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ABSTRACT: Ocean warming patterns are a primary control on regional sea level rise and transient climate sensitivity.
However, controls on these patterns in both observations and models are not fully understood, complicated as they are by
their dependence on the “addition” of heat to the ocean’s interior along background ventilation pathways and on the
“redistribution” of heat between regions by changing ocean dynamics. While many previous studies attribute heat redistribu-
tion to changes in high-latitude processes, here we propose that substantial heat redistribution is explained by the large-scale
adjustment of the geostrophic flow to warming within the pycnocline. We explore this hypothesis in the University of Victoria
Earth System Model, estimating added heat using the transport matrix method. We find that throughout the midlatitudes,
subtropics, and tropics, patterns of added and redistributed heat in the model are strongly anticorrelated (R ~ —0.75). We
argue that this occurs because changes in ocean currents, acting across pre-existing temperature gradients, redistribute heat
away from regions of strong passive heat convergence. Over broad scales, this advective response can be estimated from
changes in upper-ocean density alone using the thermal wind relation and is linked to an adjustment of the subtropical pycno-
cline. These results highlight a previously unappreciated relationship between added and redistributed heat and emphasize
the role that subtropical and midlatitude dynamics play in setting patterns of ocean heat storage.

SIGNIFICANCE STATEMENT: The point of our study was to better understand the geographic pattern of ocean
warming caused by human-driven climate change. Warming patterns are challenging to predict because they are sensitive
both to how the ocean absorbs heat from the atmosphere and to how ocean currents change in response to increased
emissions. We showed that these processes are not independent of one another: in many regions, changes in ocean
currents reduce regional variations in the build-up of new heat absorbed from the atmosphere. This finding may help to
constrain future projections of regional ocean warming, which matters because ocean warming patterns have a major
influence on regional sea level rise, marine ecosystem degradation, and the rate of atmospheric warming.
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1. Introduction understanding of the physical processes shaping these patterns
and their continued response to anthropogenic forcing. Reduc-
ing uncertainties in the pattern of ocean warming is a crucial
prerequisite for accurate projections of regional sea level rise
(Lowe and Gregory 2006; Todd et al. 2020; Couldrey et al.
2021) and changes in ocean biogeochemistry (Gruber 2011;
Dunstan et al. 2018), as well as precipitation changes and
atmospheric warming rates due to the influence of sea surface
warming patterns on the hydrological cycle (Ma and Xie 2013;

The great majority of human-driven excess heat in the climate
system has been absorbed by the global oceans (Levitus et al.
2012; Roemmich et al. 2015; Cheng et al. 2017; Meyssignac et al.
2019). The storage of this heat varies widely between ocean
basins and depths (e.g., Zanna et al. 2019; Bronselaer and
Zanna 2020; Bagnell and DeVries 2021; Frederikse et al. 2020
Cheng et al. 2017; Purkey et al. 2019), although uncertainty
remains regarding the magnitude of regional changes (Cheng . !
and Zhu 2015; Lyman and Johnson 2014; Wang et al. 2018). Zhel}g fzt al. 2016; Kent et al. 2015) and the transient climate
Model simulations agree that significant regional differences in sensitivity (e.g., Armour et al. 2013; Andrews et al. 2015; Dong

ocean heat storage will persist into the future under continued et al. 2019). Henc.e, understanding thct prf)ces.sejs that set the
CO, forcing, but they disagree on many details of these pattern and magnitude of ocean warming is critical for robust

patterns, which vary across models and emission scenarios and societally relevant projections of climate change over the
(Kuhlbrodt and Gregory 2012; Gregory et al. 2016; Todd et al. next century.

2020; Dias et al. 2020; Couldrey et al. 2021; Frolicher et al. 2015; /4 mechanistic understanding of ocean warming patterns is
Ma et al. 2020). Uncertainty in both observed and projected complicated by the number of processes involved, particularly

ocean warming patterns stems, in part, from limitations in our ~ S'f€¢ many are expected to change under anthropogenic forc—
ing. Banks and Gregory (2006) pioneered a novel, now widely

adopted, approach to this problem, which essentially poses this
@ Supplemental information related to this paper is available question: How much does anthropogenically driven ocean heat
at the Journals Online website: https://doi.org/10.1175/JCLI-D-21- 4 Jike a passive tracer? To answer this question, they defined

08271 two distinct components of ocean warming. The first—*“added
heat” (sometimes termed “passive heat”)—is a hypothetical
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forcing taken at the ocean’s surface and dispersed into the inte-
rior. The second—*“redistributed heat”—encompasses all local
ocean warming that occurs through the reorganization of prein-
dustrial water masses by changes in ocean dynamics. The sum
of these components describes the total ocean warming at a
given location.

Separating added from redistributed heat in this manner is
useful for several reasons. From a practical standpoint, the
large-scale climatological circulation can be (relatively) con-
strained from observations, enabling direct estimates of added
heat (e.g., Zanna et al. 2019; Bronselaer and Zanna 2020;
Gebbie and Huybers 2019). Doing so in observations, as well
as in models, helps identify the role of large-scale climatologi-
cal ocean processes on global heat storage patterns. Indeed,
many studies emphasize the importance of the background
ocean state in setting key features of global ocean warming
patterns (Church et al. 1991; Jackett et al. 2000), particularly
the delayed warming of the Southern Ocean (Armour et al.
2016; Marshall et al. 2015; Frolicher et al. 2015; Marshall and
Zanna 2014), the rate of heat uptake by the Atlantic meridional
overturning circulation (AMOC) (Kostov et al. 2014) and
Southern Ocean downwelling (Boé et al. 2009), and the increas-
ing role of added heat in setting global heat storage patterns
over time (Bronselaer and Zanna 2020).

Additionally, this decomposition helps quantify the impact
that changes in ocean dynamics have on local warming rates.
Many studies argue that redistributed heat has an equal or even
greater effect on regional warming rates than the addition of
new heat, particularly over the historical record (e.g., Bronselaer
and Zanna 2020; Zika et al. 2021). Much of this work centers
around high-latitude drivers. For instance, several modeling
studies run with (Exarchou et al. 2015; Morrison et al. 2013) and
without mesoscale eddy parameterizations (Gregory 2000)
found that interior ocean warming was significantly enhanced
by reduced high-latitude convection, and associated suppression
of diffusive cooling via the Southern Ocean. Similarly, changes
in the AMOC have been widely linked to heat redistribution
both in the Atlantic (Xie and Vallis 2012; Winton et al. 2013;
Rugenstein et al. 2013; Gregory et al. 2016; Garuba and Klinger
2016; Todd et al. 2020; Couldrey et al. 2021; Zanna et al. 2019;
Marshall et al. 2015; Williams et al. 2021; Saenko et al. 2021)
and globally through changes in interbasin exchange (Garuba
and Klinger 2016; Sun 2020). Relatively fewer studies focus on
drivers of heat redistribution outside of the high latitudes,
despite emerging evidence that changes in subtropical circula-
tions (Winton et al. 2013; Garuba and Klinger 2016; Williams
et al. 2021; Saenko et al. 2021) and eastern boundary currents
(Dias et al. 2020; Exarchou et al. 2015) may play a significant, if
not dominant, role in global heat redistribution.

While the decomposition of added and redistributed heat is
a powerful conceptual framework for disentangling the drivers
of ocean warming patterns, it also introduces some complexity
in interpretation and has led to diverging conclusions about
the importance of different regional processes. Furthermore,
because this decomposition enables the independent analysis
of each component—isolating, for example, the roles of mix-
ing, advection, and eddies on the individual evolutions of
added or redistributed heat (e.g., Todd et al. 2020; Dias et al.
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2020; Banks and Gregory 2006; Xie and Vallis 2012; Couldrey
et al. 2021)—it can be difficult to synthesize a coherent picture
of how they coevolve. In this way, the decomposition perhaps
imparts the impression that patterns of added and redistrib-
uted heat can be understood independently of one another.
Most importantly, the larger motivation of this decomposition
is to constrain total ocean warming. A crucial step toward this
goal is determining how these components relate, particularly
given the time scale-dependent roles of each in ongoing
climate change (Bronselaer and Zanna 2020).

To address this, in this study we ask: Is there relationship
between patterns of added and redistributed heat? This ques-
tion is motivated by the shared characteristics in their spatial
patterns, particularly throughout the tropics and subtropics,
apparent in both observational estimates and simulations
(Bronselaer and Zanna 2020; Garuba and Klinger 2016;
Banks and Gregory 2006; Dias et al. 2020; Todd et al. 2020;
Xie 2020). We hypothesize that large-scale similarities in these
patterns arise, at least in part, from the coevolution of changes
in temperature gradients and changes in velocity in regions
dominated by geostrophic balance. We argue that covariation
of these changes, which has been invoked to relate the effects
of velocity and temperature on global surface heat flux patterns
(Hu et al. 2020) and ocean variability (Buckley et al. 2015),
causes changes in geostrophic flow that redistribute back-
ground ocean heat away from regions of strong passive
warming.

To do so, we set out to show the following: 1) patterns of
added and redistributed heat are strongly anticorrelated;
2) changes in velocity explain patterns of subtropical-tropical
heat redistribution; 3) changes in velocity are geostrophically
balanced with changes in temperature and density gradients
in many regions; and finally 4) heat redistribution coevolves
with the depth of the subtropical pycnocline. In the following
sections, we investigate these in a future warming simulation
in the UVic ESCM (described below). We describe the model
and methods in section 2, present the results in section 3, and
discuss their implications and our conclusions in section 4.

2. Model and methods
a. Model

Any potential relationship between added and redistrib-
uted heat under CO, forcing could, in reality, be obscured for
decades by internal oceanic variability (e.g., Palmer et al.
2017, Cheng et al. 2018; Bronselaer and Zanna 2020). We
therefore use a modeling framework that generates little
internal variability relative to, for instance, CMIP models
(Frankcombe et al. 2015): the University of Victoria Earth
System Climate Model (UVic ESCM) v2.9, a coupled climate
model of intermediate complexity (Weaver et al. 2001). While
the UVic ESCM features a 3D ocean general circulation model
with a horizontal resolution of 1.8° X 3.6° and 19 layers, it is
coupled to dynamic-thermodynamic sea ice, one-layer atmo-
spheric energy-moisture balance, and land surface models, and
thus does not explicitly include the effects of wind stress
variability or change on ocean variability (Eby et al. 2009).
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Despite its simple atmospheric component, however, ventila-
tion by the UVic model’s ocean circulation compares well to a
variety of present-day physical, chemical, and biogeochemical
observations (see Muglia et al. 2018; Khatiwala et al. 2019) and
thus provides an optimal framework to study added heat
uptake (e.g., Newsom et al. 2020). Here we examine a previ-
ously conducted simulation (Khatiwala et al. 2018) in which the
model is forced with historical forcing between 1765 and 2000,
after which CO, forcing follows an RCP8.5 scenario. Note that
while wind stresses in the UVic are prescribed, the model
includes an optional dynamic feedback in which wind stress
changes are calculated from sea surface temperature changes.
Here we disable this feedback in order to isolate the ocean’s
response to thermodynamic flux changes, an approach similar
to, for example, those of Luo et al. (2015, 2017), Gregory et al.
(2016), Todd et al. (2020), and Larson et al. (2018).

b. Added and redistributed components of ocean warming

As introduced in section 1, numerous processes influence
ocean warming patterns. Specifically, the change in tempera-
ture at a given location evolves as

a1’ F —
= SNT =V VT =V VT’ + V- (&VT)
at  pycp
+ V- (K'VT) + V- ('VT). 1)

Here, all primed quantities represent the anomaly in that
quantity from its mean-state value, that is, its value during an
assumed steady-state climate as represented by an overbar.
Unless otherwise stated, we define mean-state values as their
time averages during the first 40 years of the simulation. We
refer to this period (1765-1805) as the “background” climate,
an approximately steady period in which a negligible fraction
(<0.3%) of the eventual ocean warming (by 2100) is realized.
In Eq. (1), we have assumed incompressibility, v is the three-
dimensional residual velocity field (including the parameterized
bolus component), T is the temperature field, F is a surface
heat flux, k is a diffusivity tensor (encompassing the effective
diffusivities of parameterized diapycnal and isopycnal mixing
and diffusion), and p, and c, are a reference density and
specific heat for seawater, respectively [see the online
supplemental material for the derivation of Eq. (1)].

As discussed in section 1, any local temperature anomaly
T’ can be further decomposed into two conceptually distinct
components (e.g., Banks and Gregory 2006). The first compo-
nent—the “added” temperature 74—describes the temperature
change associated with the addition of new heat to the ocean and
its transport into the interior. By definition, T4 =0 in the back-
ground state, so we drop the prime for compactness. Globally,
T, comprises all net ocean warming and heat uptake due to
anthropogenic forcing (meaning that p,c, JV,; TydV = f AgF " dA,

where V, and A, are the volume and surface area of the global
ocean, respectively). Locally, however, T, will differ from 7’
where changing ocean dynamics redistribute background heat
(present in the ocean prior to forcing) between locations. The
local “redistributed” temperature change, T, encompasses this
effect, such that together, T’ = T4 + Tg. By this definition, Ty is
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also zero before forcing (Tx = 0); unlike T, Tk sums to zero
globally (pocpfv TrdV =0). Plugging these terms into Eq. (1)
g

and regrouping, we isolate the evolution of 74 as

T, F
M G NT, — v VT, + V-®VTA) + V- (K VT,).
at  pyCp
(2)
leaving
aT, _
Tt’*: ~V-VTg =V -VT — v -VTg + V- (&VTg)
+ V- (&VT) + V- (&VTR). 3)

An important aspect of our definition in Eq. (2) is that F’
includes all anomalies in heat flux relative to the background
state—any new heat added to the ocean. Surface flux anomalies
do include, however, the effects of redistributed heat on surface
fluxes, often called the “redistributive heat flux” (e.g., Garuba
and Klinger 2016; Dias et al. 2020). These effects exist on the
conceptual interface of added and redistributed heat, and parti-
tioning them into a given budget is ultimately a semantic or
methodological choice. For instance, redistributed heat fluxes
are generally included in the redistributed heat budgets in Flux-
Anomaly-Forced Model Intercomparison Project (FAFMIP)
experiments (Gregory et al. 2016). The specifications of our
framework, however, enable us to distill the underlying rela-
tionship between purely “anomalous/added” and “background”
heat in the ocean. More importantly, the large-scale characteris-
tics of our results are consistent across frameworks, including
FAFMIP (e.g., Banks and Gregory 2006; Gregory et al. 2016;
Couldrey et al. 2021; Dias et al. 2020).

c. Inferring added and redistributed heat

To estimate the added temperature anomaly, 74 [Eq. (2)],
surface temperature anomalies are treated like passive tracers
and ventilated into the interior using the model’s time-evolv-
ing circulation. In practice, this calculation is performed using
the transport matrix method (TMM) (Khatiwala et al. 2005;
Khatiwala 2007, 2018), an efficient numerical scheme for
“offline” ocean tracer simulation. In this method, the ocean
model’s circulation is encoded as transport matrices (TMs),
sparse matrix representations of the model’s advective-diffusive
tracer transport scheme, including all parameterized subgrid-
scale processes. Here, the time-varying SST anomaly, defined
for this calculation only as SST’(x, y, f) = SST(x, y, f) — SST
(x, y, 1765), is imposed as a surface boundary condition that is
propagated into the interior via the TMM [see Khatiwala 2007;
e.g., their Eq. (3)]. Monthly-mean TMs for the transient UVic
simulation used in this study were extracted by Khatiwala et al.
(2018). Both the TMs and boundary conditions (also monthly
mean) are linearly interpolated to the current time step before
being applied. This boundary forcing will drive a field of interior
added temperature anomalies Ty (x,y,z,t), where the tilde
specifies quantity calculated with the TMs. Importantly, these
boundary conditions will encompass the effects of all
anomalous surface heat flux, including those affected by
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FIG. 1. Comparison of ocean heat uptake in the coupled UVic model and using transport matrices (TMs). (a) Total
global ocean (volume V,) heat uptake using the monthly mean TMs before scaling (i.e., pyc, IV T, dV, dashed) versus

the total heat uptake in the UVic ESCM (pyc, IV T’ dV') and using scaled added temperature [pyc, JV T4dV;Eq. (4)],
& 8

both represented by the solid black line. (b) Total anomalous ocean heat storage with depth and latitude in the UVic

ESM at year 2100 (Hr = PonfX T’ dx, where X, is zonal ocean extent at each latitude). (c) As in (b), but for the

added heat (H4 = pocpJX T4 dx). (d) Asin (b) and (c), but for redistributed heat (i.e., Hg = Hy — H 4). Overlaid are

black contours representing intervals of 1 X 10 J m™! in (b) and (c) and 5 X 10 J m™! in (d). See the online
supplemental material for equivalent plots for unscaled fields.

circulation changes (the redistributed heat flux discussed
above; e.g., Garuba and Klinger 2018), through their influ-
ence on SST’. In principle, Ty (x,y,z,t) should thus encom-
pass all interior warming that results from surface flux
anomalies [and recover the quantity in Eq. (2); see the
online supplemental material for more details]. As such,
the global ocean heat content change, and thus the
inferred global heat flux change, calculated using the TMs
and the coupled UVic model should be equal. In practice,
however, differences in the model’s numerical advection
scheme and that used for extracting the TMs can lead to
small differences between frameworks (Khatiwala 2007;
Kvale et al. 2017). Additionally, we do not capture covari-
ance between ventilation and SST’ on submonthly time
scales. As a result, the TM method underestimates UVic
by 9% (Fig. 1a). By 2100, the TMM calculation implies a
net heat uptake of 2770 ZJ, less than the 3050 ZJ in the

We use T, in Eq. (4) as the “added temperature” in our
analysis (i.e., all calculations and figures except Fig. la).
From here, we can infer the redistributed temperature
[Eq. (3)] as the residual of the 77 and T4: Tg(x, y, 2, t) =
T'(x,y,z,t) — Ta(x, y, z, t) and ensure that this field sums
to zero, globally. Comparison of results with and without
the scaling are presented in the supplemental material
(Figs. S1-S3). Note that, while simplistic, the scaling does
not alter our main conclusions.

Finally, most of our results will compare the patterns of
anomalous heat storage associated with different compo-
nents of warming. We will use the terminology “added
heat” (H,), “redistributed heat” (Hg), and “total heat”
(Hr) to describe heat content associated with T4, Tk, and
T’, respectively, which we mainly present in their vertical
integrals:

UVic ESCM, although this difference is well within the Ha(xy,1) = Pocpjn TA(x,y,z,t)dz, 5)
spread of the CMIPS and CMIP6 ensembles (e.g., Lyu et al. —H
2021).
__To correct this discrepancy, though imperfectly, we scale Hi(9.1) = pocy Jn Taleoy,2, dz, ©
T4 such that its global integral equals that of 77, where 7" -H
describes the local temperature anomaly in the UVic
model, at all times: M
Hr(x,y,1) = PonJ B T'(x,y,z,1)dz, ™

Ta(x,y,2,8) = Ta(x,y,2,1)
X (I T’(x,y,z,t)dV/I Ta(x,y,z,0)d

g &

V]l 4
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where H is the ocean depth and 7 is the sea surface. The
exception is Figs. 1c and 1d, which instead show zonal (not
vertical) integrals of each component, respectively.
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a) Total heat, Hr, at 2100 b) Added heat, H,, at 2100

0° 60°E 120°E 180° 120°W 60°W. 0° 60°E 120°E 180° 120°W 60°W

c) Redistributed heat, Hg, at 2100 d) Ha minus its global mean (6H,) at 2100
—

b2

0° 60°E 120°E 180° 120°W 60°W (3 60°E 120 180° 120°w 60°W.

FI1G. 2. Components of anomalous heat storage (year 2100) summed over the full depth of the ocean: (a) total heat
uptake (H7), (b) added heat (H,), and (c) redistributed heat (Hg), which are all defined in Eqs. (5)—(7), and (d) 6H4
(see text), which shows regions of greater or lesser H, relative to its global mean value. Note that (a) and (b) share

the same color bar, which differs from the color bar shared by (c) and (d).

3. Results
a. The relationship between added and redistributed heat
1) SPATIAL PATTERNS

We begin by examining the spatial distribution of anomalous
ocean heat content at the end of the simulation. By 2100, the
model’s ocean has warmed significantly and with substantial
regional variation, as illustrated in Fig. 2a, which sums the total
anomalous heat storage over all depths [H7; Eq. (7)]. The major-
ity of this heat (=81%) accumulates above 2000 m and equator-
ward of =60° latitude (Fig. 1b), highlighting the importance of
this region in storing the excess heat in the climate system.

Geographic variation in Hp arises from the large regional
variation in both added heat H 4 [Fig. 2b; Eq. (5)] and in redis-
tributed heat Hy [Fig. 2c; Eq. (6)]. In its vertical sum, H,4
accumulates primarily within the global midlatitudes and sub-
tropics, by which we mean the region between roughly 50°
and 15° latitude in both hemispheres. Relatively less is stored
at lower or higher latitudes and, like Hr, the great majority of
H, resides in the upper ocean (290% above 2000 m, as is
clear in Fig. 1c) The disproportionately strong subtropical
accumulation of H, is robust across estimates (e.g., Banks
and Gregory 2006; Gregory et al. 2016; Garuba and Klinger
2016; Dias et al. 2020; Bronselaer and Zanna 2020; Todd et al.
2020) owing to the vigorous uptake and subsequent wind-
driven subduction of heat from the midlatitudes of the South-
ern Ocean and subtropical gyre circulations in both hemi-
spheres (Jackett and McDougall 1997; Armour et al. 2016;
Frolicher et al. 2015; Zanna et al. 2019; Newsom et al. 2020).
Together, these regions dominate the ventilation of the global
subtropical pycnocline (e.g., Khatiwala et al. 2012; Luyten
et al. 1983; Marshall and Speer 2012) and, accordingly, here
more than 70% of the total global heat uptake occurs in the
midlatitudes.

Heat redistribution (Fig. 2c) takes on a distinct spatial
pattern, in part because, by construction, regions of positive
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and negative Hy cancel, globally. Yet Hg opposes the pattern
of H, in many regions. Specifically, over the simulation,
changes in ocean dynamics tend to move pre-existing heat
out of the midlatitudes and subtropics and into the tropics,
although this exchange differs in magnitude between ocean
basins. This redistribution also mostly occurs within the
upper ocean (Fig. 1d). As with H,, the large-scale pattern of
Hp, specifically the dipole in cooling and warming of the
upper subtropical and tropical oceans (Figs. 1 and 2), is con-
sistent with previous work (e.g., Banks and Gregory 2006;
Gregory et al. 2016; Garuba and Klinger 2016; Dias et al.
2020; Bronselaer and Zanna 2020; Todd et al. 2020; Couldrey
et al. 2021). The remainder of this study works to understand
the drivers of the regional pattern of Hg and how it relates
to Hy.

2) SPATIAL CORRELATION

While Hg and H 4 arise from distinct mechanisms, their spa-
tial patterns imply some interdependence. Over the course of
the simulation, a strong anticorrelation emerges between H 4
and Hpg, as shown in Fig. 3a (calculated for the region
between 50°S and 50°N and partitioned into basins). Their
anticorrelation strengthens with time in all basins, exceeding
R =~ —0.7 in the Indo-Pacific and R ~ —0.83 in the Atlantic, by
2100. The relationship between Hg and H 4 captures the gen-
eral tendency for adjustments in ocean dynamics to transport
background heat away from regions where newly added
heat accumulates the most (regions of high H,) to the least
(low H4). We illustrate this phenomenon directly by subtract-
ing the global average of H,4 from its value at each point. This
quantity, 8H4(x,y) = Ha(x,y) — (1/Ag)IA§HA dA, where A, is

the ocean surface area, is shown for 2100 in Fig. 2d. Through-
out much of the ocean, Hy (Fig. 2c) and 6H, (Fig. 2d) are
of opposite sign and comparable magnitude. Moreover, the
temporal evolutions of Hi and 6H 4 are highly anticorrelated
(R < —0.9) in many locations (Fig. 3b), particularly within the
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FI1G. 3. The evolving relationship between added (H,4) and redistributed heat (Hg). (a) Correlation between spatial
patterns (between 50°S and 50°N) of Hg and H, for each year between 1900 and 2100 and partitioned into basins.
Locations in which the absolute value |Hg| equals or falls below 5% its global mean are not included in the calculation
to avoid spuriously strong correlations. (b) Correlation between the time series of Hg(x, y, t) and 8H4(x, y, f) at each
location between years 1900 and 2100. Regions in which |Hg| falls below its 5% its global mean are masked (stippled
areas). (c) Relative magnitude of the horizontal (subscript 4) gradient in Hy vs Hy, or |V, H7|/|V,H 4|, between *50°

and where |V,Hy|=[(0H7/ox)* + (0H7/dy)*]Y? and |V, Hy| = [(0H 4 /0x)* + (0H A /3y)*]/. The light yellow in

(c) denotes a ratio of one.

Indo-Pacific sectors. This relationship apparently breaks
down in the tropical Atlantic, in which both Hgz and 6H4
grow over time and correlate positively. Because there is more
added heat (per unit area) in the Atlantic, there local anticorrela-
tion is more widespread if we instead compute §H 4 by removing
the basin-scale mean (i.e., a different constant), explaining why
the basin-scale pattern correlation in Fig. 3a remains strong. Gen-
erally, however, Fig. 3b demonstrates that Hg concurrently
opposes 8H, (at least over monthly time scales) across large
swaths of the ocean. This process reduces the strong spatial gra-
dients in heat storage that would otherwise develop if heat
uptake were an entirely passive, unabated process. We quantified
this effect with the ratio |V,,H{/|V,H 4| (Fig. 3¢), where V,, denotes
a horizontal gradient, which relates |V,Hr|= [(aHT/Eix)2 +
(0Hr/ayY']"*  and  |VuHa| = [(9Ha/ox)* + (0Ha/dy)']"/.
Throughout most of the subtropics and into the tropics, |V,H|
is weaker than |V,H 4| (i.e., |V, H7/|V,H4| < 1; blue tones), dem-
onstrating the large-scale smoothing effect of heat redistribution
over these regions. Elsewhere—particularly near the equator
where the Coriolis force is weak, and within western boundary
currents where the momentum budget is more impacted by fric-
tional terms (e.g., Luyten et al. 1983)—gradients are instead
strengthened by heat redistribution.

b. Drivers of added and redistributed heat patterns
1) PARTITIONING OF HEAT CONVERGENCE

We now explore the mechanism relating H4 and Hg. As
mentioned in section 1, a potential explanation for their
coevolution (in Fig. 3) is the link between changes in spatial
gradients in temperature and in geostrophically balanced
flow. This link is assumes that 1) changes in advection
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dominate heat redistribution between the subtropics and
tropics, and 2) these changes are geostrophic. We test the first
of these assumptions by using Eqgs. (1)-(3) to quantify how
changes in the residual velocity (i.e., including bolus terms)
contribute to heat redistribution, relative to other processes.
To do so, we integrate all terms vertically (full depth) and
over the midlatitudes and subtropics (Figs. 4a,b; defined as
the region within 50°-~15°N/S) and tropics (Figs. 4c,d; defined
as =15°N/S). All fields are calculated from monthly mean val-
ues, and monthly anomalies in velocity and temperature are
calculated by subtracting the mean seasonal cycle in the back-
ground state (years 1765-1805). Note that here mixing
includes the anomalous heat convergence from parameterized
diapycnal and isopycnal (Redi) mixing, background diffusiv-
ity, and convection (see Weaver et al. 2001), and is diagnosed
as a residual from other terms in this analysis.

We begin by examining how changes in the residual velocity,
acting across background temperature gradients [term —v’ - VT
in Egs. (1) and (3)], redistribute heat between regions. As pro-
posed, changes in velocity redistribute substantial quantities of
background heat (more than 1000 ZJ by 2100) out of the
midlatitudes and subtropics (solid teal line in Fig. 4a; see also
Fig. S4a) into the tropics (Fig. 4b; see also Fig. S4b), >97% of
which is driven by changes in horizontal velocity components.
In fact, circulation changes are singularly responsible for the
dipole-like structure of heat redistribution (i.e., Fig. 2c), since
other dominant processes, like the mixing of redistributed tem-
perature anomalies (Figs. S4a,b) and their transport by the
background circulation (dashed green line in Figs. 4a,b and
S4ab), are of the opposite sign, with a larger impact in the
tropics. Were heat redistribution driven by circulation changes
alone, it would more than double.
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FIG. 4. Drivers of subtropical and tropical heat accumulation. Shown are regionally integrated cumulative anomalous
heat flux convergence within (a) the global midlatitudes and subtropics (55°-15° in each hemisphere) and (b) the global
tropics (15°S-15°N), over 1900-2100. All terms are defined in Eqs. (1)—~(3) and are multiplied poc,. (c),(d) Correlation
of patterns of —v/- VT and —v - VT in the subtropics and tropics, respectively, represented by correlation coefficient
R(1), at each year between 1900 and 2100 (black solid). Note that in this calculation, all locations where the change in
total advective heat flux at 2100 (x—v' - VT — v - VT") falls below 5% of its background value (its time average during
1765-1805) is masked to avoid spuriously strong correlation. Also shown in (c) and (d) is the correlation between
—v - VT and —v - VT4 patterns (dashed line) in the subtropics and tropics, respectively. In this calculation, any region
where either term’s absolute value falls below 5% of its global mean value is masked.

The added heat pattern is dominated by a different balance.
The strong subtropical accumulation of added heat is driven
the significant influx of heat from the surface [~1250 ZJ from
term F’ in Egs. (1) and (2); pink line in Fig. 4a and Fig. S4c],
and by the convergence of ~1000 ZJ of added heat by the
background flow [term —v-VT, in Eq. (2); dashed orange
line in Fig. 4a and Fig. S4c]. The relatively weaker tropical
added warming is sustained by positive surface fluxes and
mixing of added temperature (Fig. 4b and Fig. S4d), although
these effects are strongly offset by the divergence of T4 by
the background flow (orange dashed line in Fig. 4b and
Fig. S4d). In fact, while added heat is positive in both regions,
its characteristic pattern—disproportionate accumulation within
the subtropics relative to the tropics (Figs. 2b,d)—is primarily set
by this background transport process (—v-VTy,), as it acts to
diverge added heat from the tropics and into the subtropics.
Absent this effect, added heat accumulation in the tropics and
subtropics would be roughly equivalent (at ~1000 ZJ).

Considering the 74 and Tk budgets in tandem reveals their
effects on net warming (black line in Figs. 4a,b) and further clari-
fies the importance of the heat transport by the background
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flow. Notably, mixing of added and redistributed temperatures,
while nontrivial for each budget individually, nearly cancels in
their regional sum (blue line in Figs. 4a,b). Net regional warming
is thus dominated by a simpler balance, in which the background
flow, acting across gradients of anomalous temperature
(=¥ - VT7; solid orange line in Figs. 4a,b), largely opposes the cir-
culation change—driven redistribution (—v’ - VT; solid teal line in
Figs. 4a,b; also discussed above). Net tropical warming results
from the relatively smaller residual of the two (Fig. 4b), while
their partial compensation in the subtropics enables intense
regional surface warming to go nearly unopposed (Fig. 4a). The
striking compensation between —v-V7” and —v’ - VT has been
emphasized previously (Hu et al. 2020; He et al. 2019; Marshall
et al. 2015; Chen et al. 2019; Buckley et al. 2015; Williams et al.
2021) and holds not only at the regional scale (i.e., when inte-
grated in Figs. 4a,b) but also locally in many places. Figures 4c
and 4d show the correlation between monthly-mean patterns of
vertically summed —v - VT” and —v’ - VT in each basin for years
1900-2100 (solid black line), illustrating their strong local anticor-
relation throughout most of the global midlatitudes and subtrop-
ics (R = —0.87 after 2000; Fig. 4c), as well as a lower latitudes,
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where the correlation ranges from R =~ —0.9 to —0.8 between
2000 and 2100 (Fig. 4d).

This strong covariation between —v-VT’ and —v -VT
implies a physical linkage between them, which we return to in
the following section. We first consider how such a linkage per-
tains to the relationship between H, and Hg. Importantly, the
term —v-V7” is influenced by both added and redistributed
heat (because 77 = T4 + Tg). However, gradients in added heat
have a greater influence on its net regional effect: —v-VTy4
exceeds —V - VT'g by 30% in the tropics and 75% in the subtrop-
ics (cf. the dashed orange and teal lines in Figs. 4a,b). Perhaps as
a result, spatial patterns of —v-VTy are themselves anticorre-
lated with the pattern —v’ - VT (Figs. 4c,d, dashed black line),
which implies that the process strongly linking —v - V7" and
—v - VT also results in the (albeit slightly weaker) correla-
tion between —v’ - VT and —v - VT4. Hence, the terms domi-
nant in setting added heat patterns are also locally
anticorrelated with those dominating redistributed heat pat-
terns, with a correlation coefficient similar to that relating
Hg to H4 (the former exceeding R = —0.7, the latter around
R = —0.76, on average between S0°N/S at 2100). This implies
that the relationship between circulation changes and
changes in temperature gradients are key to initiating, and
reinforcing, the anticorrelation between H, and Hg.

2) HOW “GEOSTROPHIC” IS HEAT REDISTRIBUTION?

We now test if the physical link between —v'-VT and
—v-VI"—implied by their strong anticorrelation and its
impact on H,4 and Hy patterns—is thermal wind balance. To
do so we compare large-scale changes in horizontal (subscript
h) velocity, v}, to those that would arise were the flow in ther-
mal wind balance with changes in horizontal temperature
(more specifically, density) gradients. We call the latter the
“thermal wind” velocity change, v, with zonal (uj,) and
meridional (1,,) components

g Zap/
up,(x,y,2,t) =—=—| —(x,y,2,)dz and
l( ) pOf B ay( )
g (oo
Y (X, ,2,8) = === x,y,2,t)dz. 8
W2 = oG | Gy ®)

Here, g is gravitational acceleration, py is a reference density,
and p’ is the monthly potential density anomaly from the
background seasonal climatology for all months between 1900
and 2100, both referenced to 2000 dB, and z; is a level of no
motion in the ocean’s interior, here set to the total ocean
depth. Regions within =6° of the equator, where f becomes
small, are masked in all calculations.

Reconstructed transport changes are compared to their
“true” (coupled model) counterparts in Figs. 5a and 5d. Specifi-
cally, Fig. 5 compares the averaged change in residual zonal
(Fig. 5a) and meridional (Fig. 5b) velocities between years
1900 and 2100 to the zonal (Fig. 5¢) and meridional (Fig. 5d)
thermal wind changes over the same years. All fields are
summed over the top 2000 m and thus referred to as transports.
Several aspects of Fig. 5 are noteworthy. First, throughout
much of the subtropics and into the tropics, true transport
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anomalies oppose the background circulation. Between around
30°-6°N/S, anomalous eastward flow (Fig. 5a) represents an
average ~15% decrease, globally, in the west-flowing limbs of
the subtropical gyres, relative to the background state. These
changes are consistent both with the 5%-10% reduction in
equatorward transport in the interior and eastern subtropics
(between approximately 40° and 6°N/S; Fig. 5b) and with the
robust spindown at depth of subtropical gyres across CMIP5
models under anthropogenic forcing (e.g., Wang et al. 2015;
Garuba and Klinger 2018; Andrews et al. 2015; Luo et al. 2017;
Li et al. 2019). At higher latitudes (*30°-50°N/S in Fig. 5a)
swaths of intensified westward flow represent a poleward
expansion of the subtropical circulations also noted in previous
work (Yang et al. 2020), although the details differ regionally.

The second notable aspect of Fig. 5 is that the dominant cir-
culation changes noted above are recovered by the thermal
wind reconstructions (Figs. 5c,d). This implies that these broad-
scale changes represent adjustments in the geostrophic flow,
which here are largely driven by changes in temperature [and
slightly damped by salinity changes; see our Fig. S5 and, e.g.,
Lowe and Gregory (2006), Todd et al. (2020), and Pardaens
et al. (2011)]. Beyond these large-scale similarities, we note that
reconstructed changes are significantly biased in some locations.
For instance, thermal wind transports across the subtropical
Pacific (=20°-30°N/S), are too far equatorward, such that zonal
and meridional reconstructions are eightfold and sixfold too
strong, respectively, and of the wrong sign across a narrow band
in both hemispheres (cf. Figs. 5a,c). Similarly, equatorward of
~8° N/S and within eastern boundary regions, zonal reconstruc-
tions are nearly threefold (eastern Pacific) to sixfold (eastern
and northern Atlantic) too strong and are generally collocated
with equivalently biased meridional transport. Such dramatic
errors mostly occur, however, where shared features of the
model and reconstruction are misaligned—outside these locales,
errors remain between 5% and 10%. Moreover, errors in these
fields are expected toward the equator, where the Coriolis force
is weak. Errors within boundary currents may stem from the
complexity of frontal dynamics in these regions, further
impacted by the coarseness of our model resolution (e.g., Ma
et al. 2016).

Localized differences aside, the point is to demonstrate that
changes in horizontal advection, which account for >97% of
circulation change—driven heat redistribution from the sub-
tropics and midlatitudes, are broadly related to adjustments
in the geostrophic transport and balanced by anomalous tem-
perature gradients. To illustrate this point directly, we com-
pare the spatial distribution of horizontal heat convergence
resulting from transport anomalies in Figs. 5a and 5b (i.e.,
vV, T, integrated over the top 2000 m in Fig. 5d) to the heat
convergence estimated from the equivalent thermal wind
fields (v, V4T in Fig. 5f). As before, fields in Figs. Se and 5f
are not equal, with any differences in velocity amplified by
strong local temperature gradients such that, in some regions,
differences near an order of magnitude. Large local errors
aside, the thermal wind reconstruction again captures the
broad-scale pattern (and magnitude, in many regions) of Fig. 5e
relatively well. Most notably, Fig. 5f recovers the heat diver-
gence pattern out of the subtropical to midlatitude Pacific,
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FIG. 5. Changes in geostrophic transport and heat convergence. (a) Time-averaged change in zonal residual velocity
between years 1900-2100, integrated over the top 2000 m (thus referred to as a transport). (b) As in (a), but for the
meridional residual transport. (c) As in (a), but for the zonal “thermal wind” velocity. (d) As in (b), but for the meridi-
onal thermal wind velocity. Both zonal and meridional thermal wind velocities are defined in Eq. (8). (¢) Anomalous
heat convergence in the upper 2000 m from changes in residual horizontal (subscript /) transports [i.e., (a) and (b)].
(f) As in (e), but for the anomalous heat convergence patterns estimated from the thermal wind velocities (Vj, - v/ T')
within the upper 2000 m. In all panels, the gray contour denotes regions of zero change. The red (positive) and blue
(negative) contours denote regions of =5 m*s ™' in (a) and (c), =2 m*s~ ! in (b) and (d), and =10 J m~?in (e) and

(f). Note that each row shares a color bar.

as well as the subtropical Indian and North Atlantic Oceans.
Many features in the Southern Ocean are also captured rel-
atively well by the reconstruction (both in location and
magnitude), particularly throughout the Antarctic Circum-
polar Current (ACC).

In summary, Figs. Se and 5f suggest a key role for changes
in geostrophic flow, balanced with ongoing changes in (pri-
marily) ocean temperature, in heat redistribution out of the
subtropics and midlatitudes. This argument sheds less light, how-
ever, onto dynamics in the tropics. One tentative explanation
for the continued anticorrelation between H, and Hp (Fig. 3) at
low latitudes (masked in Fig. 5) is the connection between sub-
tropical and tropical water mass pathways. The equatorial pyc-
nocline is dominantly sourced from eastern subtropics, primarily
from the Southern Hemisphere, as demonstrated by numerous
Lagrangian tracer experiments (Fukumori et al. 2004; Qu
et al. 2009, 2013; Nie et al. 2019). In that respect, subtropical
flow—strongly constrained by geostrophy—may provide the
boundary conditions for ageostrophic equatorial circulations.
Conceivably, weakened equatorward flow in the eastern sub-
tropics could reduce equatorial flow downstream. We leave
this idea for future study, though we note that it is consistent
with the dominance (*98%) of horizontal velocity changes
in sustaining the circulation change—driven heat redistribu-
tion in the tropics (Figs. 4c,d), the flow changes generally
opposed the background flow patterns (sustaining ~10%
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reduction in background horizontal heat divergence from
the tropics). This idea also aligns with changes in the sub-
tropical to tropical super-residual transport and heat conver-
gence changes found in other studies (Dias et al. 2020; Luo
et al. 2015).

3) RELATIONSHIP OF ADDED AND REDISTRIBUTED
HEAT TO PYCNOCLINE DEPTH

Thus far we have shown diagnostically that the heat added
to the ocean in response to CO, forcing is generally opposed
by the redistribution of background heat content. The latter
primarily occurs through the geostrophic adjustment in large-
scale subtropical flow and reduces local gradients in warming.
In light of these results, we now ask: Might we anticipate this
redistributive response, and aspects of its spatial pattern,
given the nature of added heat uptake and its relationship to
the global pycnocline dynamics?

Specifically, as introduced in section 3a, the majority of
added heat (H,) in our experiment is taken up in the midlati-
tudes and stored between 60°N and 60°S and above the global
pycnocline (*81%), here defined as the e-folding depth of the
vertical potential density distribution (referenced to 2000 dB).
This pattern highlights the key role midlatitude wind pumping
plays both in propelling new heat into the interior (e.g.,
Armour et al. 2016; Frolicher et al. 2015) and in replenishing
the global pycnocline (Khatiwala et al. 2012), thus maintaining
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FIG. 6. Relationship between patterns of pycnocline-scale depth
and added heat. (a) Distribution of background (average over first
40 years of simulation) pycnocline scale depth (m). (b) Correlation
between added heat pattern and the pattern of background pycno-
cline depth between latitudes +50° and —50° for years between
1900 and 2100 and partitioned into the Pacific (gold), Indian
(coral), and Atlantic (green) basins.

its depth (e.g., Gnanadesikan 1999) and spatial structure (e.g.,
Luyten et al. 1983). Further evidence of this connection is
the resemblance between background pycnocline depth
(Fig. 6a) and vertically integrated added heat (H 4 in Fig. 2b)
patterns. Similarities in these patterns—showing larger accu-
mulation of H,4 where the pycnocline is deep—is quantified
by their strong correlation, which exceeds R = 0.7 in the
Indo-Pacific after around year 2000 (Fig. 6b). In essence, the
pycnocline restricts downward heat penetration such that
new heat primarily accumulates above it.

How might we expect ocean dynamics to respond to pycno-
cline-intensified warming? A simple, reduced gravity (RG)
perspective sheds light on this question. This framework,
closely following Wang et al. (2015), reduces the ocean to an
idealized Pacific-like basin of three layers: two dynamic upper
layers separated from a stagnant abyssal layer by a
“pycnocline” interface of depth 4. The dynamic layers are
ventilated by Ekman pumping, w, = —(7*/fp,),, where fis the
Coriolis parameter, py is a reference density, subscript y
denotes a meridional derivative, zonal wind stress 7 varies
only with latitude, the meridional wind stress is neglected, and
interior flow (i.e., outside of frictional and Ekman layers and
western boundary currents) is entirely geostrophic. Further
details of the model are discussed in the online supplemental
material (see also Wang et al. 2015; Luyten et al. 1983). In
equilibrium, the divergence of geostrophic flow balances
Ekman pumping, and 4 is given by
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Here, A=1+ (y + D)1 = fifi)%, y=(Ty = T)/(T, = T3), Bis
the meridional derivative of f, A, is the depth of the upper
layer along the eastern boundary, x, is the zonal distance
across the basin, « is the coefficient of thermal expansion, 77,
T,, and T35 are the temperatures of the upper, middle, and
abyssal layers, respectively (7; > T, > T3), and we have
assumed a linear, temperature-dependent equation of state.
Pycnocline depth thus depends on the push and pull of the
winds and the temperature difference between layers, which
influences lateral pressure gradients and thus geostrophic
flow. While simple, Eq. (9) captures both the magnitude and
characteristic subtropical deepening of the pycnocline depth in,
for example, the UVic model’s Pacific basin (Fig. 7b), when
solved using the average values of all fields from UVic between
1765 and 1805 (the background pycnocline depth, 4, in Fig. 7a;
see the supplemental material for details), implying that this
dynamical balance establishes key aspects of pycnocline dis-
tribution. The pattern of vertically integrated added heat
(H?}) that would result from warming above A (a zeroth-
order approximation of added warming in UVic; see Fig. 1)
can be estimated as H'§ ~ pyc, T'f X ho, where T3} is the
average added temperature anomaly [7,4; Egs. (2) and (4)]
above the background pycnocline depth at 2100 in UVic.
Though crude, H}; (Fig. 7c) captures the magnitude and
broad pattern of H4 in the UVic Pacific relatively well (Fig. 7d),
again emphasizing that relationship between heat penetration
and pycnocline depth.

Crucially, Eq. (9) also implies that, given no change in wind
stress (as is the case in our simulation), the pycnocline depth
must adjust to this warming due to its effect on lateral pressure
gradients to remain in balance with Ekman pumping. Figure 7e
shows this associated depth change (4’), which also includes
the deepening of h, associated with T and illustrates that,
under these dynamical approximations, a warming pycnocline
shoals across the midlatitudes and subtropics and deepens at
lower latitudes (Fig. 7e) in a pattern strongly anticorrelated to
its background depth [R = —0.87, consistent with Wang et al.
(2015)]. While more complex, similar characteristics emerge in
the Pacific (Fig. 7f) between 43°N/S. There, like the RG model,
pycnocline changes are strongly anticorrelated to the back-
ground state (at R ~ —0.86). The pycnocline shoals a maximum
of 70 and 98 m in the Northern and Southern Hemispheres
(NH and SH), respectively, approximately an ~11% reduction
in maximum pycnocline depth in both regions, and deepens
between 20° and 5°N/S, at maximum by 72 m (25%, although
average regional changes are ~9%). In comparison, the RG
model predicts subtropical shoaling by 9% (69 m; NH) and
12% (93 m; SH), and lower-latitude deepening (between 20°
and 5°N/S) by 16% (a maximum 45 m).

The above exercise illustrates that the pycnocline must
adjust to the accumulation of new heat above it, absent other
forcing. Critically, this adjustment inherently redistributes
heat because the upper ocean, even before forcing, contains
more of the ocean’s heat than the abyss. The associated
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vertically integrated added heat at 2100, (e),(f) pycnocline depth change at 2100, and (g),(h) vertically integrated redistributed heat at

2100 for (top) the RG model and (bottom) UVic.

column-integrated heat redistribution, Hy (Fig. 7g), can be
approximated as Hy ~ pyc,(Tp — T3) X I/, where Tp is the
average background temperature above /. By construction,
H3 and HY will have the same relationship as 4’ and hg
(R = —0.89), similar to Hg and H, in UVic (R = —0.71 in
the Pacific at 2100). As in other fields, H); misses key details
of the Hy pattern in the UVic Pacific (Fig. 7f), particularly at
the lower latitudes poorly represented by Eq. (9). However,
broad correspondence between these patterns implies that the
tendency for Hy to oppose H 4 is tied to the adjustment of the
pycnocline (i.e., its flattening) required to by the added heat
pattern itself.

How relevant is this implication outside the Pacific? Fig-
ure 8 compares global pycnocline depth changes (Fig. 8a) and
redistribution patterns (Fig. 2¢) in UVic between 50°N and
50°S. In the Indian Ocean, pycnocline changes resemble the
Pacific and the RG model, shoaling a maximum 18% south of
18°S, and deepening by an average 13% north of 18°S. Clear
differences emerge, however, in the Atlantic, particularly
north of ~35°N, where a strong dipole of pycnocline shoaling
(by #25%) and deepening (by ~30%) spans from east to west,
a feature absent from the RG model and other basins. At
lower Atlantic latitudes, the pycnocline deepens more than in
other basins (by an average 20%) and extends farther pole-
ward than other basins (shoaling occurs only south of around
34°S and in the eastern North Atlantic). This more complex
pattern has been linked to local changes in air—sea fluxes and
AMOC strength (Todd et al. 2020; Gregory et al. 2016;
Bouttes et al. 2014) and their downstream effects (Zhai et al.
2014; Sun 2020), processes missing from our RG model and
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discussed further in section 4. Regardless, the evolution of Hg
is strongly correlated to pycnocline depth changes (R > 0.9)
over broad swaths of all basins (Fig. 8b). The basin-scale uni-
formity of this relationship is reflected in the correlation
between patterns of Hg versus pycnocline changes with time
(Fig. 8c), which culminates at R ~ 0.77, 0.68, and 0.36 in the
Pacific, Indian, and Atlantic basins. Interestingly, these
relationships resemble the strength of (anti-)correlation
between basinwide patterns of background pycnocline
depth and depth changes, which also strengthens over this
period to R = —0.86, —0.65, and —0.31 in the Pacific,
Indian, and Atlantic Oceans by 2100 (Fig. 8d). Together,
global changes in Figs. 8b and 8d share elements of the RG
representation, despite clear limitations of the latter. This
implies that the relationship between Hg and H, in many
regions is mediated, in part, by the relationship between the
pycnocline’s background state and its changes (Wang et al.
2015) as it re-equilibrates to forcing (e.g., Zhai et al. 2014).

4. Discussion and conclusions

In this study, we explored drivers of ocean heat storage
patterns in the UVic ESM (Weaver et al. 2001) under a high-
emission (RCP8.5) anthropogenic forcing scenario. A primary
result of our study is that patterns of ocean warming driven by
anomalous heat uptake (added heat) are tightly linked to those
due to changes in ocean circulation (redistributed heat)
throughout most of the midlatitude, subtropical, and tropical
oceans. While both added and redistributed heat patterns have
been comprehensively studied (Banks and Gregory 2006; Xie
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FIG. 8. Global-scale relationship between changes in pycnocline depth and redistributed heat. (a) Percent change in
local pycnocline scale depth from the background state (Fig. 6), overlaid with contours of —10% (dark blue) and 10%
(dark red) change. (b) Local correlation of the time evolution of vertically integrated redistributed heat Hg(x, y, t) vs
pycnocline depth changes between 1900 and 2100. Note that regions where the percent change in pycnocline depth
[in (a)] is =5% are masked (white stippled areas), and the white contour denotes zero correlation. (c) Correlation
between basin-scale patterns of Hz and pycnocline depth changes between 50°N and 50°S for years 1900-2100. Note
that in (c) monthly values (thin colored lines) are smoothed with a rolling-mean filter (window = 10 years; thick lines),
locations where pycnocline depth changes are =5% are masked [as in (b)], and only significant (p < 0.01) values are
shown. (d) As in (c), but showing the correlation between background pycnocline depth and pycnocline depth changes
[and only including locations where depth changes are =5%, as in (b) and (c)].

and Vallis 2012; Garuba and Klinger 2016; Banks and Gregory
2006; Garuba and Klinger 2018; Dias et al. 2020; Rugenstein
et al. 2013; Bronselaer and Zanna 2020; Winton et al. 2013;
Zanna et al. 2019; Lowe and Gregory 2006; Gregory et al.
2016; Todd et al. 2020; Bouttes et al. 2014; Williams et al. 2021;
Saenko et al. 2021), their coupling has not been widely dis-
cussed. Here we demonstrated that their coevolution occurs, at
least in part, because broad-scale changes in velocity are geo-
strophically balanced, or nearly so, with changes in tempera-
ture gradients. These circulation changes are the dominant
driver of regional heat redistribution, consistent with previous
work (e.g., Dias et al. 2020; Hu et al. 2020). We showed that
over large scales, geostrophic heat redistribution tends to trans-
port heat out of the subtropics and midlatitudes, where added
heat storage is strong, and into the tropics, where added heat
storage is relatively weak. As a result, total anomalous heat
content is smoother throughout these regions than were the cir-
culation unresponsive to forcing.

To highlight the role of geostrophy, we showed that large-
scale patterns of circulation change—driven heat convergence
can be reconstructed from changes in ocean density (largely
controlled by temperature) using thermal wind. This correspon-
dence is consistent with the strong anticorrelation (R ~ —0.9)
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between anomalous heat convergence by background flow and
flow changes. The strong anticorrelation between control circu-
lation— and circulation change-induced heat convergence has
been noted in multiple other frameworks (Marshall et al. 2015;
He et al. 2019; Chen et al. 2019; Williams et al. 2021), several
of which also invoke the ubiquity of thermal wind balance as
its probable explanation (Hu et al. 2020; Buckley et al.
2015). In fact, Buckley et al. (2015) argue that these dual
effects on heat convergence are so naturally linked that their
separation is relatively meaningless in the context of climate
variability. In contrast, in the climate warming scenario ana-
lyzed here, separating these processes is critical for under-
standing the divergent evolution of redistributed heat and
added heat, since only the latter comprises the net ocean
warming associated with anomalous ocean heat uptake (e.g.,
Banks and Gregory 2006).

We additionally proposed that elements of this oceanic
response could be intuitively understood through the lens of
global pycnocline dynamics. Specifically, in this study, more
than 80% of added heat remains above the global pycnocline,
consistent with previous work showing that anomalous heat
content appears more uniform above fixed temperature
surfaces than above fixed depths (e.g., Palmer and Haines
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2009). Here, we further support this connection through the
strong correlation, particularly in the Indo-Pacific, between
geographic distributions of background pycnocline depth and
column-integrated added heat—more heat is stored above a
deeper pycnocline. This arguably occurs because the pycnocline
restricts heat penetration and because its depth is set, in large
part, by the same wind-driven ventilation (e.g., Gnanadesikan
1999; Khatiwala et al. 2012) that dominates ocean heat uptake
(e.g., Armour et al. 2016; Frolicher et al. 2015; Shi et al. 2018).
We demonstrate that this pycnocline-intensified warming,
absent all other changes in the system, drives shoaling of the
midlatitude and subtropical pycnocline (and its deepening at
lower latitudes), in a conceptual model (Wang et al. 2015;
Luyten et al. 1983). Arguably, an analogous effect of warm-
ing on dynamic sea level, absent in the conceptual model,
could further amplify this response (e.g., Lowe and Gregory
2006). In fact, numerous processes missing from the simple
model, among them changes in AMOC strength, wind stress,
Southern Ocean eddies, and abyssal mixing, could alter pyc-
nocline depth, perhaps even obscuring the effect of pycno-
cline warming (Gnanadesikan 1999; Nikurashin and Vallis
2012; Marshall et al. 2017; Saenko et al. 2018; Sun 2020).
Notably, however, the subtropical pycnocline robustly shoals
in our simulation, most clearly throughout the Pacific and
Indian Oceans, consistent with the conceptual model as well
as with CMIP5 models under increased CO, forcing (Wang
et al. 2015). The key point is that pycnocline adjustment,
regardless of its drivers, implicitly redistributes heat because
waters above the pycnocline are generally warmer, even prior
to forcing, than those below it. Throughout much of the
UVic ocean, anomalies in pycnocline depth indeed correlate
strongly (R > 0.9) with column-integrated redistributed heat.
These relationships suggest that a component of global heat
redistribution may be linked to a flattening global pycnocline
under sustained anthropogenic heat uptake, a pattern which
itself should oppose the pycnocline’s background state and,
thus, the distribution of added heat.

These broad conclusions are subject to several important cav-
eats. The first is a clear distinction between the Atlantic and
other ocean basins. Particularly, in the North Atlantic, heat
redistribution is generally stronger and less directly related to
pycnocline depth changes than throughout most of the Indo-
Pacific. Differences in the Atlantic are perhaps unsurprising,
given the substantial evidence that AMOC changes modulate
basinwide and global heat storage patterns. Most canonically,
the strong dipole in subpolar cooling and subtropical warming
in the North Atlantic, evident in UVic, is widely attributed to
changes in the AMOC and local air-sea fluxes (e.g., Bouttes
et al. 2014; Huber and Zanna 2017) across numerous coupled
climate (Winton et al. 2013; Gregory et al. 2016; Rugenstein et al.
2013; Couldrey et al. 2021; Menary and Wood 2018; Saenko et al.
2021) and ocean-only (Xie and Vallis 2012; Marshall et al. 2015;
Todd et al. 2020) models. This effect is also apparent in
observed ocean heat uptake and warming patterns (Zanna et al.
2019; Drijfhout et al. 2012) and consistent with the ~30%
decrease in AMOC strength by 2100 in our simulation. In fact,
AMOC changes can themselves induce regional opposition
between added and redistributed heat patterns (Williams et al.
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2021), which may explain their strong anticorrelation there. An
AMOC slowdown could also modulate ocean heat storage in
the Indo-Pacific (Garuba and Klinger 2018) through a far-field
isopycnal response (Zhai et al. 2014; Sun 2020) and could
involve more complex vertical structure than can be captured by
our simple metric for pycnocline depth, as subtropical waters
comprising the AMOC'’s upper branch deepen at the expense of
its lower branch, (e.g., Xie and Vallis 2012; Winton et al. 2013;
Sun 2020; Todd et al. 2020). A metric that better characterizes
this structure (e.g., Feucher et al. 2019) might recover stronger a
correlation between these fields in the North Atlantic and
Southern Ocean, helping to might help disentangle the nuanced
relationship between AMOC and pycnocline depth changes,
apparent in simplified models (e.g., Zhai et al. 2014; Sun 2020).

However, as a counterpoint to this substantial historical empha-
sis on the AMOC and the high latitudes more generally (e.g.,
Gregory 2000; Boé et al. 2009; Morrison et al. 2013), our results
suggest that subtropical ocean dynamics, and their response to
anthropogenic forcing, may also play a central role in setting pat-
terns of heat storage [as similarly emphasized by Dias et al. (2020),
Garuba and Klinger (2016), Exarchou et al. (2015), Winton et al.
(2013), and Williams et al. (2021)]. This conclusion is particularly
clear in our somewhat simplified framework. The model used
here generates minimal oceanic variability (Weaver et al. 2001),
and we omit any forced change in wind stress. In reality and in
more complex simulations, variability and wind changes could
alter heat content at decadal time scales (e.g., Palmer et al. 2017;
Tesdal and Abernathey 2021, among many others) and influence
heat redistribution over time (Winton et al. 2013; Williams et al.
2021), complicating the response to thermohaline flux changes.
Heat storage patterns might also be modified by the resolution of
transient eddies and other small-scale ocean processes that are
parameterized here. Regardless, we note that the broad spatial
patterns of added and redistributed heat centered in our study are
robust across a range of methodologies (Banks and Gregory 2006;
Garuba and Klinger 2016, 2018; Dias et al. 2020; Bronselaer and
Zanna 2020; Todd et al. 2020; Couldrey et al. 2021; Zika et al.
2021). This implies that the dynamics linking them discussed here
may generally influence the ocean’s response to climate warming,
although this should be verified in more complex frameworks.
From a practical standpoint, this linkage matters because estimat-
ing the distribution of added heat is (relatively) more straightfor-
ward to observe (Zanna et al. 2019; Gebbie and Huybers 2019;
Bronselaer and Zanna 2020), and more robust across models
(Todd et al. 2020; Couldrey et al. 2021), than observing or simulat-
ing the direct effect of circulation changes on heat storage. Hence,
any component of heat redistribution that could be estimated
from patterns of added heat storage—for instance, inferred as the
“geostrophic” response to added heat—could be removed to bet-
ter understand the additional effects of the AMOC, Southern
Ocean processes, and many others. This separation could provide
a pathway toward more robust projections of the ocean warming
patterns, essential for reliable predictions of regional sea level rise
over the coming century.
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