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Abstract

Atlantic time-mean heat transport is northward at all latitudes and exhibits strong mul-
tidecadal variability between about 30°N and 55°N. Atlantic heat transport variability
influences many aspects of the climate system, including regional surface temperatures,
subpolar heat content, Arctic sea-ice concentration and tropical precipitation patterns.
Atlantic heat transport and heat transport variability are commonly partitioned into two
components: the heat transport by the AMOC and the heat transport by the gyres. In
this paper we compare four different methods for performing this partition, and we ap-
ply these methods to the CESM1 Large Ensemble at 34°N, 26°N and 5°S. We discuss

the strengths and weaknesses of each method. The four methods all give significantly
different estimates for the proportion of the time-mean heat transport performed by AMOC.
One of these methods is a new physically-motivated method based on the pathway of

the northward-flowing part of AMOC. This paper presents a preliminary version of our
method that works only when the AMOC follows the western boundary of the basin. All
the methods agree that at 26°N, 80-100% of heat transport variability at 2-10yr timescales
is performed by AMOC, but there is more disagreement between methods in attribut-

ing multidecadal variability, with some methods showing a compensation between the

AMOC and gyre heat transport variability.

Plain Language Summary

Scientists often want to quantify how much heat is transported by the Atlantic Merid-
ional Overturning Circulation (sometimes called the “Conveyor Belt” circulation) and
how much heat is transported by the ocean’s gyres. This paper compares some differ-
ent methods for estimating the heat transport by the overturning circulation and by the
gyres, including a new method that has not been used before. There are significant dif-
ferences in the results of each method, and here we discuss the strengths and weaknesses

of each method.

1 Introduction

The Atlantic Meridional Overturning Circulation (AMOC) comprises northward
flow of warmer water near the surface, deep water formation in the North Atlantic, and
southward flow of cooler water at depth. The AMOC transports heat northward through-

out the Atlantic basin, warming the Northern Hemisphere (Jackson et al., 2015; Buck-
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ley & Marshall, 2016) and performing 20% of the total planetary poleward heat trans-
port at 26.5°N (Trenberth & Fasullo, 2017). The AMOC’s cross-equatorial heat trans-
port shifts the intertropical convergence zone (ITCZ) northward, affecting precipitation

patterns close to the equator (Kang et al., 2009; Marshall et al., 2014).

Variations in northward Atlantic heat transport are thought to be a key driver of
Atlantic Multidcadal Variability (Oldenburg et al., 2021), which affects variability in mul-

tiple parts of the climate system (Zhang et al., 2019), including tropical precipitation

(Folland et al., 1986; Martin & Thorncroft, 2014), Atlantic hurricane frequency (Goldenberg

et al., 2001; Klotzbach et al., 2015), and North Atlantic sea ice variability (Yeager et al.,
2015). Low frequency ocean variability is a source of predictability in the climate sys-

tem, meaning that parts of the climate system that are driven by AMOC variability may

be predictable using observations of the ocean (Borchert et al., 2018). AMOC low-frequency

variability and Atlantic decadal predictability vary significantly between climate mod-
els (Yan et al., 2018). To understand the cause of differences between models, it is help-
ful to characterize how the AMOC and the gyres interact to influence northward ocean
heat transport. In this paper, we use four different methods to estimate how much ocean

heat transport is performed by AMOC.

Many studies have attempted to separate the heat transport by the overturning
circulation from the heat transport by the gyres (e.g. Bryan (1962); Hall and Bryden
(1982); McDonagh et al. (2010); Ferrari and Ferreira (2011); Piecuch et al. (2017)). The
AMOC appears to be the primary driver of heat transport in the subtropical gyre re-
gion and that the gyre is a more important driver in the subpolar gyre region (Eden &

Willebrand, 2001; Piecuch et al., 2017).

Many of the studies that have partitioned the heat transport by the gyres and the
heat transport by the overturning circulation have done so with the goal of identifying
how much of the heat transport variability is driven by wind and how much is driven by
buoyancy forcing. AMOC variability is often thought to be primarily driven by buoy-
ancy forcing, and the gyres are thought to be primarily driven by wind forcing. But re-
cent studies have shown that gyre strength is strongly influenced by buoyancy forcing
(Bhagtani et al., 2023), and that AMOC strength is strongly influenced by wind forc-
ing (J. Yang, 2015; Cessi, 2018). The goal of this study is not to partition the heat trans-

port caused by wind from the heat transport caused by buoyancy forcing, but to eluci-
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date how the total AMOC transport influences heat transport at multiple latitudes, and
to look at how different methods for finding the heat transport by the AMOC perform

differently.

Most previous studies define the heat transport by the overturning as the zonal in-
tegral of the volume transport multiplied by the zonal mean temperature, integrated in
the vertical. In all the studies that use this method, the integrals are taken in depth space.
In the last twenty years or so, oceanographers have started to define the AMOC using
a zonal-average in density space (Foukal & Chafik, 2022). Recent work by Zhang and
Thomas (2021) has shown that flows on the same depth level in the subpolar gyre re-
gion have different densities and form part of the AMOC. It is clear that the old depth-
averaged way of looking at things can still be useful, but much progress has been made
by looking at the AMOC in new ways. In this work, we compare the zonal-mean method
described in most previous studies, in which the mean is taken along depth surfaces, with

a similar method in which the mean is taken along density surfaces.

Northward flow in the subtropical North Atlantic is dominated by the Gulf Stream.
The Gulf Stream is significantly stronger than required to return the Sverdrup transport
(Gray & Riser, 2014), which can partly be attributed to the presence of an additional
flow component: the northward component of the AMOC. In the absence of mixing or
surface forcing, water flows along isopycnals, so lighter Gulf Stream waters are less likely
to continue northward into the subpolar gyre. Talley (2003) proposed a method for di-
viding the ocean heat transport into heat transport by the overturning and heat trans-
port by the gyres by assigning lighter Gulf Stream waters to the subtropical gyre and
denser waters to the AMOC. Recent work by Berglund et al. (2022) shows that denser
waters are more likely to continue northward into the subpolar gyre, sugesting that the
Talley (2003) method is based on correct physical assumptions. In this manuscript, we

compare the Talley (2003) method with the other methods discussed above.

Northward AMOC transport primarily follows the western boundary at latitudes
where the gyre is clockwise (Stommel, 1957). Rypina et al. (2011) showed that drifters
in the far west of the Gulf Stream are likely to reach the North Atlantic, whereas drifters
further to the east are unlikely to cross northward into latitudes associated with the sub-
polar gyre. Hence, an alternative way to divide the AMOC heat transport from the gyre

heat transport is to assume the AMOC flow occupies the westernmost portion of the basin
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at latitudes with a clockwise gyre. In this work we apply this approach to create a new

method for partitioning ocean heat transport.

This new method is also conceptually similar to a method used by Roemmich and
Wunsch (1985). Roemmich and Wunsch (1985) estimated the temperature transport in
the deep ocean, the temperature transport in the western boundary current, and the tem-
perature transport in the southward flowing part of the gyre from observations. Talley
(1999) used a similar method. These authors took the mean temperature in the west-
ern boundary current and calculated the heat transport by the AMOC to be the volume
transport of the AMOC multiplied the difference in temperature between the western
boundary current and the deep ocean. Roemmich and Wunsch (1985) applied their method
to sections at 24°N and found that 90% of the mean northward heat transport is per-
formed by the AMOC at this latitude, and they commented that the northward heat trans-

port is dominated by the AMOC across multiple years of observations.

In this work, we compare all four of the above methods for partitioning ocean heat
transport into heat transport by the overturning and heat transport by the gyres. We
use the CESM large ensemble as a testbed for these different methods, because the ex-
istence of long runs and many ensemble members allows us to examine variability at mul-
tiple timescales. The CESM large ensemble is described in section 2 and the four meth-
ods for partitioning heat transport by the overturning and heat transport by the gyres
are described in section 2.1. Section 3.1 shows the results of different methods for par-
titioning the time-mean heat transport by the overturning and the heat transport by the
gyres. Sections 3.2 and 3.3 describe the heat transport variability in the CESM large en-
semble, and use the methods to attribute this heat transport variability to the overturn-

ing and the gyres. Section 4 discusses the results and presents conclusions.

2 Methods

We explore these diagnostics in the context of ocean models, where the time vary-
ing circulation and temperature fields are perfectly known. Our analysis uses a large en-
semble of ocean simulations in order to sample broadly the modes of natural variabil-
ity of the North Atlantic circulation. The CESM Large Ensemble is a group of simula-
tions performed using a 1° nominal resolution fully-coupled version of the Community

Earth System Model (CESM1) (Kay et al., 2015). Forty ensemble members were cre-
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ated for the period 1920-2100. Each ensemble member has the same radiative forcing
scenario, but the initial atmospheric temperature is perturbed with a spatially random
perturbation order 10~ K. As a result of internal variability, each ensemble member’s
state follows a unique trajectory with different regional temperature patterns and dif-

ferent AMOC variability.

We used the cloud-optimized dataset, which is stored on Amazon Web Services (AWS)

thanks to the AWS Public Dataset Program (de La Beaujardiere et al., 2019). In this
work we used the first 35 ensemble members for the period 1940-2005. 1940 is chosen
because this allows time for the internal variability of the system to diverge, so that the
ensemble members are different from each other throughout the chosen period. 2005 is

a natural end date, because it marks the end of the historical runs for the CESM1 Large
Ensemble. During the period 1940-2005 multidecadal variability dominates over long-
term trends in AMOC and heat transport. Members of the CESM large ensemble are
not meant to have exactly the same variability as the real world, but to represent the
range of possible internal variability. Many of the ensemble members exhibit North At-
lantic subpolar gyre ocean heat content variability with similar magnitude to ECCOv4r3

(not shown).

2.1 Separating heat transport by the gyre from heat transport by the

overturning circulation

Heat transport by the ocean’s gyre is primarily wind driven, and the variability of
this heat transport is likely to have short time scales and spatial effects that are confined
to each gyre. Heat transport by the overturning is both wind and buoyancy driven, and
AMOC heat transport variability is more likely to impact temperatures in the far North
Atlantic. Hence, it is desirable to partition the heat transport and heat transport vari-
ability across a particular latitude into the heat transport by the overturning and the
heat transport by the gyres. All the methods described in this section are designed to
be applied at a fixed latitude. The notion of heat transport by the flow across a section
is only well-defined when the net mass transport (or volume transport, in a Boussinesq
ocean model) of the flow is zero (see e.g. Warren (1999); Boccaletti et al. (2005); Pickart
and Spall (2007); H. Yang et al. (2015)). In the Atlantic basin, there is a net southward
volume transport of about 1 Sv, and the heat transported by this net throughflow is de-

pendent on our choice of reference temperature. Before performing any further subdi-



171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

visions, we remove the net throughflow component of the heat transport. Because the
net throughflow is small, the results of this study are relatively insensitive to the choice

of reference temperature associated with this throughflow.

At each latitude, we remove the mean velocity from the total velocity to find the

volume conserving part of the velocity,

Upe(, 2,t) = v(z, 2,t) — (1), (1)

where

f_OH f;i"‘ v(z, z,t)dx dz
B fEH f;j dr dz

and z is distance in the longitudinal direction, z is distance in the vertical, v is the merid-

o(t) (2)

ional velocity, H is the ocean depth, x,, is the western boundary of the Atlantic and x,
is the eastern boundary of the Atlantic. Ideally, the residual velocity (including the eddy
transport) would be used in these calculations, but this data was not readily available,
so the effects of parameterized eddies are not included in v. We also remove the south-
ward heat transport that is associated with the mean velocity, so the volume conserv-

ing part of the ocean heat transport is

0 Te 0 Te
OHT (1) = / / o(z, 2 )0(z, 2, 1) do dz — / 0(z, 2 05(t) dudz,  (3)
—H Jx, —H Jx,,

where 6 is potential temperature referenced to the surface.

The total volume conserving advective heat transport, OHT,., can be further de-
composed into the sum of heat transport by multiple sub-flows, provided that each sub-
flow has no net mass transport associated with it. There are infinitely many possible such
decompositions. Once the net velocity and associated heat transport have been removed,
we apply and compare four methods for separating the heat transport by the overturn-

ing and the heat transport by the gyres. These methods are illustrated in figure 1.

2.1.1 Zonal-mean method in z-space

The first method, which we call the zonal-mean method in z-space, has been in use
for a long time (Bryan, 1962; Hall & Bryden, 1982; McDonagh et al., 2010; Piecuch et
al., 2017). In this method the heat transport by the overturning, OHT((,’? (t), is calcu-
lated by multiplying the zonally-integrated velocity by the zonal-mean temperature, where

all the zonal integrals are taken at constant depth, and then integrating in the vertical,
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o [ ([ 72 B, =, t) do
ot (t) - 'ch(x, 2, t) dx Te dz ’ (4)
—H T fa:w dx

as illustrated in the top panel to figure 1. In this method, the heat transport by the gyre
is the total volume-conserving heat transport minus the heat transport by the overturn-
ing,

OHT)_(t) = OHT,(t) — OHTD (¢), (5)

gyre

where OHT((;)(t) is the heat transport attributed to the AMOC by the zonal-mean method
in z-space and OHT;Z) (t) is the heat transport attributed to the gyre by the zonal-mean

yre

method in z-space.

2.1.2 Zonal-mean method in density space

The second method we investigate is similar to the first method, but zonal inte-
grals are taken in density coordinates instead of depth coordinates. Thickness-weighting
is necessary to preserve volume conservation (see e.g. Young (2012)), so

) _ pmaz e ) fggz; 0(z, p,t)Cs(, p,t) d
ot = [ ([ vttt p ) ) ( oo ) O

> ( / o3t dx) (f;ij 0(x, p,t)62(x, p,t) dx) -

p [ 02(x, p,t) do

Q

where ( is the depth of a density surface and (; is the derivative of { with respect to den-
sity. When this calculation is discretized, a finite layer thickness §z is used to describe
the vertical distance between two isopycnals, and we sum over all densities. This method
is illustrated in the second panel of figure 1. As in the first method, the heat transport
by the gyre is the total volume-conserving heat transport minus the heat transport by

the overturning,

OHT(). () = OHT,,(t) — OHTY) (1), ()

gyre

where OHT(()’;) (t) is the heat transport attributed to the AMOC by the zonal-mean method
in density-space and OHTgp ) (t) is the heat transport attributed to the gyre by the zonal-

yre

mean method in density-space.

It is easy to imagine scenarios in which the above methods will perform badly. For
example, as illustrated in the top panel of figure 2, in a scenario with no gyre the zonal
mean method in z-space attributes heat transport to the gyre if the zonal mean temper-

ature associated with the northward flow is lower than the temperature of the water that
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Figure 1. Schematic of four different methods for separating heat transport due to the over-
turning and heat transport due to the gyre. Note that it only makes sense to apply the Talley03
method in the Northern Hemisphere subtropical gyre, where it is likely that AMOC waters tend
to follow the western boundary and to be denser than gyre waters. The version of the Talley03

method used in this paper includes any Ekman transport as part of the gyre.

21 is flowing northward. It is also possible for the zonal-mean method in z-space to mis-

2 attribute heat transport by the gyre to the overturning, as illustrated in the lower panel



223

224

225

226

227

228

229

230

Thought experiment A: no gyre, and upper western boundary current is warm

Americas Europe
&
2 _.I —_— Small heat
onal average transport b
of temperature Multiply overtzrningy
o and zonal
2 L integral of
— velocity
Thought experiment B: no overturning, and gyre return flow is offset in the vertical
Americas Europe
- % —_ Large heat
Zonal average . transport by
of temperature Multiply overturning
and zonal
2 L integral of
= velocity

Figure 2. Two thought experiments that illustrate potential problems with the zonal-mean
method in z-space. Thought experiment A shows a scenario where there is no gyre, but the
northward flowing western boundary current is much warmer than the rest of the basin. Hence
when a zonal mean is taken, the temperature associated with northward flowing water is lower
than the actual temperature of the water that is flowing north, and the heat transport associated
with overturning is small, leaving a large heat transport by the gyre. Thought experiment B
shows a scenario where there is no overturning transport, but because the gyre return flow occurs
at a different depth from the gyre’s western boundary current, the heat transport is attributed to

overturning.

of figure 2: in this case the northward and southward flowing parts of the gyre are off-

set in the vertical, so some of its heat transport is attributed to overturning.

2.1.3 The Talley03 method

Talley (2003) developed a method for splitting the heat transport in the subtrop-
ical gyre into the heat transport by the overturning and the heat transport by the gyre.
At the latitudes of the Northern Hemisphere subtropical gyres, northward-flowing AMOC
transport is assumed to follow the western boundary, but to have a higher density than

the northward-flowing transport associated with the gyre itself. Talley (2003) considers

—10-
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the heat transport due to the Ekman transport separately, but here we include it in the

heat transport due to the gyre.

First, the isopycnal that defines the bottom of the subtropical gyre is chosen. Here
we call this isopycnal p;,¢, because it represents the bottom of the gyre in the ocean in-
terior. This isopycnal is shown by the magenta line in figure S1. The velocity field is in-
tegrated in the vertical above this isopycnal. In the west of the basin, this depth-integrated
velocity is northward, and in the rest of the basin it is southward: the longitude that splits
these two regions, x4 is found. The total southward volume transport of the gyre 1gyre

is defined to be the total transport east of x4, and above the isopycnal p;,:, so

Te 0
wgyre = / / vUCH(p - pint) dzdz, (9)
Ttal —H

where H(p — p’) is a step function that is one above p’ and zero below p'.

The total northward volume transport of the gyre must be defined to be equal to
the total southward volume transport of the gyre. To achieve this, we define the isopy-
cnal pyest such that the total volume transport west of x4 and above pyes: is equal to

the total transport ¢gy... Hence the total heat transport by the gyre is defined to be

Ttal
OHTngfe / / VpcH(p — pwest) dz dx +/ / VpcH(p — pint) dzdx. (10)
T Ttal

The heat transport associated with the overturning is the integral of the heat transport

over the rest of the ocean.

This method avoids the pitfalls of the zonal-mean methods, and takes into account
physical information about the overturning circulation, which tends to follow the west-
ern boundary. Higher-density waters are more likely to continue into the subpolar North
Atlantic without recirculating in the subtropical gyre (Berglund et al., 2022). This method
associates these higher density waters with AMOC. However, it only applies in the sub-
tropical gyres on the Northern Hemisphere, and cannot easily be extended outside these

latitudes. Talley herself modifies the method substantially to apply it in other regions.

In this manuscript, we apply the Talley (2003) method to the meridional velocity
field after performing a 24-month rolling time average in density space. Without this time

average, Ttq; moves around a lot and pyest is not always well-defined.

—11-
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2.1.4 The streamfunction-splitting method

Our new method has similarities to the Talley (2003) method, but instead of as-
sociating higher densities with AMOC, our method associates water at a particular range
of longitudes with AMOC. This is motivated by the pathway of water in the northward
limb of the AMOC, as illustrated by the pseudo-streamfunction (C. Jones & Cessi, 2018),

which is plotted in the bottom panel figure 3,

T 0
o= / / vH(p — pm) dzdx’, (11)
Loy J—H

where H is the Heaviside function and p,, is the isopycnal that passes through the max-
imum of the meridional overturning streamfunction (the yellow dashed-dotted line in fig-
ure 3). This isopycnal is chosen because the net transport is northward above the isopy-
cnal and southward below the isopycnal, ensuring that the total northward AMOC trans-

port is included in the pseudostreamfunction.

As shown in the bottom panel of figure 3, the AMOC’s northward branch winds
around the gyres, following the red contours northward. The blue contours in figure 3
represent the gyres. We expect that the strength of the gyres is independent of the strength
of AMOC at long timescales, and that the gyres are primarily driven by the wind, al-

though recirculation of northward AMOC transport may also be present.

Of course, in reality some water parcels that start in on the red streamlines will
enter the blue region and vice-versa, both because of mixing and because water is ex-
changed across streamlines by vertically sheared flows. The red streamlines are not sup-
posed to represent a “conveyor belt” pathway, but simply a pathway where flow is gen-

erally continuing northward as part of AMOC.

Because the circulation is three-dimensional, the total transport above density sur-
face p,, contains a small divergent component, and & is not a traditional streamfunc-
tion. A small number of open contours like the purple contour in figure 3 do not orig-
inate in the far south. These contours represent the movement of water that upwelled

across p,, within the domain.

In general, the red contours that represent the AMOC occupy the western bound-
ary only at latitudes with clockwise gyre circulation. In this paper, we focus on these
latitudes, because the AMOC pathway does not move around very much at these lat-

itudes. We plan to extend the method to other latitudes in future.

—12—
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Figure 3. (Top) The Atlantic Meridional Overturning Circulation in potential density space.
The black vertical dashed-dotted lines indicate the three latitudes where the methods are ap-
plied and the stars indicate the local AMOC maximum at each latitude. (Bottom) The red, blue
and purple contours in the left panel show the pseudostreamfunction, the mean transport above
0o = 27.74 (an isopycnal that passes through the maximum MOC streamfunction, as shown
by the horizontal yellow line in figure 3a) integrated from the western boundary eastward. The
contour interval is 5 Sv. Red contours are contours that start in the south and end in the north,
representing the AMOC. Blue contours are coutours that cross each latitude twice, representing
the gyres. The purple contour represents water that upwells across isopycnal p.,: at latitudes
where the contour appears twice, this flow is part of the gyre, and at latitudes where this contour
appears once this flow is par of AMOC. The black dashed-dotted lines show the three latitudes

used in this study.
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In our new method, which we call the streamfunction splitting method, a constant-
latitude section is divided into three regions. The first region is the deep region: this re-
gion is defined as the area below the dividing isopycnal, the green region with southward
flow in the bottom panel of figure 1. This dividing isopycnal is chosen to be the isopy-
cnal that passes through the maximum of the meridional overturning streamfunction at
that latitude (see stars in figure 3a). The net transport above this isopycnal is north-
ward and the net transport below it is southward, and this choice of dividing isopycnal
is below the depth of the gyres at all latitudes in the Atlantic. The second region is the
western-boundary region, the green region with northward flow in the bottom panel of
figure 1, which is defined as the region above the dividing isopycnal and west of the lat-
itude x*. Latitude z* is chosen such that the volume transport through the deep (green
southward) region plus the volume transport through the western boundary (green north-
ward) region sums to zero. The third region is the gyre region, the light blue region in
the bottom panel of figure 1, and this region is defined to be above the dividing isopy-
cnal and east of x*. By definition, the volume transport through the gyre region is zero.
The heat transport by the overturning is defined as the heat transport through the deep
region plus the heat transport through the western boundary region. The heat trans-

port byt the gyre is defined as the heat transport through the gyre region.

Here, we apply this streamfunction splitting method to the meridional velocity field
after performing a 24-month rolling time average in density space. Without this time-
average, x* moves around a lot and sometimes is not defined. Note that z* is close to
the western boundary in all cases, meaning that there is strong northward flow in the

western boundary current that is associated with AMOC.

3 Results
3.1 Time-mean heat transport by the gyres vs. overturning

The time-mean heat transport in each method is shown in Table 1. The time-mean
heat transport attributed to AMOC varies with latitude and with the method used, but

it is very similar between ensemble members.

At 34 °N and 26 °N, the z-space method attributes almost all the heat transport
to overturning, whereas at 5 °S, the z-space method only attributes about 65% of heat

transport to overturning, meaning that according to the z-space method the net trans-
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Table 1. Proportion of time and ensemble-mean heat transport associated with AMOC in each

method, together with the standard deviation between ensemble members.

Latitude 34 °N 26 °N 5°S
z-space method 91.5 £ 0.5% 99.6 + 0.3%  65.4 + 0.1%
Density-space method 115.1 £ 0.3% 117.8 £ 0.3% 108.5 + 0.1%
Talley03 method 69.3 £+ 0.2% 66.8 £+ 0.1% N/A

Streamfunction-splitting method 102.7 +£ 0.2%  96.5 + 0.2%  143.7 £+ 0.3%

port of the tropical gyre at 5 °S is northward. The z-space method is the only method
that attributes a mean northward heat transport to the tropical gyre at 5 °S. While gyres
can transport heat upgradient, the authors can think of no reason why the South At-
lantic tropical gyre should do so. The subtropical cell is primarily a vertical circulation
that comprises poleward flow very close to the surface and equatorward flow in the top
100m or so of the water column: because of the strong temperature contrast between these
two parts of the flow, the subtropical cell transports a lot of heat. But even if the heat
transport of the subtropical cell is counted as overturning, there is no reason for the re-
mainder of the heat transport by the gyre to be northward. It is possible that at this
latitude, the zonal-mean method in z-space has one of the problems illustrated in fig-

ure 2.

The Talley method indicates that about 69% of heat transport is carried by the
overturning at 34 °N, with 67% carried by the overturning at 26 °N. The Talley method
yields lower estimates than the other methods, because it associates the upper layer of
water with the gyre, and this upper layer of water performs a significant fraction of the
northward heat transport, consistent with the Talley (2003) estimate that the gyre car-
ries 0.1-0.3 PW of heat out of a total heat transport of 1.4 PW at 24 °N.

At all three latitudes, the density-space method attributes more than 100% of the
northward heat transport to AMOC, meaning that the gyre transports heat southward.
As shown in figure S2, at 34 °N and 26 °N the southward transport in the gyre is warmer
than the northward transport in the western boundary current when density is held con-
stant. The size of this compensation is much larger in the density space method than

in the streamfunction splitting method. One possible reason is that significant density
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change occurs as water flows around the gyre, and in the density-space method any wa-
ter that experiences density change is counted as overturning. This is a version of the
situations is described in Figure 2, Thought experiment B. This highlights that the main
assumption of the density space method is that the gyres follow isopycnal surfaces: this

assumption may not be a valid.

The streamfunction-splitting method also attributes more than 100% of the total
mean heat transport to AMOC, indicating that the subtropical gyre transports heat south-
ward at 34°N. It is sometimes claimed that the gyres always transport heat down-gradient,

but given the significant exchange of water between the warm northward-flowing AMOC

flow and the subtropical gyre in the Gulf Stream and Gulf Stream extension region (Berglund

et al., 2022), a small southward heat transport by the subtropical gyre is physically plau-
sible.

At 26 °N, the streamfunction-splitting method attributes about 97% of heat trans-

port to the overturning, which is in agreement with the z-space method. At 5°S,; the streamfunction-

splitting method attributes nearly 150% of the heat transport to overturning. In other
words this method attributes more southwater heat transport to the tropical gyre than
either of the other methods. It makes sense that the gyre should transport heat down-

gradient (southward) at this latitude.

One reason why the zonal-mean method in z-space and the streamfunction split-
ting method give such different results is that the zonal-mean method in z-space counts
the subtropical cell in the overturning transport. The subtropical cell is primarily a ver-
tical circulation that comprises poleward flow very close to the surface and equatorward
flow in the top 100m or so of the water column: because of the strong temperature con-
trast between these two parts of the flow, the subtropical cell transports a lot of heat.
The streamfunction splitting method counts the most of the subtropical cell in the gyre

transport, because it takes place away from the western boundary.

3.2 Heat transport variability in the CESM large ensemble

Before applying each of the methods to heat transport variability, it is helpful to
look at the correlation between AMOC and Ocean Heat Transport at the three differ-
ent latutdes discussed above. Figure 4a-c shows the timeseries of heat and AMOC trans-

port at the three chosen latitudes for the third ensemble member, which is chosen as a
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representative ensemble member. Heat transport is strongly correlated with AMOC at

all three latitudes and for both timescales of variability shown here (orange and blue lines
in 4a-c). Figure 4d-e shows the correlation between AMOC transport and heat trans-
port at the three chosen latitudes for all ensemble members, plotted as a function of the
standard deviation of AMOC strength. Both AMOC variability and its correlation with
heat transport are stronger at 34°N and 26°N than at 5°S on 2-10yr timescales (figure
4d) and on 10+yr timescales (figure 4e). Most ensemble members show stronger corre-
lations between AMOC and heat transport at 10+yr timescales than at 2-10yr timescales,
consistent with the idea that wind-driven gyre variability is averaged out on timescales

larger than 10 years.

Third ensemble member, 34N
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Figure 4. Timeseries of AMOC transport (blue) and heat transport (orange) for the third
ensemble member, filtered to pick out variability on 2-10yr timescales (solid lines) and 10+yr
timescales (dashed lines) at a) 34°N, b) 26°N and c¢) 5°S. The correlation between the smoothed
heat transport and the smoothed AMOC transport at 34°N, 26°N and 5°S, filtered to pick out
variability on d) 2-10yr timescales and e) 10+yr timescales (dashed lines). Open circles indicate

outliers.
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Given the strong correlation between AMOC and OHT, we expect that AMOC is
the strongest driver of variability at all three latitudes. The remainder of this work aims
to elucidate the controls on heat transport at these different latitudes and to compare
methods for separating northward heat transport by the gyres from northward heat trans-

port by the overturning circulation.

3.3 Time-varying heat transport by the gyres vs. overturning

Next, we separated the heat transport variability into variability attributed to the
gyres and variability attributed to the AMOC using the four methods described in sec-
tion 2. Using a running mean that is applied after the heat transport is partitioned into
heat transport by the overturning and heat transport by the gyres, we further separate
the heat transport variability into variability on 2-10yr timescales and variability on 10+
year timescales. Ten years is chosen for ease of comparison with previous studies (e.g.

Larson et al. (2020)). The results are plotted in figure 5.

3.3.1 Heat transport variability in the North Atlantic subtropical gyre

In most ensemble members, at 34°N and 26°N all methods attribute about 80-100%
of the heat transport variability to the overturning at 2-10 yr timescales (figure 5a and
e), meaning that the gyre is responsible for 0-20% of the heat transport variability. The
Talley method attributes slightly less heat transport to AMOC than the other three meth-

ods.

At multidecadal timescales (figure 5b and d) there is more disagreement between
methods. Again the Talley method produces the lowest estimate, with about 80% of 10+

yr heat transport variability attributed to AMOC at 26°N.

The zonal-mean method in density space attributes slightly more than 100% of the
heat transport variability to the overturning on 10+yr timescales. Our new method, which
we call the streamfunction splitting method, attributes about 110-120% of the heat trans-
port variability to the overturning on 10+yr timescales. More heat transport is attributed
to AMOC than one might expect based on the correlation between AMOC transport and
the total heat transport. The extra variability is compensated by heat transport attributed
to the gyre, which is anti-correlated with AMOC transport at 10+yr timescales. When

compensation occurs in the zonal-mean methods, it is difficult to understand what is caus-
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Figure 5. A box and whisker plot of the heat transport variability on 2-10 yr timescales ex-

plained by each method at a) 34 °N, c¢) 26 °N, and e) 5°S, and on 10+ yr timescales at b) 34

°N, d) 26 °N, and f) 5°S, where the green box represents the proportion of variance explained by

AMOC for the zonal-mean method in z space, the pink box represents the proportion of variance

explained by AMOC for the zonal-mean method in density space, and the blue box represents the

variance explained by AMOC for the Talley 2003 method and the purple box represents the vari-

ance explained by AMOC for the streamfunction-splitting method.Open circles indicate outliers.
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ing this compensation, but in the streamfunction splitting method it is very clear. Times
with high heat transport in the western boundary are associated with times of low heat
transport in the gyre region and vice versa. This can easily be explained: when the AMOC
transport is larger, more heat is transported northward and temperatures north of 26°N
increase, reducing the difference in temperature between northward and southward flow-
ing water in the gyre region. At the same time, temperatures in the western boundary
decrease. Hence, when the AMOC transports more heat northward on the western bound-
ary, the gyre transports less heat back southward. This is illustrated in figure 6, which
shows the mean temperature in the top 400m over all time slices where the low-pass fil-
tered AMOC strength is greater than average minus the mean temperature over the top

400m for all time slices.
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Figure 6. The mean temperature in the top 400m over all time slices where the low-pass
filtered AMOC strength is greater than the mean AMOC strength minus the mean temperature

over the top 400m for all time slices.

Because 26°N and 34°N are close together and both occur in the subtropical gyre,
we expect that heat transport by the overturning at 26°N and at 34°N are similar to each
other, particularly at long timescales. In figure 7, we plot the correlation between the
heat transport by the overturning at 26°N and at 34°N for the 2-10yr timescale and for
the 10+yr timescale. The zonal-mean method in density space, the Talley method, and
the streamfunction splitting method all find strong correlations between ocean heat trans-

port attributed to overturning at 26°N and at 34°N, while the zonal-mean method in
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z-space generally finds weaker correlations between the two latitudes. This is particu-
larly obvious at 10+yr timescales, for which the correlation between 26°N and at 34°N
is close to one for the streamfunction splitting method. These results suggest that the
zonal-mean method in z-space is less robust than the other three methods, and may give

different results even at similar latitudes.
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Figure 7.

The left panel shows box and whisker plots of the correlation between the ocean

heat transport attributed to AMOC at 26°N and at 34°N for each ensemble member, filtered to
select 2-10yr timescales. The right panel shows the same, but filtered to select 10+ yr timescales.
For the green box, OHT attributed to AMOC is calculated using the zonal-mean method in z-
space, for the pink box OHT attributed to AMOC is calculated using the zonal-mean method in
density space, and for the blue box OHT attributed to AMOC is calculated using the Taley 2003
method, andfot he purple box OHT attributed to AMOC is calculated using the streanfunction-

splitting method. Open circles indicate outliers.

3.3.2 Heat transport variability in the North Atlantic subtropical gyre

At 5°S, the zonal-mean method in z-space attributes about 85% of the heat trans-

port variability to AMOC on 2-10yr timescales (figure 5e). The zonal-mean method in

21—



438

439

440

441

442

444

445

446

447

448

449

450

451

452

453

454

456

457

459

460

462

463

464

465

466

467

468

density space attributes about 100% of the heat transport variability to AMOC, with

no role for gyres in the variability. The streamfunction splitting method attributes about
55% of 2-10yr heat transport variability to AMOC. At 5°S, the subtropical cell comprises
southward flow near the surface and northward flow at depth, as shown in figure Slc.

As discussed above, the zonal-mean method in z-space counts the subtropical cell in the
overturning transport, whereas the streamfunction-splitting method does not. As a re-
sult a higher proportion of short-timescale variability is attributed to AMOC in the z-

space method than in the streamfunction-splitting method.

At 10+yr timescales, the zonal-mean method in z-space and the streamfunction-
splitting method estimate that about 80% of heat transport variability is attributed to
the overturning (figure 5f). The variability of the subtropical cell generally has much shorter

timescales, so it is not an important source of multidecadal variability.

4 Conclusions

In this paper, we present four methods for partitioning the AMOC heat transport
and the gyre heat transport in the Atlantic basin. The first two methods estimate the
heat transport by the AMOC using the product of the zonal-mean temperature and the
zonally-integrated volume transport. The first method takes the zonal mean and zonal
integral in depth space: we call this method the zonal-mean method in z-space. The sec-
ond method takes the zonal mean and zonal integral in density space: we call this method
the zonal-mean method in density-space. The third and fourth method leverage phys-
ical insights about the flow pathway. The third method, adapted from Talley (2003), works
only in the subtropical gyre, using the assumption that AMOC waters follow the west-
ern boundary and are confined to deeper isopycnals. The fourth method is a new method
that does not assume anything about the density of the flow, but instead assumes that
the flow follows the pseudostreamfunction pathway shown in figure 3. We call this method

the streamfunction splitting method.

We compare the methods at three different latitudes: 34°N, 26°N and 5°S. The pro-
portion of the time-mean heat transport attributed to AMOC is significantly different
between methods. At 34 °N and 26°N , the z-space method and the streamfunction split-
ting method both attribute about 100% of time-mean heat transport to AMOC, but the

density-space method attributes about 115% of heat transport to AMOC, because on
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isopycnals the southward transport is warmer than the northward transport. The Tal-
ley method only attributes about 70% of time-mean heat transport to the overturning
at these latitudes. At 5°S, there is even more disagreement between methods, and the
streamfunction-splitting method attributes about 140% of the time-mean heat transport

to AMOC, significantly more than the other two methods.

We then turn to the heat transport variability. All methods agree that about 80-
100% of heat transport variability on 2-10yr timescales is attributed to AMOC at 34°N
and at 26°N, with little compensation between the heat transport by the AMOC and
the heat transport by the gyres. Estimates of the proportion of multidecadal heat trans-
port variability carried by the AMOC are sensitive to method choice. The zonal-mean
method in z-space and the Talley method give lower values for the heat transport vari-

ability due to AMOC than the other methods.

At 34°N and at 26°N, the Talley method attributes the lowest fraction of the heat
transport (about 80%) and heat transport variability to AMOC and our new method
attributes the highest fraction of the heat transport variability to AMOC (about 110%).
Each of these two methods makes an imperfect assumption about the location of AMOC
transport, with the Talley method assuming AMOC transport follows denser isoycnals
and the streamfunction splitting method assuming AMOC transport follows the west-
ern boundary. The real transport is likely to be somewhere between the two methods.
As a result, the Talley method and the streamfunction-splitting method could be taken
to represent the upper and lower bounds on the fraction of heat transport variability at-

tributed to AMOC.

At 5°S, the subtropical cell contributes to the vertical part of the meridional heat
transport, but may or may not be considered part of the AMOC. Both the zonal-mean
method in z-space and the streamfunction-splitting method are somewhat informative
at this latitude: their differences highlight that much of the subtropical cell is found out-
side the western boundary, and that the subtropical cell is a significant cause of heat trans-

port variability on 2-10yr timescales.

All of the methods presented here have advantages and disadvantages. Some of these

are listed below:
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¢ The zonal-mean method in z-space is the easiest method to apply to observations,
because the total volume transport on a depth level can be estimated from a small
number of measurements at each side of the basin. However, this method is sus-
ceptible to the problems illustrated in figure 2.

e The zonal-mean method in density-space takes into account that the AMOC is
usually defined in density coordinates. But this method is also susceptible to the
problems illustrated in figure 2.

e The Talley method makes physically well-justified assumptions in the subtropi-
cal gyre, and its components could be further decomposed to understand the causes
of variability in the AMOC and gyre regions. For example, it would be easy to
determine the zonal mean temperature in the northward-flowing AMOC is cor-
related or anti-correlated with AMOC strength and to examine how this contributes
to the heat transport by the overturning. However, it cannot be applied outside
the subtropical gyre without significant adaptations.

e The streamfunction-splitting method also makes physically-motivated assumptions,
and its components could be further decomposed to understand the causes of vari-
ability in the AMOC and gyre regions. At the moment it can only be applied in
the Atlantic at latitudes where the gyre is clockwise. However we plan to improve

the method to work at all latitudes in the future.

This paper focuses on partitioning heat transport in model output. While we have
applied these methods to a coarse-resolution ocean model, they could easily be applied

to an eddying ocean model, and we hope to do this in the future.

5 Open Research

The code repository for this paper is at https://zenodo.org/doi/10.5281/zenodo
.11283728 (C. S. Jones, 2024). The data used in this research is the CESM1 Large En-
semble, which is hosted on Amazon Web Services (de La Beaujardiere et al., 2019). This
work would not have been possible without the tools provided by and maintained by the

Pangeo community (https://pangeo.io/).
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