of the 1993–
2015 study period. This approach for defining
the trend reversal is robust; similar results fol-
low from taking the difference between trends
computed during 2005–2015 and 1994–2004
(not shown). Throughout the paper, we quote
most D Y# $ values in units of TW
(1 TW51012 W & 3:231019 J yr21).

Estimated trend reversals are tabulated in Table
2. D T# $ and D A# $ are very similar and both sta-
tistically significant. In contrast, D F# $ and DM# $
are much smaller in magnitude and

Figure 3. Full-depth ocean heat content (OHC) budget for the SPNA. Total OHC (T ; black) along with advection (A; gray), diffusion
(M; red), and forcing (F ; yellow) budget contributions.

Table 2. Decadal Trend Reversals (TW) in Various Heat Budget
Terms With Associated p-Valuesa

Term
Trend Reversal

D (TW) p-Value

T 252:1 0:06
A 251:8 0:03
M 20.1 1.00
F 20.2 0.99
AS 242:7 0:10
AS

b 27:3 0:03
AN 15:7 0:03
AN

b 2.9 0.21
AS vnhnf g 0.7 0.32
AS vhhhf g 251:8 0:05
AS vvhvf g 9.5 0.45
AS vshsf g 9.8 0.44
AS vdhdf g 20:40 0.79
AS vh h0h
# $

10.8 0.42
AS v0hhh
# $

261:5 0.12
AS v0hh

0
h

# $
21.00 0.41

aStatistically significant values (p ' 0:10) are indicated with bold
font. According to the conventions in equation (4), negative D val-
ues indicate a positive trend followed by a negative trend.
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OHC differences
[2005-2015] minus [1994-2004] 

Heat budget in subpolar North Atlantic

Advective heat transport convergence dominates OHC tendency.
(see also Robson et al., 2016; Foukal et al., 2018; Yeager, 2020 )

• Claim related to AMOC variations (Robson et al., 2016)
• Claim related to variations in horizontal gyre circulation (Piecuch et 

al., 2017)
• Claim related to overlying winds (Piecuch et al., 2017, Hakkinen & 

Rhines, 2009; Hakkinen et al., 2011)

Confident that ocean 
heat  transport played a 
role, but difficult to 
diagnose origin of OHT 
variations.
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This demonstrates that the discrete and continuous version of T1 agree in the limit of large
⌧d (i.e., the limit of long memory).
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Subpolar North Atlantic SST variations are predictable

Geophysical Research Letters 10.1002/2015GL065364

Figure 2. Variations in large-scale Atlantic circulation, poleward heat transport, and winter sea ice extent. As in Figure 1
but showing the following: (a) Barotropic stream function averaged over the Grand Banks region (note that more
negative values indicate stronger cyclonic circulation); (b) ocean poleward heat transport across 50!N in the Atlantic;
(c) SST in the central subpolar gyre region (45!W–10!W; 50!N–60!N); (d) Northern Hemisphere winter (JFM) sea ice
area over the whole Arctic (40!N–82!N); (e) Northern Hemisphere winter (JFM) sea ice area over the Atlantic sector
(90!W–90!E; 40!N–82!N). Anomalies are relative to the following climatologies: 1964–2013 (Figures 2a–2c), and
1979–2013 (Figures 2d and 2e). The purple dashed curves show the ensemble mean of the six-member uninitialized
CESM 20C simulations.

4. Ocean-Driven Trends in Arctic Sea Ice Extent

The CESM DP system o!ers evidence that the rapid Arctic sea ice loss observed between about 1997 and
2007 was related to the very anomalous ocean heat transport that contributed to the rapid mid-1990s
warming of the SPG and the early 2000s warming of the Nordic Seas. The 5–7 year forecasts show sig-
nificant skill at reproducing the accelerated rate of winter sea ice loss over this time period (Figures 2d
and S4f; r(DP,OBS) = 0.91, MSSS(DP,OBS)=0.82), most of which occurred in the Atlantic sector (Figures 2e

YEAGER ET AL. PREDICTED RATE OF SEA ICE LOSS 10,708

Geophysical Research Letters 10.1002/2015GL065364

Figure 2. Variations in large-scale Atlantic circulation, poleward heat transport, and winter sea ice extent. As in Figure 1
but showing the following: (a) Barotropic stream function averaged over the Grand Banks region (note that more
negative values indicate stronger cyclonic circulation); (b) ocean poleward heat transport across 50!N in the Atlantic;
(c) SST in the central subpolar gyre region (45!W–10!W; 50!N–60!N); (d) Northern Hemisphere winter (JFM) sea ice
area over the whole Arctic (40!N–82!N); (e) Northern Hemisphere winter (JFM) sea ice area over the Atlantic sector
(90!W–90!E; 40!N–82!N). Anomalies are relative to the following climatologies: 1964–2013 (Figures 2a–2c), and
1979–2013 (Figures 2d and 2e). The purple dashed curves show the ensemble mean of the six-member uninitialized
CESM 20C simulations.

4. Ocean-Driven Trends in Arctic Sea Ice Extent

The CESM DP system o!ers evidence that the rapid Arctic sea ice loss observed between about 1997 and
2007 was related to the very anomalous ocean heat transport that contributed to the rapid mid-1990s
warming of the SPG and the early 2000s warming of the Nordic Seas. The 5–7 year forecasts show sig-
nificant skill at reproducing the accelerated rate of winter sea ice loss over this time period (Figures 2d
and S4f; r(DP,OBS) = 0.91, MSSS(DP,OBS)=0.82), most of which occurred in the Atlantic sector (Figures 2e

YEAGER ET AL. PREDICTED RATE OF SEA ICE LOSS 10,708

Geophysical Research Letters 10.1002/2015GL065364

Figure 2. Variations in large-scale Atlantic circulation, poleward heat transport, and winter sea ice extent. As in Figure 1
but showing the following: (a) Barotropic stream function averaged over the Grand Banks region (note that more
negative values indicate stronger cyclonic circulation); (b) ocean poleward heat transport across 50!N in the Atlantic;
(c) SST in the central subpolar gyre region (45!W–10!W; 50!N–60!N); (d) Northern Hemisphere winter (JFM) sea ice
area over the whole Arctic (40!N–82!N); (e) Northern Hemisphere winter (JFM) sea ice area over the Atlantic sector
(90!W–90!E; 40!N–82!N). Anomalies are relative to the following climatologies: 1964–2013 (Figures 2a–2c), and
1979–2013 (Figures 2d and 2e). The purple dashed curves show the ensemble mean of the six-member uninitialized
CESM 20C simulations.

4. Ocean-Driven Trends in Arctic Sea Ice Extent

The CESM DP system o!ers evidence that the rapid Arctic sea ice loss observed between about 1997 and
2007 was related to the very anomalous ocean heat transport that contributed to the rapid mid-1990s
warming of the SPG and the early 2000s warming of the Nordic Seas. The 5–7 year forecasts show sig-
nificant skill at reproducing the accelerated rate of winter sea ice loss over this time period (Figures 2d
and S4f; r(DP,OBS) = 0.91, MSSS(DP,OBS)=0.82), most of which occurred in the Atlantic sector (Figures 2e

YEAGER ET AL. PREDICTED RATE OF SEA ICE LOSS 10,708

3 year running mean anomalies of:
b) Heat transport across 50oN
c) Subpolar gyre SST (SPG SST)

• Black curves: reanalysis forced ocean-ice 
model (CORE).

• Blue curves: observational estimates
• Red curves: the CESM decadal prediction 

averaged over the 5–7 year forecast period.
• Purple dashed curves: ensemble mean of the 

six-member uninitialized CESM 20C 
simulations.Yeager et al (2015)

• SST anomalies in subpolar North Atlantic predictable on interannual to decadal timescales

• Connected to Atlantic ocean heat transport variations at 50oN.  

• Note: Extreme events (e.g., 2015 cold blob) are connected to strong atmospheric forcing 
and less predicable (e.g., . Maroon et al., 2021; Josey et al., 2018; Yeager et al., 2016).
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Predictability of subpolar North Atlantic apparent in observations

Black contours:
D at 500, 1000, 
1500m.

• Predictability timescale (T2 ) 
for wintertime SST.
• T2  is longest in the central 

subpolar North Atlantic 
(Buckley et al., 2019). 
• T2 is low in the Labrador Sea 

despite deep MLDs.  

See Laurie Trenary’s poster for 
• A comparison of 

predictability between 
observations and models

• Insight into ocean 
dynamical processes 
leading to predictability. 

Black contours:
Annual mean 
climatological MLD 
at 200, 400 m

Mean T2
from 
ERSST and  
HadISST. 

Modified from Buckley et al (2019)
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Predictability in central subpolar gyre: role of reemergence

Seasonal ACF suggests 
reemergence of 
wintertime SST anomalies 
in the central subpolar 
North Atlantic.



Summary
• The  overturning circulation in the Atlantic is responsible for the Atlantic transporting heat 

northward in both hemispheres.

• About 60% of the peak Atlantic Ocean heat transport is related to a circulation that spans the 
warm thermocline waters and cold mid-depth waters.

• Determining the role that the deep overturning plays in ocean heat transport and Atlantic SST 
variations is challenging.

• often uses unjustified assumptions (e.g,. Heat transport related to zonal mean circulation is 
due to the AMOC).

• Or requires model experiments (e.g., water hosing)

• A more tractable problem may be to determine the roles of 

• 1D mixed layer processes: mixed layer depth variations &  entrainment (see Li et al., 2020; 
Deser et al., 2003; deCoetlogon & Frankignoul, 2003; Glenn Lui’s poster)

• Ekman heat transports  (see Buckley et al., 2014, 2015; Larson et al., 2018)

• geostrophic ocean dynamics (see Buckley et al., 2014, 2015)

• Various forcings (wind, buoyancy, see Larson et al., 2018, 2020)


