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1. Introduction
The ocean has absorbed around 90% of the excess energy in the climate system during the industrial age (Cheng 
et al., 2017; Meyssignac et al., 2019). This quantity is not invariant in time, nor across climate models, but is instead 
set by dynamical ocean processes. How efficiently these processes sequester heat away from the ocean surface 
partially determines the rate of surface warming. This study aims to better understand what controls this ocean 
heat sequestration and identify the dominant factor driving its spread across contemporary atmosphere-ocean 
climate models (AOGCMs).

In practice, the rate of heat uptake relative to a given surface warming is called the Ocean Heat Uptake Efficiency 
(OHUE, Gregory & Mitchell, 1997; Raper et al., 2002). OHUE is defined as the change in global-mean rate of 
ocean heat uptake (N, W m −2) per unit change in global surface temperature, here represented by the sea surface 
temperature (SST), since our study focuses on ocean processes (Newsom et al., 2020):

OHUE ≡
N

SST
. (1)

Over decadal to centennial timescales, the OHUE has around 30%–75% the influence of the global radiative 
feedback on the rate of surface warming (Kuhlbrodt & Gregory, 2012) and shares the units of a radiative feed-
back (Wm −2 K −1). While OHUE is useful to quantify how ocean processes mitigate surface warming, it is also 
quite uncertain, ranging by a factor of one to two across AOGCMs (e.g., Figure 2 of this study; Kuhlbrodt & 
Gregory, 2012).

The drivers of this spread are unclear, in part because the processes that govern OHUE are not fully understood. 
Past studies have linked the inter-model spread in OHUE to the background strength of the Atlantic Meridi-
onal Overturning Circulation, or AMOC (Kostov et al., 2014; Romanou et al., 2017), given a notable correlation 
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between the background AMOC strength and depth and of heat and passive tracer transport in AOGCMs. An 
associated correlation between OHUE and the AMOC strength was also demonstrated across a number of different 
AOGCMs (Winton et al., 2014). Yet, the mechanism linking AMOC to OHUE is not obvious, given that relatively 
little anthropogenic heat uptake occurs in the North Atlantic (Saenko et al., 2021), as compared to wind-driven 
subduction regions in the Southern Ocean and mid-latitudes (Kuhlbrodt & Gregory, 2012; Frölicher et al., 2015; 
Armour et al., 2016; Shi et al., 2018; Zanna, Khatiwala, et al., 2019; Newsom et al., 2020; Cheng et al., 2022).

More recent work instead argues that the correlation of AMOC and OHUE emerges because of their shared 
dependence on another aspect of the ocean state, for instance, the strength of transient ocean eddies (Saenko 
et al., 2018), parameterized by the Gent-McWilliams mesoscale eddy diffusivity, κGM (Gent & McWilliams, 1990) 
Indeed, OHUE correlates negatively with κGM across CMIP3 models (Kuhlbrodt & Gregory, 2012). Similarly, 
Saenko et  al.  (2018) showed that although decreasing κGM in an ocean model (NEMO3.4) increased both 
AMOC strength and OHUE, the latter change was associated with strengthened Southern Ocean ventilation, 
not AMOC changes.

While these studies convincingly show the influence of κGM on OHUE, the wider relevance of this influence 
is hard to discern, given that many other processes affect both Southern Ocean and global heat uptake in addi-
tion to ocean eddies (e.g., Exarchou et al., 2015; Lyu et al., 2020; Morrison et al., 2022). For instance, recent 
work links higher Southern Ocean surface salinity to more efficient ocean heat uptake in CMIP6 models (Liu 
et al., 2023), consistent with a similar link between Southern Ocean surface salinity and global carbon uptake 
(Terhaar et al., 2021). Theory also points to the Southern Ocean mean-state wind strength as a key control on the 
depth of heat uptake under climate forcing (Marshall & Zanna, 2014).

Here we propose a more generalized perspective on OHUE, one not based on singular process such as the AMOC, 
transient ocean eddies, or Southern Ocean surface salinity or winds. We propose that OHUE will be primarily 
controlled by the depth and efficiency of ventilation from the mid-latitudes, itself set by many processes and 
reflected by the depth of the pycnocline (here meaning, the pycnocline between ≈60°N/S), and the distribution 
of ocean stratification more broadly.

Our reasoning is based on the idea that, as noted above, the majority of global anthropogenic heat and carbon uptake 
occurs within the mid-latitudes (e.g., Cheng et al., 2022; Frölicher et al., 2015; Zanna, Khatiwala, et al., 2019), 
much of which enters the interior along sloping isopycnals (Church et al., 1991; Jackett & McDougall, 1997; 
Morrison et al., 2022; Saenko et al., 2021) akin to a passive tracer (Couldrey et al., 2021; Gregory et al., 2016; 
Todd et al., 2020; Winton et al., 2013). Conceptually, a deeper subtropical pycnocline would enable isopycnals 
outcropping in the mid-latitudes to penetrate more deeply into the interior ocean, enabling deeper along-isopycnal 
heat subduction under anthropogenic forcing. This concept is depicted schematically in Figure 1, which illustrates 
the differences in mid-latitude heat penetration between a state with a deep pycnocline to one with a shallow 
pycnocline. We label these the “High OHUE” and “Low OHUE” states, respectively.

Critically, we propose that the connection between the background pycnocline depth and the depth of mid-latitude 
heat penetration under forcing is not a happenstance of ocean geometry. Instead, it emerges because the mid-latitudes 
dominate pycnocline ventilation (Khatiwala et  al.,  2012; Sallée et  al.,  2010; Newsom et  al.,  2020; Morrison 
et al., 2022). Thus the pycnocline depth should largely reflect how deeply these water masses penetrate the interior in 
the mean state, signifying the ocean volume available to sequester heat sourced in these regions under climate forcing.

This argument is supported by the relationship between Southern Ocean ventilation and both pycnocline depth 
(Gnanadesikan, 1999; Kong & Jansen, 2022; Nikurashin & Vallis, 2011, 2012) and OHUE (Marshall & Zanna, 
2014; Saenko et al., 2018) implied by theory and found in Green's Function experiments (Newsom et al., 2020). 
It is also supported by the relationship between the vertical density gradient in the Southern Ocean (Bourgeois 
et al., 2022; Liu et al., 2023; Terhaar et al., 2021) and the efficiency of regional and global heat and carbon uptake. 
Further support comes from recent work (Newsom et al., 2022) demonstrating a strong correlation between the 
global pattern of pynocline depth (defined as the e-folding depth of the vertical density profile) and of passive 
heat storage under radiative forcing. A similar relationship was noted for passive heat and carbon sequestration 
patterns (Bronselaer & Zanna, 2020). Together, these studies imply that the same processes that establish the 
depth of the pycnocline—in large part, ventilation from the Southern Ocean and mid-latitudes—are key controls 
on the sequestration of heat and other tracers in the interior ocean.

In what follows, we show that in both CMIP5-6 and the MITgcm: (a) there is a strong relationship between OHUE 
and the depth and stratification of the pycnocline depth; and (b) this relationship emerges because of the dominant 

 19448007, 2023, 22, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

L
105673 by T

est, W
iley O

nline L
ibrary on [27/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Geophysical Research Letters

NEWSOM ET AL.

10.1029/2023GL105673

3 of 11

role of mid-latitudes in setting OHUE. We will argue that differences in pycnocline depth (and, by implication, 
mid-latitude ventilation) across models also helps to explain inter-model spread in OHUE. We test these ideas by 
decomposing global OHUE into four regional components, namely the mid-latitudes, tropical and subtropical lati-
tudes, northern high latitudes, and southern high latitudes, as depicted on Figure 1. This regional decomposition is 
used to quantify each region's relationship to global OHUE and pycnocline depth. The models and metrics used are 
described in Section 2 and our results are presented in Section 3. We discuss and summarize our findings in Section 4.

2. Methods
2.1. Model Ensembles

We primarily explore the link between OHUE and stratification in 28 CMIP5-6 AOGCMs (listed in Figure 2a), 
subjected to a historical and then an RCP 8.5 (CMIP5) or SSP585 (CMIP6) future forcing scenario. Anomalies in all 
CMIP variables are defined as the average value of each over years 2090–2100 minus its average during 1850–1890. 
Note that the regression coefficients between various metrics and OHUE components (defined below) are not signifi-
cantly different between CMIP5 and CMIP6 (at the 5% level), thus we combine the ensembles unless otherwise noted.

The MITgcm ensemble, described in depth by Huber and Zanna (2017); Zanna, Brankart, et al. (2019), is comple-
mentary to CMIP5-6. MITgcm ensemble members differ in their mesoscale eddy diffusivity (κGM, in the range 
0–1,600 m 2s −1), vertical diffusivity (κν, in the range 0.1–1.0 cm 2 s −1 in the top ≈2,500 m, increasing to 1.1–2.0 
cm 2s −1 in the bottom ≈2,500 m) or surface salinity, temperature, and air-sea flux pattern (F), which are based on 
CMIP5. After a 1000 years spin-up, all experiments are driven by surface salinity, temperature, and air-sea fluxes 
from the 1%CO2 CMIP5 experiment, either in the multi-model mean (for κGM and κν perturbations), or from 

Figure 1. (Left column) schematic of the relationship of Ocean Heat Uptake Efficiency (OHUE) and pycnocline depth, 
contrasting a high OHUE state (a) and a low OHUE state (b). These panels illustrate that a deeper pycnocline layer will be 
associated with weaker stratification within, and steeper outcropping slopes of, pycnocline water masses. All heat uptake that 
occurs along outcropping mid-latitude isopycnals will thus penetrate deeper into the interior for the deep pycnocline state 
(compare large red arrows between panels (a) and (b)) and more efficiently mitigate global surface warming. Here we depict 
the same net heat uptake (reflected by the size of the arrows), such that (a)–(b) differ only in the depth of heat penetration. 
Panels a–b also schematize the different regional components of global OHUE and their meridional extent (as described 
in Section 2), while panel (c) shows the relative contribution of each regional component to global OHUE (or, OHUE), as 
discussed in Section 3. Note the size of the red arrows on a-b signifies the regional fraction of global ocean heat uptake.
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individual models (for F perturbations). Note that the ranges in κν and κGM are not meant to span observational 
uncertainty, but to drive a wide spread in pycnocline depth—in reality, observed upper ocean κν is closer to 0.1 
cm 2s −1 (Ledwell et al., 1993) and mesoscale eddy fluxes, though less constrained, are non-zero. Note however the 
κGM range is based on CMIP5 values (see Downes and Hogg (2013) and Huber and Zanna (2017)). All anomalies 
are calculated at the time of CO2 doubling. Ranges of OHUE for each set of experiments are shown in Figure 2b.

In sum, CMIP5-6 is a state-of-the-art ensemble of opportunity that samples both structural and parameter uncer-
tainty, while the more idealized MITgcm ensemble systematically perturbs processes known to alter stratifi-
cation, (Gnanadesikan, 1999; Nikurashin & Vallis, 2011) in order to test our hypothesis across a wide range 
of parameter space. In doing so, this latter ensemble tests conflicting theories of OHUE controls (i.e., κGM and 
Southern Ocean surface salinity) by varying these processes individually.

2.2. OHUE Definitions

Traditionally, OHUE is defined as a global average quantity, for example, Equation  1. Here, we introduce a 
complementary definition of a “regional” OHUE. This allows us to partition the global OHUE into several 
regional components, each OHUER:

OHUE𝑅𝑅 ≡

∫
𝐴𝐴𝑅𝑅

N(𝑥𝑥𝑥 𝑥𝑥)𝑑𝑑𝐴𝐴

𝐴𝐴𝐺𝐺SST
. (2)

Here, AR is the surface area of a given region, AG = ∑RAR is the global surface area, N(x, y) is the local anomaly 
in surface heat flux at each latitude and longitude, SST is the global mean sea-surface temperature anomaly, and 
the units of OHUER are Wm −2 K −1. In this study, we focus on four regional components associated with different 
mechanisms of heat uptake, OHUER = (OHUEMidLat, OHUELowLat,OHUESHighLat, OHUENHighLat):

1.  OHUEMidLat: the mid-latitude OHUE calculated with Equation 2 using the area between 30 and 60° in both 
hemispheres;

2.  OHUELowLat: the subtropical and tropical OHUE, calculated between 30°N/S;

Figure 2. (a) Ocean Heat Uptake Efficiency (OHUE) (Equation 1) for CMIP5 models (orange) and CMIP6 models (teal). (b) The distribution of OHUE in CMIP5, 
CMIP6 and in the MITgcm experiments. (c) Correlation of OHUE and normalized global heat storage and Hn(y, z) (see text). (d) Same as (c), but for the meridional 
sum of Hn at each depth. (e) The regression coefficient of OHUE on Hn(y, z). (f) Same as (e), but for the meridional sum of Hn. Panels (e)–(f) illustrate that a key 
inter-model difference is the increased redistribution of anomalous heat from the upper ocean (<≈600 m) into the intermediate ocean (≈600–1,500 m) in high OHUE 
models, as compared to low OHUE models. Note that stippling in this and the following figures shows where significance is below the 95th percentile.
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3.  OHUESHighLat: the Southern high-latitude OHUE, calculated south of 60°; and
4.  OHUENHighLat: the Northern high-latitude OHUE, calculated north of 60°N.

Together,

OHUE = OHUE𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 + OHUE𝑀𝑀𝐿𝐿𝐿𝐿𝑀𝑀𝑀𝑀𝑀𝑀 + OHUE𝑆𝑆𝑆𝑆𝑀𝑀𝑆𝑆𝑆𝑀𝑀𝑀𝑀𝑀𝑀 + OHUE𝑁𝑁𝑆𝑆𝑀𝑀𝑆𝑆𝑆𝑀𝑀𝑀𝑀𝑀𝑀, (3)

where OHUE is the global OHUE, defined in Equation 1 and equivalently in Equation 2… using global ocean 
area, AG.

2.3. Stratification Metrics

Our hypothesis centers around global stratification. To illustrate the interior stratification pattern, we use the 
zonal-mean (denoted by an overbar) Brunt–Väisälä frequency, 𝐴𝐴 𝑁𝑁2(𝑦𝑦𝑦 𝑦𝑦) = 𝑔𝑔∕𝜌𝜌0𝜕𝜕𝜌𝜌∕𝜕𝜕𝑦𝑦 , assuming ∂ρ/∂z  >  0, 
calculated from ρ(x, y, z) and then zonally averaged. Here ρ is the potential density referenced to 2000 dbar, which 
we use to avoid biasing our density coordinate to the surface or abyssal ocean, especially important for Southern 
Ocean and intermediate water masses (e.g., Newsom & Thompson, 2018; Waugh et  al.,  2019). However, all 
results are robust to the choice of reference pressure.

We characterize this stratification pattern through a representative scalar metric—the pycnocline depth. While 
the pycnocline is often identified as the bottom of the shallow subtropical gyres and mode waters (e.g., Feucher 
et al.  (2019)), our goal is to instead identify the depth to which mid-latitude sourced water masses penetrate. 
This depth is also co-located with a significant change in the vertical stratification (see Figure S2 in Supporting 
Information S1), which we approximate in practice as the e-folding depth of the vertical density distribution, 
modified to exclude the strongly stratified surface gyres as follows (also see Text S1 in Supporting Informa-
tion S1 for expanded discussion). We first take the zonal mean of the density field, 𝐴𝐴 𝜌𝜌(𝑦𝑦𝑦 𝑦𝑦) . We then mask out 
all density classes in 𝐴𝐴 𝜌𝜌 less than 𝐴𝐴 𝜌𝜌𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 , where 𝐴𝐴 𝜌𝜌𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 is the zonal-mean density below the base of the winter mixed 
layer, and thus are ventilated, at 45°S that is, 𝐴𝐴 𝜌𝜌𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ≡ 𝜌𝜌(45𝑆𝑆𝑆 350𝑚𝑚) . This depth (350m) approximates the average 
observed winter mixed layer depth, which in reality varies hundreds of meters with latitude (Buongiorno Nardelli 
et al., 2017), though note that our results are insensitive to this choice below ≈100 m (see Text S1 and Figure S1 
in Supporting Information S1). We chose 45°S because it is an extreme in the model- and zonal-mean meridional 
density gradient, which should be associated with edge of the gyre.

This leaves the “interior density field,” 𝐴𝐴 𝜌𝜌∗(𝑦𝑦𝑦 𝑦𝑦) , where y is latitude, z depth, and the superscript “*” signifies all 
density classes greater than isopycnal 𝐴𝐴 𝜌𝜌𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 , isolating the density profile of the waters predominantly sourced in 
the mid- and high latitudes. Since density increases downwards, 𝐴𝐴 𝜌𝜌∗(𝑦𝑦𝑦 𝑦𝑦) − 𝜌𝜌∗(𝑦𝑦𝑦 𝑦𝑦) > 0 , where z = B(y) at the 
bottom of the ocean. Hence we derive a normalized vertical density coordinate 𝐴𝐴 𝜌𝜌

norm
 which ranges from zero at 

the ocean bottom to unity at the shallowest depth considered:

𝜌𝜌norm(𝑦𝑦𝑦 𝑦𝑦) =
𝜌𝜌∗(𝑦𝑦𝑦 𝑦𝑦) − 𝜌𝜌∗(𝑦𝑦𝑦 𝑦𝑦)

max𝑦𝑦

(

𝜌𝜌∗(𝑦𝑦𝑦 𝑦𝑦) − 𝜌𝜌∗(𝑦𝑦𝑦 𝑦𝑦)
)
𝑦 (4)

where “maxzX(y, z)” means the largest value of X for given latitude y. The largest value of 𝐴𝐴 𝜌𝜌∗(𝑦𝑦𝑦 𝑦𝑦) − 𝜌𝜌∗(𝑦𝑦𝑦 𝑦𝑦) 
in the denominator in Equation 4 belongs to the shallowest z considered, either the surface or the depth of ρgyre. 
Thus 𝐴𝐴 𝜌𝜌

norm
 ranges from zero to one from its deepest to shallowest z, capturing the shape of vertical variation in 

zonal-mean density below the shallow surface gyres across models (see Figure S2 in Supporting Information S1). 
We define the pycnocline depth, d, as the depth at which 𝐴𝐴 𝜌𝜌norm = 1∕𝑒𝑒 at each latitude, which assumes 𝐴𝐴 𝜌𝜌

norm
 can 

be approximated as an exponential profile, such that 𝐴𝐴 𝜌𝜌norm = 𝑒𝑒−𝑧𝑧∕𝑑𝑑 . In what follows, we will refer to the average 
pycnocline depth between 60°S/N as the “pycnocline depth” unless otherwise noted.

Notably, the relationships discussed in Section 3 are quite robust to other pycnocline definitions (Text S1 and S2 
and Figures S3 and S4 in Supporting Information S1); this definition was used instead of, for instance, an isopyc-
nal surface, due to the somewhat arbitrary nature of selecting the appropriate isopycnal in practice. Note also that 
the pycnocline depth covaries strongly with other measures of mid-latitude ventilation strength, such as the slopes 
or stratification of Southern Ocean isopycnals (at R = 0.9 and R = 0.95, respectively), as discussed in Text S3 
in Supporting Information S1. This interconnection, between Southern Ocean and global stratification, affirms 
the dominance of the Southern Ocean in ventilating the global pycnocline, for example, Sallée et  al.  (2010), 
Khatiwala et al. (2012), Morrison et al. (2022).
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3. Results
3.1. Global Heat Uptake Efficiency

We begin by examining global aspects of OHUE (=N/SST) in CMIP5-6. As noted in Section 1, there is a wide 
spread in OHUE across CMIP5-6 models. The ratio of the standard deviation in OHUE to its ensemble mean, 
that is, the spread, is 17% in CMIP5 and 13% in CMIP6 (Figure 2a). Individually, the spreads in surface heat flux 
anomaly, N, is 15% and 16% in CMIP5 and CMIP6, and 21% and 22% in SST. The spread in OHUE is generally 
smaller than N or SST individually because N and SST are correlated (not shown), more so in CMIP6, in which 
the correlation between N and SST is stronger (at R ≈ 0.88) than in CMIP5 (R ≈ 0.68). The mean OHUE is also 
smaller in CMIP6, which may result from the higher climate sensitivity in this ensemble (Zelinka et al., 2020).

Differences in OHUE across CMIP5-6 models are associated with different vertical profiles of warming, quanti-
fied by the heat storage per unit depth and latitude, 𝐴𝐴 𝐴𝐴(𝑦𝑦𝑦 𝑦𝑦) ≡ ∫

360

0
𝜃𝜃(𝑥𝑥𝑦 𝑦𝑦𝑦 𝑦𝑦)𝑑𝑑𝑥𝑥 (units K m), where θ is the anomaly 

in ocean temperature (see Section 2.1). Models also differ in their total heat storage, 𝐴𝐴  = ∫
0

𝐵𝐵
∫

90

−90
𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 . There-

fore, to compare the pattern of heat storage in each model, relative to one another, we consider the normalized heat 
storage pattern ��(�, �) ≡ �(�, �)∕ , Figures 2c–2f illustrates the correlation of OHUE and Hn with latitude and 
depth, the latter for which we sum Hn meridionally. Figures 2c and 2d shows that greater OHUE is associated with 
relatively more heat storage below ≈600m, and less heat storage above ≈600 m (Figure 2d), particularly within 
the Southern mid-latitudes, ≈55–30°S, see Figure 2c. This pattern implies a larger net global heat flux across 
≈600 m in models with higher OHUE, consistent with Saenko et al. (2018) and Kostov et al. (2014).

Critically, while the correlation of OHUE and Hn is positive between ≈600 and 3000 m depth (Figure 2d), the 
majority (>80%) of anomalous heat is stored in the upper 2,000 m in all models. Thus, inter-model differences 
in vertical heat storage patterns, and the correlation of these patterns to OHUE, are most impactful in the upper 
2000 m, that is, they involve larger quantities of heat. To illustrate this, we also show the regression coefficient 
for OHUE on Hn at each latitude (Figure 2e) and depth (Figure 2f). This regression pattern also crosses zero at 
≈600 m, but peaks at ≈1200 m—this slope will be larger, for a given correlation strength, where the mean heat 
content across models is greater. Regression patterns illustrate that higher OHUE is primarily associated with 
processes moving heat from the surface ocean (<600 m depth) into intermediate depths (≈600–2,000 m).

We hypothesize that greater OHUE, and thus greater heat storage across intermediate depths, is linked to a 
deeper global pycnocline and, correspondingly, weaker pycnocline stratification in the background state. To test 
this hypothesis, we examine the relationship between OHUE and the zonal-mean stratification, 𝐴𝐴 𝑁𝑁2 (defined in 
Section 2.3 and shown in Figure 3a in the ensemble mean) in CMIP5-6. Figure 3b shows the correlation of these 
quantities as a function of latitude and depth.

A general pattern emerges in Figure 3b, in which greater OHUE is correlated with a weaker stratification of the 
water masses that outcrop at the mid-latitude surface (latitudes ≈60°–30° in both hemispheres, see isopycnals 
in Figure 3a) and fill the basin interior above ≈1300 m. The weakly stratified water is largely bounded below by 
the pycnocline depth (defined in Section 2.3). The CMIP5-6 mean pycnocline depth is indicated as a function 
of latitude by the thick black line in Figure 3a, and for individual AOGCMs by the lines in Figure 3b, which are 
colored by OHUE strength, and show that the pycnocline is deeper in models with greater OHUE.

The relationship between OHUE and pycnocline depth is quantified by the correlation of R = 0.83 across CMIP5-6 
AOGCMs between OHUE and the average 60°S–60°N pycnocline depth (Figure 3c). There is a larger spread in 
pycnocline depth in CMIP5 than CMIP6, corresponding to a larger OHUE spread, potentially linked to differ-
ences in tidal mixing parameterizations, among others factors, between ensembles (Saenko & Merryfield, 2005). 
Across the MITgcm ensemble, the pycnocline-OHUE relationship is even stronger, at R = 0.92 (Figure 3d). 
Together, these clear and consistent relationships support our hypothesis that OHUE is closely related to the 
stratification of the global pycnocline.

3.2. Regional Heat Uptake Efficiency

3.2.1. Mid-Latitudes

Our regional OHUE decomposition (Equation 3) clarifies the importance of the mid-latitude regions in setting 
the global relationships between OHUE and stratification discussed in Section  3.1. Component OHUEMidLat 
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encapsulates the efficiency of heat uptake, relative to global mean SST, from the region between 30 and 60° in 
both hemispheres. This region accounts for 70% of the total global anomaly in ocean heat uptake (Figure 1b) 
in CMIP5-6 during the period considered (2090–2100), as well as around 70% of the inter-model variance in 
OHUE, in both CMIP5 and CMIP6 (Fig. S6). This is consistent with the historical dominance of observed heat 
uptake from these regions (e.g., Frölicher et al., 2015; Zanna, Khatiwala, et al., 2019; Cheng et al., 2022).

To probe the relationship of OHUEMidLat and 𝐴𝐴 𝑁𝑁2 , we calculate their correlation at each latitude and depth (Figure 4a). 
As for (global) OHUE (Figure 3b), a clear fingerprint emerges, linking greater OHUEMidLat to more weakly stratified 
water-masses above the pycnocline, both within the Southern Ocean and in the basins to its north. While the rela-
tionship of OHUEMidLat to the stratification is qualitatively similar to that of OHUE (Figure 3b), it is stronger both 
within the Southern Ocean, where local stratification and OHUEMidLat are correlated at R ≥ 0.75 in CMIP5-6 (Figure 
S8 in Supporting Information S1), and more coherent into the interior across depths ≈500–1500 m (Figure 4a).

The relationship between OHUEMidLat and pycnocline depth is similarly robust, and apparent in Figure 4a. The 
correlation of average 60°S–60°N pycnocline depth with OHUEMidLat is about as strong as with OHUE in both 
CMIP5-6 AOGCMs (R = 0.86, Figure 4b) and the MITgcm ensemble (R = 0.87, Figure 4c). These relationships 
support the idea that more heat can be absorbed in the mid-latitudes, for a given global surface warming, when 
regional ventilation is strong, as evidenced by a deeper, less stratified pycnocline in the background state.

Figure 3. (a) The CMIP5-6 ensemble mean zonal-mean buoyancy frequency 𝐴𝐴

(

𝑁𝑁2

)

 is shown to illustrate the mean stratification distribution with depth and latitude. 
Overlaid on (a) is the ensemble mean pycnocline depth (thick black) and several isopycnals (spaced by ≈0.5 kg/m 3 above the pycnocline and ≈0.1 kg/m 3 below it) to 
show where waters above ≈1,500 m outcrop. (b) Point-wise correlation between 𝐴𝐴 𝑁𝑁2 and Ocean Heat Uptake Efficiency (OHUE) in CMIP5-6 (b). Overlaid on (b) is 
pycnocline depth, defined via Equation 4, and colored from high to low OHUE across models (brown to green colors). (c)-(d) OHUE versus the average pycnocline 
depth in CMIP5-6 (c) and the MITgcm (d). Note that on (b), the stippling shows where the correlation is not significant to the 95th percentile. Also note that 𝐴𝐴 𝑁𝑁2 is 
2–3 orders of magnitude smaller below ≈1,500 m than above it, so while these deeper correlations are significant, they involve small vertical density differences. This 
distinction is evident in the regression of OHUE on 𝐴𝐴 𝑁𝑁2 (Figure S7 in Supporting Information S1).
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3.2.2. The Low and High Latitudes

OHUE is also substantially influenced by processes outside of the mid-latitudes. The remaining ≈30% of 
OHUE in CMIP5-6 (as regionally partitioned in Section  2) is accounted for by the southern high latitudes 
(OHUESHighLat ≈ 13%), the northern high latitudes (OHUENHighLat ≈ 9%) and the low-latitudes (OHUELowLat ≈ 10%) 
(Figure S6 in Supporting Information S1) on average. To understand how these regions influence the relationship 
of OHUE and the pycnocline depth, we examine the point-wise correlation between 𝐴𝐴 𝑁𝑁2 and each of these regional 
OHUE components (Figure S9 in Supporting Information S1). Unlike OHUE and OHUEMidLat, no clear or phys-
ically meaningful patterns emerges for any of them, with two exceptions: OHUESHighLat is higher for models with 
weak full-depth stratification south of 60S, and OHUENHighLat is somewhat correlated (R ≤ 0.45) with stronger strat-
ification between ≈ 1,800 − 3,000 m. Accordingly, we find no clear relationship between these OHUE components 
and average 60°S–60°N pycnocline depth in CMIP5-6. Essentially, the high and low latitude regions add random 
scatter to the relationship between OHUE and stratification, which is mediated through mid-latitude processes.

4. Discussion and Conclusions
Our results reveal a strong connection between global OHUE and global stratification, as quantified by the pycno-
cline depth. We argue that the connection exists because the pycnocline is a proxy for the depth of mid-latitude 

Figure 4. (a) The point-wise correlation between OHUEMidLat and 𝐴𝐴 𝑁𝑁2 in CMIP5-6. Overlaid is the pycnocline depth, which 
is colored from high to low OHUEMidLat. (b) As in Figure 3c, but for the OHUEMidLat in CMIP5-6. (c) As in Figure 3d, but for 
the OHUEMidLat in MITgcm.
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ventilation in the background state, and that these same ventilation processes make the largest contribution to 
global OHUE under anthropogenic forcing. A corollary of these results is that heat uptake efficiency outside 
the mid-latitudes has little direct connection to subtropical pycnocline depth, perhaps unsurprisingly, as no clear 
mechanism would predict such a connection.

These findings align with previous work relating both background stratification to Southern Ocean processes 
(Gnanadesikan, 1999; Kong & Jansen, 2022; Marshall & Zanna, 2014; Nikurashin & Vallis, 2011, 2012), and 
the depth of heat penetration to the vertical density profile (Marshall & Zanna, 2014). Studies that connect high 
OHUE to weaker Southern Ocean eddy activity (i.e., lower κGM, Kuhlbrodt & Gregory, 2012; Saenko et al., 2018) 
are particularly relevant, since, all else being equal, reducing κGM will increase Southern Ocean ventilation and 
pycnocline depth (Figures 3 and 4; Gnanadesikan, 1999; Marshall & Zanna, 2014). Yet, our argument here is 
that ventilation is also influenced by many other processes, including Southern Ocean wind stress, surface salin-
ity,and temperature, interior mixing and frontal dynamics, and surface buoyancy flux (Morrison et al., 2022; 
Sallée et al., 2010; Kong & Jansen, 2022), all of which may influence OHUE. Indeed, Southern Ocean surface 
salinity correlates significantly with both OHUE (Liu et al., 2023) and global anthropogenic carbon uptake in 
CMIP6 (Terhaar et al., 2021), consistent with the correlation between Southern Ocean vertical stratification and 
regional heat and carbon uptake efficiency (Bourgeois et al., 2022), and leading Liu et al. (2023) to hypothesize 
that Southern Ocean salinity is a primary determinant of OHUE.

Our MITgcm results, in which individual parameters—including κGM and surface salinity—vary widely, 
show instead that no individual process controls OHUE. Instead, each affects OHUE through mid-latitude venti-
lation, as measured in the aggregate by pycnocline depth. Consistent with Saenko et al. (2018), our experiments 
show a strong relationship between κGM and OHUE, where stronger parameterized eddies lead to lower OHUE, 
a more stratified ocean and a shallower pycnocline (pycnocline depth and OHUE correlate at R = 0.98 in the 
κGM ensemble). Yet, we also show an inverse, and equally strong, relationship in the κν ensemble: greater κν 
increases OHUE, stratification, and pycnocline depth (which also correlates with OHUE at R = 0.98). The less 
straightforward range of OHUE in the air-sea flux experiments (F) is equally wide and correlated to stratification, 
evidencing of the strong sensitivity in the MITgcm to high-latitude, and north-south gradients of, surface forcing 
(Kostov et al., 2019). Note that, while the MITgcm correlations are strong, this model resolution is coarse and the 
parameterizations relatively simple (Huber & Zanna, 2017). This enabled a large ensemble and simple physical 
interpretations.

The correlation of pycnocline depth and OHUE (Figure 3c) also implies that the spread in pycnocline depth 
in CMIP5-6 explains around 69% of the spread in OHUE (calculated here as R 2), and 74% of the spread in 
OHUEMidLat. This is supported by a key difference between high and low OHUE CMIP5-6 models—high OHUE 
models store relatively less heat in the upper ≈600  m and more across intermediate depths (600–1,500  m, 
Figure 2), consistent with Kostov et al.  (2014), Saenko et al.  (2018), and Liu et al.  (2023). These depths are 
collocated with the clearest and most predictive differences in stratification between high and low OHUE models 
(see the strong negative correlations above ≈ 1500m in Figures 3b and 4a), implying that the capacity to sequester 
heat here is linked to the weak stratification signature originating at the mid-latitude surface. Importantly, our 
MITgcm experiments highlight that better eddy closures in coarse resolution models (e.g., Jansen et al., 2019; 
Zanna & Bolton, 2020) would help to reduce this persistent spread in both global stratification and OHUE.

The ocean physics we discuss in the context of OHUE may additionally modulate future climate through a surface 
warming “pattern effect” (Armour et  al.,  2013; Gregory & Andrews, 2016; Stevens et  al.,  2016; Xie, 2020). 
Recent work highlights how surface warming patterns are disproportionately influenced by heat uptake and 
warming in the Southern Ocean (Dong et al., 2022; Lin et al., 2021), a region with a strong influence on climate 
sensitivity (Andrews et al., 2015; Zelinka et al., 2020). However, the link between OHUE and the pattern effect is 
thus far unclear. Given the central role of the Southern Ocean and mid-latitudes in our study, a key goal of future 
work will be to develop a more unified understanding of how these regions influence transient climate change, 
incorporating their inter-dependent effects.

To that end, this work offers the hope of constraining future OHUE and warming patterns through contemporary 
oceanic observations, for instance, of pycnocline depth or stratification. In turn, this may reduce uncertainty in 
global sea level projections, surface warming, and the ocean's long-term capacity store anthropogenic carbon 
(e.g., Bronselaer and Zanna (2020); Terhaar et al. (2021); Bourgeois et al. (2022)).
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Data Availability Statement
The CMIP6 and CMIP5 data are available through the Earth System Grid Federation system (ESGF; https://esgf-
node.llnl.gov/search/cmip6/, https://esgf-node.llnl.gov/search/cmip5/, respectively), and the models and ensem-
ble members used in this study are listed in Table S1 and S2 in Supporting Information S1 and in Figure 1. The 
figure-making code uses Matplotlib version 3.5.2 (Caswell et al., 2022) and is publicly available in the Zenodo 
repository (Newsom, 2023).
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