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Abstract

There exists a warming deficit in sea surface temperatures (SST) over the subpolar North Atlantic in response to quadrupled
CO,, referred to as the projected North Atlantic warming hole (WH). This study employs a partial coupling technique to
accurately verify the relative roles of oceanic and atmospheric processes in the formation of the projected WH within an
atmosphere-ocean coupled framework. By decomposing the SST anomalies in the subpolar North Atlantic into two
components: those induced by atmospheric processes (i.e., the atmosphere-forced component) and those driven by changes
in ocean circulation (i.e., the ocean-driven component), we find that the projected WH is primarily driven by changes in
ocean circulation, with almost no contribution from atmospheric processes. Specifically, the slowdown of the Atlantic
Meridional Overturning Circulation (AMOC) results in a cooling of SST in the WH region due to reduced northward ocean
heat transport into this region. This study further quantifies the influence of a positive coupled feedback through surface heat
flux (SHF) on the AMOC response under greenhouse gas forcing within this self-consistent framework. It is found that the
AMOC slowdown leads to a negative SST anomaly in the subpolar North Atlantic and subsequently a positive ocean-driven
SHF anomaly, which in turn further weakens the AMOC. This positive feedback through the SHF contributes about 50% to
the total AMOC slowdown in response to quadrupled CO,.

Keywords Sea surface temperature - North atlantic warming hole - Atlantic meridional overturning circulation - Surface

heat flux

1 Introduction

Global sea surface temperature (SST) shows an overall
warming trend due to increasing greenhouse gas
concentrations since the industrial revolution (IPCC 2021).
However, a pronounced lack of warming or even cooling has
been observed in the subpolar North Atlantic SST over the
past century (Drijfhout et al. 2012; Rahmstorf et al. 2015;
He et
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al. 2022), known as the North Atlantic Warming Hole (WH).
By analyzing results of climate models and observations,
Chemke et al. (2020) have confirmed that the recent WH is
of anthropogenic origin and related to ongoing greenhouse
gas emissions. In addition, the North Atlantic WH is also
present in future climate model simulations (Drijthout et al.
2012; Winton et al. 2013; Marshall et al. 2015; Menery and
Wood 2018; Keil et al. 2020). The presence of the WH has
a wide range of potential effects on the climate of Europe
and the Northern Hemisphere by altering atmospheric
circulation (Gervais et al. 2016, 2019), such as affecting the
North Atlantic storm track (Woollings et al. 2012) and
surface pressure over Western Europe (Haarsma et al. 2015).
Therefore, it is important to understand the physical
mechanisms involved in the formation of the WH.

Many mechanisms are believed to be involved in the
formation of the observed WH. However, the relative
importance of ocean dynamics and atmospheric processes is
still a topic of debate. For example, some model studies have
suggested that the observed WH is caused by the slowdown
of the Atlantic Meridional Overturning Circulation
(AMOC) (Drijthout et al. 2012; Rahmstorf et al. 2015;
Caesar et al. 2018), while others have emphasized the
significant role of atmospheric processes in the formation of
the WH during the past century (Li et al. 2022a; He et al.
2022). Using an idealized ocean model forced by historical
atmospheric forcing, Li et al. (2022a) found that about 54%
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of the observed cooling trend in the subpolar North Atlantic
SST can be attributed to increased ocean heat loss caused by
local atmospheric forcing. He et al. (2022) reached a similar
conclusion using a slab ocean model. They found that about
50% of the observed cooling trend can be attributed to
enhanced ocean heat loss resulting from increased local
westerly winds in the subpolar North Atlantic. Moreover,
increased warming in the Indian Ocean drives an increase in
local precipitation, which, through teleconnection,
strengthens the westerly winds south of Greenland, which in
turn cools the SST over the North Atlantic subpolar region
through heat flux (Hu and Fedorov 2020). On the other
hand, anthropogenic aerosol forcing has been found to
hinder the formation of the WH and delay the appearance of
the WH by about 30 years (Dagan et al. 2020).

However, for the projected WH under future warming
scenarios, there seems to be a general consensus on the
dominant role of oceanic processes (especially the
slowdown of the AMOC) (Drijfhout et al. 2012; Woollings
et al. 2012; Rugenstein et al. 2013; Winton et al. 2013;
Marshall et al. 2015; Gervais et al. 2018; Menary and Wood
2018; Chemke et al. 2020; Keil et al. 2020; Liu et al. 2020;
Ren and Liu 2021). For example, by comparing the results
of a slab ocean model with those of a fully coupled model
under greenhouse gas forcing, Woollings et al. (2012) found
that the WH disappears in the slab ocean model but persists
in the corresponding fully coupled model, confirming the
dominant role of oceanic processes in the projected WH.
Similarly, by comparing a pair of fully coupled simulations
with and without ocean circulation changes, Winton et al.
(2013) found that the WH disappears when changes in ocean
circulation are suppressed, verifying that ocean circulation
changes are critical to the generation of the projected WH.
In addition, by employing passive tracers within an ocean-
only framework, Marshall et al. (2015) concluded that
changes in ocean circulation are important for the SST
response in the North Atlantic. Furthermore, through heat
budget analysis, Menary and Wood (2018) found that the
formation of the WH is related to changes in ocean heat
transport associated with changes in ocean circulation. More
recently, Keil et al. (2020) found that the WH in a forced
scenario is influenced by changes in ocean heat transport
associated with both overturning and gyre circulation
changes. Using a sensitivity experiment that stabilizes the
AMOC strength in an anthropogenic warming climate, Liu
et al. (2020) found that the WH disappears without an
AMOC slowdown, suggesting that the AMOC slowdown is
the primary cause of the future WH. However, these
previous studies have used either idealized models
(Woollings et al. 2012; Winton et al. 2013; Marshall et al.
2015; Liu et al. 2020) or statistical analyses and diagnostic
methods (Drijfthout et al. 2012; Kim and An 2013;
Rugenstein et al. 2013; Gervais et al. 2018; Menary and
Wood 2018; Keil et al. 2020) to determine the importance of

changes in ocean circulation in the formation of the
projected WH. They have not been able to accurately
disentangle the contributions of oceanic and atmospheric
processes in the formation of the projected WH in an
atmosphere-ocean coupled system. In summary, while
previous studies have laid the groundwork for
understanding the role of AMOC slowdown in the projected
warming hole, our study provides a more comprehensive
insight through the application of the partial coupling
technique. The partial coupling technique is in the spirit of
the fixed circulation experiments of Winton et al. (2013) and
Liu et al. (2020), both of which suppress the effect of ocean
circulation changes on the air-sea interaction. However,
these previous studies have not been able to accurately
disentangle the contributions of oceanic and atmospheric
processes in the formation of the projected WH in an
atmosphere-ocean coupled system. In this study, we aim to
better quantify the relative roles of oceanic and atmospheric
processes in the formation of the WH under greenhouse gas
forcing by precisely separating them, in particular to isolate
the role of oceanic processes in the projected WH. To this
end, we use a set of experiments in the Community Earth
System Model (CESM) designed by Garuba et al. (2018), in
which the anomalous SST can be decomposed into
atmosphere-forced (i.e., forced by atmospheric processes)
and ocean-driven (i.e., driven by changes in ocean
circulation) components within a coupled framework. As
will be shown later, the crucial role of the AMOC slowdown
in the projected WH under greenhouse gas forcing is
confirmed by the results of this novel decomposition
method. The partially coupled framework used in this study
allows for the isolation of both atmosphere- and ocean-
driven temperature and surface heat flux anomalies as well
as their associated climate feedbacks.

Another goal of the study is to quantify the effect of a
positive coupled feedback through the surface heat flux
(SHF) on the AMOC response under greenhouse gas
forcing. In the atmosphere-ocean coupled system, a change
in the ocean circulation initially caused by atmospheric
forcing can feed back to change the SST, which can further
affect the ocean circulation through the air-sea interaction,
i.e., there is a coupled feedback (Garuba and Klinger 2016;
Gregory et al. 2016). To improve our confidence in the
future climate response projected by climate models, it is
essential to understand the coupled feedback mechanism. In
the North Atlantic, the coupled feedback is positive and acts
to further increase the surface heat flux into the ocean and
weaken the AMOC (Garuba and Klinger 2016; Gregory et
al. 2016; Todd et al. 2020). Specifically, under greenhouse
gas forcing, the warmer surface air temperature relative to
the SST results in reduced heat loss from the ocean over the
subpolar North Atlantic. This positive surface heat flux
anomaly reduces surface density and induces a slowdown of
the AMOC. Consequently, the weakened AMOC leads to



surface cooling of the subpolar North Atlantic SST (i.e., the
WH) by reducing northward ocean heat transport. This
cooling of the SST further decreases surface heat loss from
the ocean, exacerbating the weakening of the AMOC.
Attempts have been made to quantify the coupled feedback
associated with the AMOC response using the Flux-
Anomaly-Forced Model Intercomparison Project (FAFMIP)
experiments (Gregory et al. 2016; Todd et al. 2020;
Couldrey et al. 2023). In particular, by comparing the results
of the FAFMIP experiments between the atmosphere-ocean
coupled model and the ocean general circulation model
(OGCM), both of which are forced by the surface heat flux
anomalies computed from the CMIP5 ensemble 1pctCO;
scenario, Todd et al. (2020) found that the AMOC
weakening in the coupled experiments is on average 10%
larger than that in the oceanonly experiments, attributing the
10% larger weakening to the positive feedback due to the
ocean-atmosphere coupling. However, their experiments
cannot unambiguously isolate the effect of the positive
coupled feedback on the AMOC weakening because the
prescribed surface heat flux perturbation applied in their
OGCM experiments is derived from fully coupled systems
in which the effect of the coupled feedback is already
included. Therefore, the OGCM runs already contain the
imprints of the atmosphere-ocean coupling, and the
comparison between the coupled and OGCM experiments
does not cleanly isolate the effect of the coupled feedback
through SHF on the AMOC response. In this study, we
investigate the role of the positive feedback through SHF on
the AMOC response under greenhouse gas forcing in a
cleaner and more consistent framework.

The model experiments for the separation of the
atmosphere-forced and ocean-driven components are
described in Model experiments. Response and mechanism
of the WH presents the response and mechanism of the
projected WH, as well as the relative contributions of
atmospheric and oceanic processes. The effect of the
positive feedback through the SHF on the AMOC
weakening is analyzed in Positive feedback mechanism in
AMOC response. Conclusion summarizes the main
conclusions of this study.

Table 1 Model experiments with CESM1

Name Run Description
(yrs)
CTRL 150 Control fully coupled simulation
(Preindustrial CO2)
FULL 150 Perturbed fully coupled simulation (4xCOz)

PARTIAL 150 Perturbed partially coupled simulation

(4xCOy)

2 Model experiments

In the CESM-based experimental framework implemented
by Garuba et al. (2018), three simulations (Table 1) are used
to separate the atmosphere-forced component from the
ocean-driven component: the control simulation (CTRL),
the fully coupled simulation (FULL) and the partially
coupled simulation (PARTIAL). All three simulations are
initialized from a 1000-year preindustrial simulation in
NCAR and integrated for 150 years. The CTRL is integrated
with preindustrial CO, concentrations, while the FULL and
PARTIAL are forced by abrupt CO, quadrupling. The main
difference between the FULL and PARTIAL simulations is
that the former uses the standard atmosphere-ocean
coupling, while the latter suppresses the effect of ocean
circulation changes on the atmosphere-ocean coupling
through a partial coupling approach, which is explained as
follows.

2.1 Surface-forced and dynamically induced
component decomposition

We first review the tracer decomposition method commonly
used in previous studies to isolate the role of changes in
surface heat flux and ocean circulation on the ocean
temperature response (Banks and Gregory 2006; Xie and
Vallis 2012; Bouttes et al. 2014; Gregory et al. 2016; Garuba
and Klinger 2016). The change of ocean temperature
response to external forcing (T(I)F) can be expressed as:
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where @ is the surface heat flux anomaly due to the external
forcing; Uy is the three-dimensional ocean circulation

anomalies in response to the external forcing; T~ represent

the control value of the ocean temperature; D/Dt is the total
derivative (D/Dt = 0/0t+v » V ); subscript F'

denotes the variables in the fully coupled experiment. Equa-

tion (1) indicates the total response of ocean temperature is
caused by both the change in surface heat flux (Q) and the
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The T%s and T p are known as surface-forced component
and dynamically induced component, respectively. In
practice, two additional temperature-like tracers (Banks and
Gregory 2006; Xie and Vallis 2012) are introduced in order
to obtain Irs and Tpp,

However, the above decomposition does not cleanly
isolate the ocean-driven component from the
atmosphereforced one. To explain the air-sea interaction
conceptually, the surface heat flux anomaly can be thought
of as related to the air-sea temperature difference:

Q' =a(Thp —Top) s = a(Thp = Trs — Trp) | 4
where T is the atmospheric temperature anomaly; |s

represents surface values of the variables; represents the a
strength of the coupling between the atmosphere and ocean.
Equation (4) has been confirmed to be a good approximation
of the bulk formula that is actually used in computing the
turbulent surface flux exchange (Haney 1971; Rahmstorf
and Willebrand 1995). The actual calculation of the surface
heat flux is done through the bulk formula provided by the
coupler of the CESM modeling framework. Equation (4)
shows that the change in surface heat flux (Q) itself is partly
dependent on the SST change induced by ocean circulation
changes (TfD) and the surface air temperature change
coupled with the Trp. Therefore, the Trs component that
forced by the surface heat flux change (Q) is also influenced
by the changes in ocean circulation and is not exclusively
originating from the atmosphere. Given this shortcoming, a
cleaner decomposition method needs to be developed to
separate the ocean-driven component (Téo) from the purely
atmosphere-forced component ( THa ) of the ocean
temperature response. Meanwhile, the surface heat flux
anomaly (Q) need to be decomposed into two components:
the atmosphere-forced component (Q,A) triggered directly
by the increased atmospheric CO, and the oceandriven

changes in ocean circulation, which advect the control

ocean temperature field (v% oV T'). Thus, we can partition

the TOr into two parts based on these forcings:

component (QIO) caused indirectly by changes in ocean
. . N I __ ! !/

circulation, i.e., @ = @1 + Qo

2.2 Atmosphere-forced and ocean-driven
component decomposition

The crucial step in isolating the temperature response that is
solely attributed to atmospheric forcing is to eliminate the
ocean-driven component (QIO) from the surface heat flux
anomaly. To this end, in the partially coupled simulation, a
. T/ . . . .. T/
passive tracer * ps is introduced, which is similar to £ Fs but
only responds to the atmosphere-forced component of the
surface heat flux anomaly (Q;x). Then, this surface-forced
temperature component Ths instead of the total ocean
temperature Tor is used to couple with the atmosphere to
avoid the influence of the ocean dynamically induced
temperature TED on the surface fluxes. This partial coupling
achieves a better consistency between the surface heat flux
anomaly originating from the atmosphere (Q;l) and the
surface-forced ocean temperature tracer ( Tpg ) in the
partially coupled simulation. This relationship can be
formulated as follows:

DT;’S —_ 0
A (5)
Qu=a(Thp—Tpg)ls (6)

where Tp is the atmospheric temperature anomaly, which
is induced by CO; increase and coupled with the Tps.
Hence, the surface-forced ocean temperature (TIIDS) in the
partially coupled simulation is entirely of atmospheric
origin and can be referred to as the purely atmosphere-
forced component (T(’)A), which is governed by:
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Furthermore, the ocean-driven surface flux anomaly (Qb)
induced by ocean circulation changes works together with
the advection of the control ocean temperature field due to

. . / .
ocean circulation changes (Vr ® v T'), governing the ocean-
driven component of ocean temperature response, which
evolves according to:

DT! -
S22 = Qv VT
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It also can be derived from Eq. (1) minus Eq. (7).

In summary, we can cleanly separate the
atmosphereforced component (i.e., Q4 and TéA) from the
ocean-driven component (i.e., Qo and T(l)o) with the help
of the partial coupling technique. The atmosphere-forced
components are obtained directly from the partially coupled
experiment, while the ocean-driven components can be
obtained as the differences between the fully coupled and
the partially coupled simulation. The validity of the linear
assumption that the ocean-driven component can be derived
by subtracting the partially coupled simulation from the
fully coupled simulation has been demonstrated by Garuba
and Rasch (2020). Interested readers are referred to Garuba
and Rasch (2020); Li et al. (2022b) for further technical
details.

3 Response and mechanism of the WH

We first examine the temporal evolution of SST over the
North Atlantic WH region and in the Northern Hemisphere
(NH) in response to quadrupled CO,. The WH region
(45°W-10°W, 50°N-65°N) is defined as the area with the
largest SST cooling in response to quadrupled CO,. Results
show that the SST changes in the WH region are consistently
weaker than the NH average, and the SST in the WH region
shows a negative anomaly after 50 years of model
integration (Fig. 1), which is consistent with many previous
studies (Marshall et al. 2015; Gervais et al. 2018; Menary
and Wood 2018; Keil et al. 2020). Using the fully coupled
and partially coupled experiments with the CESM (Table 1),
the response of SST in the WH region can be decomposed

Fig. 1 Time series of the
SST anomalies (°C) in the North
Atlantic warming hole region
(WH: 45°W-10°W, 50°N-65°N)
in response to quadrupled COa:
the total response (gray) and its
atmosphere-forced (red) and
ocean-driven (green)
components. Superimposed
yellow line is the time series of
the mean SST anomaly in the
North Hemisphere (NH). Thin
lines show annual means; thick
lines are smoothed over 11 years
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into a component induced by atmospheric forcing and a
component driven by ocean circulation changes. It is clear
that the atmospheric forcing leads to a continuous warming
of the SST in the WH region (red line in Fig. 1), while the
effect of ocean circulation changes results in a cooling of the
SST (green line in Fig. 1). During the first 40 years, the
warming induced by the atmospheric forcing overwhelms
the cooling resulted from the changes in ocean circulation,
leading to a positive SST anomaly in the WH region.
Subsequently, the negative SST anomaly induced by ocean
circulation changes gradually becomes dominant.

To quantify the strength of the WH and the contributions
from atmospheric and oceanic processes, we next examine
the warming hole index (WHI), defined as the difference
between the SST anomalies averaged in the WH region and
the NH (Keil et al. 2020):

WHI = SSTwn — SSTwu

Here we consider the difference in SST instead of surface
temperature to eliminate the effect of the land-ocean
warming contrast. In addition, since the Southern
Hemisphere SST shows a much weaker warming overall,
which would suppress the WH signal, we use the Northern
Hemisphere mean SST as a reference instead of the global
mean SST.

Figure 2 shows the evolution of the WHI over time and
the contribution of atmospheric and oceanic processes. It is
found that the WHI is always negative (gray line in Fig. 2),
indicating that the warming of SST in the WH region is
consistently weaker than in the NH region. By decomposing
the WHI into the atmosphere-forced component (red line in
Fig. 2) and the ocean-driven component (green line in Fig.
2), we find that the atmospheric forcing leads to a positive
WHI except during the first 15 years, when the atmospheric
forcing results in stronger warming in the WH region than
in the NH region. On the contrary, the ocean circulation
changes always drive a negative WHI, and the evolution of
the ocean-driven WHI satisfactorily explains the evolution

of the total WHI. Therefore, the North Atlantic WH in
response to quadrupled CO; is predominantly the result of
changes in the ocean circulation, with almost no
contribution from atmospheric processes. This is consistent
with previous studies on the dominant role of ocean
processes in the projected WH (Woollings et al. 2012;
Rugenstein et al. 2013; Winton et al. 2013; Marshall et al.
2015; Gervais et al. 2018; Menary and Wood 2018; Chemke
et al. 2020; Keil et al. 2020; Liu et al. 2020; Ren and Liu
2021). In addition, previous modeling studies have shown
that the development of the projected WH is associated with
areduction in the northward ocean heat transport (OHT) due
to the weakening of the AMOC (Drijfthout et al. 2012;
Collins et al. 2013; Rahmstorf et al. 2015; Liu et al. 2020;
Ren and Liu 2021).

We then proceed to verify the decisive role of AMOC
weakening in the formation and temporal evolution of the
projected WH under greenhouse gas forcing. Figure 3 shows
the temporal evolution of changes in the AMOC strength,
defined as the maximum streamfunction below 500 m at
45°N (Ma et al. 2021), and the changes in the OHT across
the 50°N Atlantic (the southern boundary of WH region) in
response to quadrupled CO». It can be seen that the AMOC
strength weakens rapidly (blue line in Fig. 3), leading to a
synchronous reduction in the northward OHT (red line in
Fig. 3), which is consistent with previous studies (Gregory
etal. 2005; Weaver et al. 2012; Cheng et al. 2013; Rahmstorf
et al. 2015; Bakker et al. 2016; Wen et al. 2018; Weijer et al.
2020). A further analysis finds that both heat input to and
export from the WH region decrease in response to
quadrupled CO», with the decrease in the former being much
larger than that in the latter (Fig. 4a). Therefore, it is the
weakening of OHT across the southern boundary (50°N)
that primarily contributes to the divergence of heat in the
WH region. Moreover, approximately 78% of the decrease
in OHT at 50°N is attributable to the overturning component
of the OHT change (Fig. 4b), which is directly linked to the
weakening of the AMOC. As expected, the changes in the
AMOC strength and OHT correspond well with the
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Fig. 3 Time series of the changes in AMOC strength (Sv; blue), the meridional ocean heat transport (OHT; PW; red) at 50°N of the Atlantic Ocean,
and the ocean-driven WHI (°C; green) in response to quadrupled COa. All lines are smoothed over 11 years



Fig. 4 (a) Time series of the

meridional ocean heat transport .
anomalies (OHT; PW) at 50°N

(black) and 65°N (gray) of the 0
Atlantic Ocean. (b) Changes of the
Eulerian-mean OHT (black) in
response to quadrupled COz as
well as its cell-induced OHT (red)
and gyre-induced OHT (blue) in
the Atlantic Ocean. The bar graph
shows the result at 50°N
temporal evolution of the
ocean-driven WHI (green line
in Fig. 3), confirming that the
slowdown of the AMOC
results in a deficit in warming

or even cooling of the SST in
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the northward OHT.
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years of simulation (Fig. 2), a
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and Wood 2018; Keil et al.
2020), the response of SST in
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subpolar region and a
relatively strong warming to
the south of it (Fig. 5a). By
decomposing the response of
the North Atlantic SST into the atmosphere-forced
component driven by atmospheric forcing and the ocean-
driven component induced by ocean circulation changes, we
find that the atmosphere-forced component of the North
Atlantic SST anomaly exhibits a relatively uniform warming
across the entire basin, and thus does not contribute to the
warming deficit in the WH region (Fig. 5b). On the contrary,
the ocean-driven component shows an overall cooling of the
North Atlantic basin, with the most pronounced cooling
occurring in the WH region (Fig. 5¢). In the WH region and
Labrador Sea, the cooling driven by ocean circulation
changes overwhelms the warming caused
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Fig. 6 (a) Vertical profiles of ocean temperature anomaly (°C) in the
WH region in response to quadrupled COz: the total response (gray)
and its atmosphere-forced (red) and ocean-driven (green) components.
Superimposed dashed gray line is the relative ocean temperature
by atmospheric forcing, while in other areas of the North
Atlantic, the ocean-driven cooling is overcompensated by
the atmosphere-forced warming. Quantitatively, the SST
anomaly in the WH region is about — 0.9 °C in response to
quadrupled CO,, with the atmosphere-forced component
contributing 6.3 °C and the ocean-driven component
contributing — 7.2 °C. In conclusion, it is the ocean
circulation changes that drive the spatial pattern of SST in
the subpolar Atlantic (including the WH region) in response
to quadrupled CO,.
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In addition to the spatial pattern of the WH, we also
examine the vertical structure of the ocean temperature
response averaged over the WH region (Fig. 6a). Results
show that the ocean temperature in the WH region cools
over the top ~ 135 m of the water column, with a peak at
about 65 m (gray line in Fig. 6a), indicating that the WH is
not driven by surface forcing. Furthermore, both the cooling
over the top ~ 135 m and its peak are controlled by the
ocean-driven component of the ocean temperature response
(green line in Fig. 6a). The maximum cooling of ocean



temperature anomaly that occurs in the subsurface is
consistent with the cooling effect of meridional advection
(blue line in Fig. 6b) caused by the AMOC slowdown, which
transports less warm water into this region from lower
latitudes. The slowdown of the AMOC also reduces the
downward penetration of the surface cooling signal through
diffusion (green line in Fig. 6b), resulting in a rapid decay
of the cooling with depth. The atmosphere-forced
component of the ocean temperature response shows a
warming throughout the entire water depth, with the
strongest warming in the surface layer, and the warming
tends to decrease with increasing depth (red line in Fig. 6a).
When considering the relative changes in ocean temperature
between the WH region and the NH, the relative cooling and
warming occur above and below the depth of ~ 530 m
(dashed gray line in Fig. 6a), a depth corresponding closely
to the depth of the AMOC upper limb, which is defined as
the mean depth of the maximum streamfunction. This
finding is consistent with the result of Menary and Wood
(2018) and indirectly supports the notion that the AMOC
plays a significant role in the formation of the projected WH.
Specifically, through a comparison of the relative changes
in ocean temperature over WH region and depth of the
AMOC across various CMIP5 models, Menary and Wood
(2018) identified a close relationship between the vertical
dipole structure of ocean temperature change and the depth
of maximum streamfunction of AMOC. This occurs because
the weakening AMOC leads to a decrease in the northward
transport of warm water into the WH region in the upper
layer, as well as a reduction in the downward transport of
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of the SHF in the northern North Atlantic is dominated by
its ocean-driven component (comparing Fig. 7a with 7c),
with a contribution from the atmosphere-forced component
in the Labrador Sea and around Iceland (Fig. 7b). The
atmosphere-forced component is relatively weak overall,
indicating ocean heat loss in the center of the subpolar North
Atlantic region (Fig. 7b). The widespread negative SST
anomaly in the subpolar North Atlantic appears to contradict
the strong positive SHF anomaly there (comparing Fig. 5a
with 7a), which would have caused anomalous warming.
Therefore, the presence of the WH there can only be
explained by the dynamical role of the ocean, while the SHF
works to compensate the dynamical cooling and establish a
new equilibrium. This further verifies the critical role of
ocean circulation changes in the formation of the WH.
Furthermore, although the atmosphere-forced SHF response
shows a negative anomaly in the center of the subpolar
North Atlantic, the atmosphereforced SST response exhibits
a relatively uniform warming across the entire basin
(comparing Fig. 5b with 7b). This mismatch between the
atmosphere-forced SHF and the SST response pattern arises
from the advection of the temperature anomaly by the mean
ocean circulation.

The SHF anomaly can be further decomposed into
contributions from shortwave and longwave radiations,
latent and sensible heat fluxes, and the heat flux due to sea
ice formation and melt (Fig. 8). Results show that the
contribution of the radiations is quite limited in both the
atmosphere-forced and ocean-driven components. The
positive SHF anomaly in the subpolar North Atlantic is
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Fig. 7 Changes of the surface heat flux (SHF; positive into ocean; W ponents. Superimposed contour is the mean SHF in CTRL (solid and m™2)
over the North Atlantic in response to quadrupled COz: (a) the dashed lines for ocean heat gain and loss, respectively; CI = 50 W m™2) total

response and its (b) atmosphere-forced and (¢) ocean-driven com-
cold water.

We further examine the changes in surface heat flux
(SHF) and its atmosphere-forced and ocean-driven
components in the North Atlantic (Fig. 7). In response to
quadrupled CO», the SHF anomaly in the North Atlantic is
characterized by a large heat gain north of 40°N and a weak
heat loss to the south (Fig. 7a). Specifically, there is a
significant ocean heat gain in the Labrador Sea, WH region,
and along the North American coast. The positive anomaly

dominated by its ocean-driven component and is primarily
driven by a positive latent heat flux anomaly. A further
decomposition of the latent heat flux change shows that the
Newtonian
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Fig. 8 Decomposition of the SHF anomalies (positive into the?cgean?g\?
m™2) over the North Atlantic in response to quadrupled CO:: shortwave
and longwave radiations (first row), latent heat flux (second row),
sensible heat flux (third row), and the heat flux due to sea ice formation
and melt (forth row) in the total response (first column) and its
cooling effect associated with changes in SST dominates the
positive anomaly, with the wind-evaporation-SST feedback
also playing a role (not shown). To be specific, the
slowdown of the AMOC leads to a reduction of the
northward OHT and thus to a cooling of the SST in the WH
region (Fig. 5¢), causing the ocean to absorb more heat from
the atmosphere through reducing the evaporative cooling on
the SST. In addition, the ocean-driven component (positive)
of the latent heat flux anomaly is partially offset by its
atmosphere-forced component (negative). On the other
hand, the atmosphere-forced component contributes
positively to the positive SHF anomaly in the Labrador Sea
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and around Iceland, mainly through the sensible heat flux
and the heat flux due to sea ice formation and melt.

In summary, the North Atlantic WH is predominantly
driven by the changes in ocean circulation (i.e., the
slowdown of the AMOC), and the contribution of
atmospheric processes is negligible. As the AMOC slows
down, the northward OHT across the North Atlantic
decreases, resulting in a cooling of SST in the WH region,
which further causes a positive downward SHF anomaly
there. Previous studies have suggested that the weakening
of the AMOC under greenhouse gas forcing is primarily due
to increased SHF in the subpolar North Atlantic (Gregory et



al. 2005, 2016; Schmittner et al. 2005; Weaver et al. 2007,
Cheng et al. 2013; Menary et al. 2013; Wen et al. 2018;
Weijer et al. 2020; Couldrey et al. 2023). As more excess
heat is absorbed by the ocean in the subpolar North Atlantic,
the AMOC will slow down further. Therefore, there is a
positive feedback from the ocean-driven SHF response in
the subpolar North Atlantic to the initial AMOC weakening
(Garuba and Klinger 2016; Gregory et al. 2016). This
positive heat flux feedback will be discussed in detail in the
next section.

4 Positive feedback mechanism in AMOC
response

Previous studies have indicated that the ocean-driven SHF
anomaly contributes to, and may even amplify, the
slowdown of the AMOC, resulting in a positive feedback
through the SHF (Garuba and Klinger 2016; Gregory et al.
2016). According to the experimental design, the partially
coupled simulation considers only the influence of
atmospheredriven SHF anomalies on the ocean circulation,
while the fully coupled simulation takes into account the
total SHF anomaly to force ocean circulation changes.
Consequently, the difference between the fully coupled and
partially coupled simulations can be exploited to isolate the
effect of the SHF feedback on the AMOC change.

Figure 9 shows the temporal evolution of the AMOC
strength changes in both the fully coupled and partially
coupled simulations. It is evident that there are significant
differences between the response of the AMOC in the two
simulations. In the partially coupled simulation, the AMOC
weakens rapidly and reaches a relatively stable state after
approximately 20 years of simulation, resultirllg in a

reduction of ~ 9 Sv after stabilization (red line in Fig. 9). On
the other hand, in the fully coupled simulation, the AMOC
continues to weaken beyond 20 years and stabilizes only
after about 100 years, ultimately weakening by ~ 18 Sv (blue
line in Fig. 9). As mentioned above, the difference in AMOC
changes between these two simulations represents the role
of the positive SHF feedback. Hence, the positive feedback
through the SHF results in an AMOC weakening of ~ 9 Sv,
which accounts for ~ 50% of the total weakening of the
AMOOC in response to quadrupled CO». This percentage is
considerably higher than the 10% reported by Todd et al.
(2020) in their comparison of coupled and ocean-only
experiments. This finding suggests that previous studies
might have underestimated the significance of this positive
feedback through the SHF in the AMOC response to
greenhouse gas forcing.

To further demonstrate the role of the positive feedback,
we select four different time periods to compare the spatial
patterns of AMOC response between the fully coupled and
partially coupled simulations (Fig. 10). During the initial
two decades, the AMOC response exhibits consistent
AMOC weakening between the fully and partially coupled
simulations, indicating an atmospheric source for the initial
weakening (Fig. 10a and e). This corresponds to the rapid
adjustment period of the ocean to the atmospheric forcing
caused by increased CO,. During this phase, the influence
of the positive feedback through the SHF is weak and barely
contributes to the AMOC response (Fig. 10i). However, as
time goes on, the positive heat flux feedback becomes
increasingly influential. Consequently, the AMOC
weakening in the fully coupled simulation gradually
surpasses that in the partially coupled simulation (compare
Fig. 10b and

Fig. 9 Time series of AMOC 0
strength changes (Sv) in the fully
coupled (blue) and partially
coupled (red) simulations in
response to quadrupled COz. The
AMOC strength is defined as the
maximum streamfunction below
500 m at 45°N. Thin lines show
annual means; thick lines are
smoothed over 11 years

AMOC strenthgh change (Sv)
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f). After ~ 20 years of simulation, the strength of the AMOC
tends to stabilize and does not weaken further in the partially
coupled simulation (Fig. 10f-h). In the fully coupled
simulation, however, the AMOC continues to weaken due to
the persistent influence of the positive feedback through the
SHF (Fig. 10b-d). Therefore, the role of the positive
feedback, as represented by the difference between the two
simulations, becomes evident in weakening the AMOC after
~ 20 years of simulation (Fig. 10j-k). In addition, both the
positive feedback through the SHF and the atmospheric
forcing contribute comparably to the slowdown of the
AMOC (compare Fig. 10h and 1), with the former exerting
a more pronounced impact on the shallower part of the
AMOC.

Since the positive feedback results from the ocean-driven
component of the SHF anomaly in the subpolar North
Atlantic, here we further examine the temporal evolution of
the changes in the SHF and its atmosphere-forced and
oceandriven components (Fig. 11). The ocean-driven
component is derived as the difference between the fully
coupled and partially coupled simulations. During the initial
two decades, the ocean-driven SHF anomaly remains quite

weak, and the positive SHF anomaly in the subpolar North
Atlantic is mainly controlled by its atmosphere-forced
component (compare Fig. 11a and b). Simultaneously, the
weakening of the AMOC during this period is
predominantly driven by its atmosphere-forced component.
Subsequently, the weakening of the AMOC leads to a
negative SST anomaly in the subpolar North Atlantic
through reduced northward OHT. This SST cooling,
resulting from changes in ocean circulation, triggers a
significant positive ocean-driven SHF anomaly over the
same region (Fig. 11c). This effectively amplifies the excess
heat absorbed by the ocean in the subpolar North Atlantic
(Fig. 1la). The positive SHF anomaly induced by the
AMOC weakening has also been shown in previous studies
(Winton et al. 2013; Garuba and Klinger 2016; Gregory et
al. 2016). The positive ocean-driven SHF anomaly plays an
additional role in further weakening the AMOC. In other
words, the weakening of the AMOC and the positive SHF
anomaly in the subpolar North Atlantic reinforce each other,
perpetuating the AMOC weakening.

In summary, the weakening of the AMOC during the
initial two decades is forced by the atmosphere-driven SHF



anomaly, which represents the initial response.
Subsequently, the SST cooling induced by the AMOC
weakening provides feedback to the atmosphere-ocean
interaction, resulting in a significant positive ocean-driven
SHF anomaly over the subpolar North Atlantic. This
positive ocean-driven SHF anomaly can further weaken the
AMOC. This process reveals a positive feedback
mechanism in the response of the AMOC in an atmosphere-
ocean coupled system. The positive feedback acts to amplify
the slowdown of the AMOC through adjusting the SHF
anomaly in the subpolar North Atlantic. Quantitatively, this
positive feedback through the SHF makes a substantial
contribution, about 50%, to the overall weakening of the
AMOC in response to quadrupled CO,. This result
underscores the key role of atmosphereocean coupling in
determining how the AMOC responds to global warming.

5 Conclusion

This study investigates the mechanisms behind the
formation of a projected North Atlantic WH under
greenhouse gas forcing in the CESM model. Specifically,
we aim to accurately verify the respective contributions of
oceanic and atmospheric processes to the formation of the
WH in response to quadrupled CO; in an atmosphere-ocean
coupled system. With the help of a set of purposefully
designed experiments in Garuba et al. (2018), we
decompose the anomalous SST into two components: purely
atmosphereforced (i.e., influenced by atmospheric
processes) and ocean-driven (i.e., driven by changes in
ocean circulation). Furthermore, we explore the impact of a
positive coupled feedback through the SHF on the AMOC

Fig. 11 Zonally averaged SHF a) Total
angomalies (W m’zl) in.thveg 70°N ! ! ) ( ) J
onespomeand s () ERITL LT
atmosphereforced and (¢) ocean- 60°N - ‘ | | |
driven components l ' ! BB AL
50°N i
40°N ' ' ' ' ' ' '
70°N | (b) Atrrllosphgre-fmjced | |
60°N 1
50°N 1
N——
70°N | | (c) cha nl-d rivep |
( @ | 100
60°N | | Al § 1
| MR IR Y
Hu i ﬁz?,}.i,'.‘ 0
50°N 1
-100
40°N ' ' ‘ ‘ ' ' ‘
20 40 60 80 100 120 140

Time (yrs)
response under greenhouse gas forcing within this self-
consistent framework. The main conclusions of this study
are as follows:



Firstly, the crucial role of the AMOC slowdown in the
projected WH under greenhouse gas forcing is confirmed by
the results of the purposefully designed experiments. In
response to quadrupled CO,, the change of SST in the
subpolar North Atlantic is consistently weaker than that in
the NH, a phenomenon known as the North Atlantic WH.
Through isolating the active ocean dynamical response, we
find that the temporal evolution of the WH is predominantly
ocean-driven, and the contribution of atmospheric processes
is negligible. This is consistent with previous studies, which
found that oceanic processes dominate the projected WH
(Woollings et al. 2012; Rugenstein et al. 2013; Winton et al.
2013; Marshall et al. 2015; Gervais et al. 2018; Menary and
Wood 2018; Chemke et al. 2020; Keil et al. 2020; Liu et al.
2020; Ren and Liu 2021). To be specific, since the AMOC
is responsible for transporting warm water from the
equatorial regions to the subpolar North Atlantic, when the
AMOC weakens, there is a reduced transport of warm water
to the subpolar region, resulting in a cooling of SST there.
The spatial pattern and the vertical structure of the ocean
temperature response in the WH region also confirm that the
WH is not driven by a surface forcing but by the AMOC
weakening. In addition, the cooling of SST in the subpolar
North Atlantic corresponds to a strong positive SHF
anomaly there, indicating that the effect of the SHF works
to compensate for the SST cooling. The positive SHF
anomaly in the subpolar North Atlantic is dominated by the
oceandriven component, which is mainly driven by the
positive latent heat flux anomaly there.

Another major finding of this study is that there is a
positive feedback through the SHF in the response of the
AMOC under greenhouse gas forcing in the coupled
atmosphereocean system. In particular, atmospheric forcing
initially leads to a weakening of the AMOC, which in turn
leads to a negative SST anomaly in the subpolar North
Atlantic through a reduced northward OHT. This ocean-
driven SST cooling results in a significant positive SHF
anomaly in the subpolar North Atlantic, which further
contributes to the ongoing weakening of the AMOC. This
positive feedback through the SHF has also been shown in
previous studies (Garuba and Klinger 2016; Gregory et al.
2016; Tood et al. 2020). However, this study goes a step
further and quantifies the role of the positive feedback in the
AMOC response through numerically isolating the ocean-
dynamics induced SHF in a more realistic framework. We
find that the positive feedback through the SHF acts to
double the weakening of the AMOC from ~ 9 Sv in the
partially coupled simulation to ~ 18 Sv in the fully coupled
simulation. Thus, this positive feedback mechanism through
the SHF has important implications for our understanding of
the AMOC response, as well as the model uncertainty in the
AMOC weakening under greenhouse gas forcing.

It is important to acknowledge several limitations of this
study. Firstly, we rely on a single model for our analysis. The
relative roles of oceanic and atmospheric processes in the

formation of the WH, as well as the influence of the positive
coupled feedback on the AMOC response, may vary
between different climate models. Further investigations
with diverse models are needed to determine the robustness
of our results. Moreover, the CESM model, although
valuable, may not fully capture all processes of the real
ocean-atmosphere-sea ice system. For example, the current
version of CESM lacks an active Greenland ice sheet
component, which could have a significant impact on both
the timing and strength of WH formation (Gervais et al.
2018). Ongoing efforts to improve the model physics will be
necessary to increase our confidence in the simulation
results.
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