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ABSTRACT
TheNorth Atlantic Ocean hosts the largest volume of global subtropical mode waters (STMWs) in the
world, which serve as heat, carbon and oxygen silos in the ocean interior. STMWs are formed in the Gulf
Stream region where thermal fronts are pervasive and result in feedback with the atmosphere. However,
their roles in STMW formation have been overlooked. Using eddy-resolving global climate simulations, we
find that suppressing local frontal-scale ocean-to-atmosphere (FOA) feedback leads to STMW formation
being reduced almost by half. This is because FOA feedback enlarges STMWoutcropping, attributable to
the mixed layer deepening associated with cumulative excessive latent heat loss due to higher wind speeds
and greater air-sea humidity contrast driven by the Gulf Stream fronts. Such enhanced heat loss
overshadows the stronger restratification induced by vertical eddies and turbulent heat transport, making
STMW colder and heavier. With more realistic representation of FOA feedback, the eddy-present/rich
coupled global climate models reproduce the observed STMWsmuch better than the eddy-free ones. Such
improvement in STMWproduction cannot be achieved, even with the oceanic resolution solely refined but
without coupling to the overlying atmosphere in oceanic general circulation models. Our findings highlight
the need to resolve FOA feedback to ameliorate the common severe underestimation of STMW and
associated heat and carbon uptakes in earth systemmodels.

Keywords:North Atlantic subtropical mode water, Gulf Stream thermal fronts, frontal-scale
ocean-to-atmosphere feedback, eddy-resolving coupled global climate model

INTRODUCTION
Subtropical mode waters (STMWs) are upper-
ocean voluminous water masses characterized by
vertically homogeneous temperature and salinity,
and originate from the wintertime deep mixed layer
on the warm flank of the western boundary cur-
rent systems [1]. In the global ocean, the North
Atlantic Ocean contains the thickest and volumet-
rically largest STMW, also known as the Eighteen
Degree Water, hosting ∼43% of the total volume
of global accumulation [2]. Capped by the surface
stratification in spring, the mode water, with prop-
erties preserved, subducts into the main pycnocline
and distributes widely in the western subtropical
gyre [3]. The formation and ventilation of a large
volume of STMW have far-reaching ramifications

for climate and marine ecosystems. These include:
storing and transporting heat [4,5]; injecting or-
ganic carbon and oxygen into the deep mesopelagic
zone [6,7]; and acting as a complex nutrient supplier
in the oligotrophic area [8,9]. Additionally, STMW
constitutes an important sink for anthropogenic car-
bon dioxide into the ocean interior, acting as a buffer
for climate change [10–12].

Given the importance of STMW with regard to
memorizing climate variations and regulating ocean
biogeochemical cycles, the physics governing its for-
mation and destruction has received much atten-
tion. Traditionally, it has been considered that the
bowl shape of STMW south of the Gulf Stream is
constructed by wintertime intense convective mix-
ing and eroded by diapycnal mixing [13–16]. The
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basin-scale atmospheric forcing linked to the North
Atlantic Oscillation is typically regarded as control-
ling the renewal strength and carbon dioxide uptake
capability of the mode water [11,17,18]. Due to the
limitations resulting from sparse sampling of obser-
vations and coarse resolution of climate models, less
knowledge has been acquired about the role of the
Gulf Stream fronts andeddies inSTMWproduction.

High-resolution ocean models provide some in-
sight into the Ekman-driven convection induced
by winds blowing in the downstream direction of
oceanic thermal fronts [19,20], the mixed layer re-
stratification by lateral heat fluxes and submesoscale
processes [21,22] during the course of STMW for-
mation, and the contribution of mesoscale eddies
to subduction [23]. On the other hand, satellite
observations andhigh-resolution ocean-atmosphere
coupled model simulations indicate large amounts
of heat release from sharp sea surface temperature
(SST) fronts [24], leaving imprints on surface wind,
storm track and vertical motion in the free atmo-
sphere [25–27]. How ocean-to-atmosphere feed-
back at the scale of the Gulf Stream thermal fronts
influences STMW production remains unknown.
Here, we investigate this question using a state-
of-the-art eddy-resolving coupled global climate
model (CGCM), as coarse-resolutionCGCMshave
a poorly resolved Gulf Stream, severely underesti-
mating the STMW formation rate [28].

RESULTS
Increased STMW production due to FOA
feedback
To quantify the contribution of frontal-scale ocean-
to-atmosphere (FOA) feedback to STMW produc-
tion, a set of twineddy-resolvingglobal climate simu-
lations were conducted using the Community Earth
System Model (CESM [29]; see Model configura-
tion and experimental design in Methods, Supple-
mentary Data). One is a high-resolution fully cou-
pled simulation [30] (referred to as CTRL), while
the other is an identical simulation except that a spa-
tial low-pass filter is applied to SST before being
passed to the atmospheric component at each cou-
pling time step (referred to as FILT). Snapshots of
SST illustrate that the frontal-scale SST is mostly re-
moved along the Gulf Stream region, with the half-
power wavelength of SST removed by the low-pass
boxcar filter being∼900 km, but with the daily max-
imum absolute SST gradient nearly unchanged be-
tween the twin simulations (Fig. S1 in Supplemen-
tary Data).Thus, the feedback of SST perturbations,
associated with the Gulf Stream fronts, to the over-
lying atmosphere is effectively suppressed in FILT

without front magnitude heavily reduced.The influ-
ence of FOA feedback on STMWproduction can be
assessed by comparing CTRL to FILT.

The reliability of the CESM simulations in cap-
turing STMW, characterized by its low potential
vorticity (PV) within the pycnocline, was first veri-
fied by comparing vertical profile of PV with three
observation-based data sets (Fig. S2; see Obser-
vational and reanalysis products in Methods, Sup-
plementary Data). Accordingly, STMW is defined
by both PV and potential density constraints us-
ing the same criteria for both the observations and
CESM simulations (see STMW definition in Meth-
ods, Supplementary Data). With full FOA feedback,
STMW in CTRL is spread out widely throughout
the northwestern part of the subtropical gyre, and its
thickness—averaged in the distribution area (20◦–
50◦N, 80◦–35◦W)—reaches 210.5m(Fig. 1a), con-
sistent with the estimate based on historical ship-
based hydrographic data [2]. In sharp contrast,
when FOA feedback is suppressed, STMW in FILT
is much thinner, with the distribution-area-averaged
thickness reaching 141.3 m (Fig. 1b). By integrat-
ing STMW thickness, the total volume unexpect-
edly decreases by∼47% in the absence of FOA feed-
back, i.e. 17.2 Svy in CTRL versus 9.1 Svy in FILT.
Further investigation into the volume distribution
reveals that STMW with full FOA feedback is pro-
duced on denser isopycnals than STMW without
full FOA feedback, with the 10-year-mean core layer
density reaching 26.36 kg m−3 in FILT and increas-
ing to 26.47 kg m−3 in CTRL (Fig. 1c). The in-
crease in STMW density is largely accounted for
by the upper-ocean cooling, because the core layer
temperature is colder by 0.46◦C in CTRL than in
FILT, while the core layer salinity difference is<0.1
psu between the two simulations. Thus, the pres-
ence of FOA feedback leads to a substantial increase
in STMW production within denser density classes,
which is comparable to the Argo-based estimates of
the STMWvolume (14.6 Svy) and core layer density
(26.51 kg m−3).

The cooling STMW core layer implies a change
in the upper-ocean heat content in the presence
of FOA feedback. To shed light on the role of
surface forcing and internal oceanic processes, we
performed the upper-ocean heat content budget
analysis based on the twin CESM simulations (see
Heat content budget in the upper ocean in Meth-
ods, Supplementary Data). The result shows that
the presence of FOA feedback leads to a signifi-
cant decrease in heat content tendency in the up-
per ocean, with the difference in the upper 200
m layer reaching –25.8 W m−2 between CTRL
and FILT (Fig. 2). Specifically, the colder tendency
with full FOA feedback compared to without full
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Figure 1. STMW change due to FOA feedback in eddy-resolving global climate sim-
ulations. The annual-mean STMW thickness in (a) CTRL and (b) FILT. Box denotes the
STMW distribution area (20◦–50◦N, 80◦–35◦W). (c) The time-mean volume distribu-
tion of STMW for each potential density class (kg m−3) based on the CTRL, FILT and
IPRC Argo product during 2005–2019. The total volume presented in Svy for the entire
density range within each data set is shown on top, where 1 Svy ≈ 3.15 × 1013 m3

equivalent to 1 Sv (106 m3 s−1) of volume flux for 1 year.

FOA feedback is dominated by the surface heat loss
(Qnet, –59.0 Wm−2), which is partly replenished by
vertical eddy heat transport and turbulent vertical
mixing (Qeddyv +Qturb, 27.2Wm−2).Theheat trans-
port convergence by the mean flows (Qmf) and the
lateral eddy heat flux (Qeddyh) are found to have
negligible contributions.The increased vertical eddy
and turbulent heat transport is a likely consequence
of the ageostrophic secondary circulation associ-
ated with turbulent thermal wind balance due to the
strong surface cooling in the presence of FOA feed-
back [31]. Thus, the enhanced surface net heat flux
with full FOA feedbackmakes a crucial contribution

to decreasing the upper-ocean heat content, result-
ing in the corresponding colder STMW.

Enhanced STMW formation traced to
surface latent heat loss
To probe into the mechanism of increased STMW
production due to FOA feedback, we carried out
an annually integrated volume budget based on
the Walin framework [32] (see Walin formalism in
Methods, Supplementary Data). It is evident that
the presence of FOA feedback causes an increase
(1.1 ± 0.2 Svy) in the annual STMW volume stor-
age, with the average net volume change by year
end reaching 2.5 ± 0.5 Svy in CTRL and decreas-
ing to 1.4± 0.6 Svy in FILT (Fig. 3a). This increase
is statistically significant above the 95% confidence
level, according to a bootstrap method (see Boot-
strap test in Methods, Supplementary Data). The
source of this volume storage difference comes from
a significant increase (1.8 ± 0.3 Svy) in the accu-
mulated water mass formation due to air-sea buoy-
ancy flux (6.3± 0.5 and 4.5± 0.3 Svy in CTRL and
FILT, respectively). This externally forced STMW
volume production due to air-sea buoyancy flux is
partly compensated by the combined effect of both
diapycnal mixing and lateral volume transport in
the ocean interior. Such volume destruction is mod-
estly higher in CTRL (3.7 ± 0.4 Svy) than in FILT
(3.0± 0.6 Svy), indicating a potential enhancement
of both ocean mixing and advection in the presence
of FOA feedback. This is consistent with larger Qmf
andQeddyv +Qturb inCTRL than in FILT (cf. Fig. 2).
The greater (8.1 Svy) STMW volume in CTRL
than in FILT with respect to the estimated increase
rate of annual volume storage (∼1.1 Svy) implies a
time span of 7–8 years. It supports the theory that
the near-decade-long period of CESM simulation is
sufficient for the prominent accumulation of STMW
production with full FOA feedback. Thus, it is clear
that the increased STMWproduction in response to
FOA feedback can be explained by the correspond-
ing change in water mass formation due to air-sea
buoyancy flux. We therefore further probe into the
differences between the STMWformation rate (FR)
with andwithout FOA feedback (see Formation rate
estimates in Methods, Supplementary Data).

The daily time series of the STMWFR by air-sea
buoyancy flux in CTRL exhibits remarkable high-
frequency fluctuations, whose amplitude (the daily
standard deviation of 19.6 Sv) is almost double that
in FILT (10.5 Sv), indicating the much more in-
tense air-sea buoyancy exchange on rather short
time scales during STMWformation in the presence
of FOA feedback (Fig. 3b). Such high-frequency
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Figure 2. STMW-related heat content change due to FOA feedback. Heat content bud-
get in the upper ocean with TD representing the heat content tendency, Qnet repre-
senting the surface net heat flux (positive being downward), Qmf representing the heat
transport convergence by the mean flows, Qeddyh representing the horizontal eddy heat
transport convergence, and Qeddyv and Qturb representing the vertical heat transport by
eddies and turbulent mixing, respectively. The solid and dashed lines correspond to
the budget in CTRL and FILT, respectively. The sub-table shows each budget term inte-
grated in the upper 200 m in CTRL and FILT, with the symbol � representing the CTRL
minus FILT difference.

fluctuations of the STMW FR exhibit positive val-
ues during the outcropping season (ONDJFM)with
peaks in March due to extensive ocean buoyancy
loss, thereby transforming plenty of lighter water
masses into STMW. The suppression of FOA feed-
back leads to approximately only half of lighter wa-
ter masses being transformed during the outcrop-
ping season, with the wintertime-mean FR in the
STMWdensity range reaching 24.5 Sv inCTRL and
decreasing to 13.0 Sv in FILT (Fig. 3c). This per-
centage change in thewintertimeFRbyair-seabuoy-
ancy flux matches the total STMW volume differ-
ence with and without FOA feedback.

A natural question then arises as to what the rel-
ative importance of different components of air-sea
buoyancy flux is to the increased FR in the pres-
ence of FOA feedback. Those components include
surface net heat flux, net freshwater flux and Ekman
flux driven by wind-induced cross-front advection
of density. Clearly, the wintertime-mean STMW
formation map by the air-sea buoyancy flux is at-
tributable to that by surface net heat flux, with both
being confined to the recirculation gyre region south
of theGulf Stream (Fig. S3a and b in Supplementary
Data). The contributions from the freshwater flux
and Ekman flux are much less important (Fig. S3c
and d in Supplementary Data). Quantitatively, the
buoyancy-flux-induced FR response to FOA feed-
back is almost completely accounted for by its sur-
face net heat flux component (Fig. 3d). In particular,
nearly 90% of the increased FR induced by net heat

flux is accounted for by the latent heat flux (LHF).
Thus, it is the enhanced FR by the wintertime net
heat flux, largely by LHF, that leads to the increased
STMW volume in the presence of full FOA feed-
back.

Mechanism for the LHF-induced increase
in STMW formation
Wedecomposed theLHF-inducedFRdifferencebe-
tween CTRL and FILT into the direct contribu-
tion from LHF difference and the indirect contri-
bution from STMW outcrop area difference (see
Formation rate by latent heat flux in Methods, Sup-
plementaryData). Comparing thewintertime-mean
STMW formation difference by these two contribu-
tors (Fig. 4a and b), it is found that a considerable
increase in surface outcrop areawithin the formation
region dominates the enhanced STMW production
in the presence of FOA feedback. In particular, such
an outcropping-induced STMW formation differ-
ence is primarily driven by the corresponding trans-
formation rate difference across the lighter boundary
of STMW, which is further supported by the higher
outcrop frequency andenlarged surfaceoutcroparea
mainly occurring on the lighter instead of denser
boundary of STMW (Fig. S4 in Supplementary
Data). The indirect contribution from the increased
outcropping (9.98 Sv) almost totally explains the en-
hanced wintertime STMWFRby LHF, which raises
the question as towhy the surface outcrop area is en-
larged under the context of FOA feedback.

The outcropping of STMWoccurs when the cor-
responding isopycnals intersect the sea surface and
the enlargement in outcropping is reminiscent of the
mixed layer deepening. Further investigation into
the time evolution of the upper-ocean structure in
the STMW key region (32◦–41◦N, 65◦–55◦W) re-
veals that surface outcrops in late winter (February–
March) and the injection of low PV of STMW into
the ocean interior are closely associated with the
seasonal deepening of the mixed layer (Fig. S5 in
Supplementary Data). As expected, the late-winter
mixed layer depth (MLD) in CTRL is significantly
deeper (up to 200 m) than that in FILT along the
warm flank of the Gulf Stream (Fig. 4c), which
coincides with the increased outcropping-induced
STMW formation rate in the presence of FOA feed-
back (Fig. 4b), with the spatial correlation coef-
ficient reaching 0.76. Furthermore, regarding the
daily fluctuations, the response of the surface out-
crop area to FOA feedback is significantly positively
correlatedwith theMLDresponse in theSTMWfor-
mation region (r= 0.65, p< 0.001; Fig. 4d).This re-
lationship suggests the critical role of deeper mixed
layers in more surface outcrops, resulting in higher
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Figure 3. The net annual storage of STMW volume and the STMW formation rate by air-sea fluxes. (a) Annually integrated
volume budget for STMW in CTRL, FILT and CTRL minus FILT averaged over the period from October of year 46 to September
of year 55, with the terms sequentially representing the annual volume storage, the accumulated water mass formation due
to air-sea buoyancy flux, and the accumulated volume consumed by ocean interior diapycnal mixing and volume transport.
The error bars denote ±1 standard deviation of the 10 000 inter-realizations based on a bootstrap method. (b) Daily time
series of STMW formation rate derived from CTRL and FILT within the respective core layer density ranges as shaded in (c),
along with the corresponding daily standard deviation. Vertical dashed lines denote the first day of October-to-March.
(c) The wintertime (ONDJFM) mean water mass formation rate for each surface potential density class in CTRL and FILT
in the STMW formation region. A positive formation rate corresponds to ocean buoyancy loss, i.e. conversion of lighter wa-
ter into denser water across a given isopycnal. The yellow and blue shaded areas highlight the STMW density range for CTRL
and FILT, respectively. (d) Wintertime-mean STMW formation rates in CTRL minus FILT computed from buoyancy flux (BF), net
heat flux (NHF), freshwater flux (FWF), Ekman flux (EF), latent heat flux (LHF), sensible heat flux (SHF) and radiative heat flux
(RHF). See Methods for further information.

STMWFRwith full FOA feedback than without full
FOA feedback.

Given that the higher STMW FR with full FOA
feedback lying in an enlarged outcrop is attributable
to the deeper mixed layer, a question then arises as
to how FOA feedback deepens the mixed layer. Pre-
vious studies proposed that the late-winter deepen-
ing of the mixed layer on short time scales is primar-
ily controlled by cumulative latent heat release from
the ocean [33]. In the STMW formation region, the
daily MLD difference between CTRL and FILT is
significantly negatively correlated with the cumula-
tive upward LHF difference (r = –0.77, p < 0.001;
Fig. 4e), such that an ∼1 kW m−2 increase in the
accumulated latent heat release within two months
precedes the occurrence of∼23mMLD increase in
late winter. Hence, the deeper mixed layer in CTRL
than FILT is attributable to the cumulative exces-
sive ocean latent heat release driven by FOA feed-
back. Further decomposition (see LHF reconstruc-

tion in Methods, Supplementary Data) shows that
the dailyMLDdifference is related to the cumulative
LHF difference caused by changes in both surface
wind speed and air-sea humidity contrast, given the
comparable negative correlation (Fig. 4f). Specifi-
cally, the surfacewind speedand the air-seahumidity
contrast difference reflect the imprint of frontal-scale
SST, with much higher wind speeds and sharper
air-sea humidity contrast leading to larger cumula-
tive upward LHF confined to the Gulf Stream front
in the context of locally active FOA feedback (Fig.
S6 in Supplementary Data). The frontal warmer
SST drives sharper air-sea humidity contrast via in-
creased air-sea temperature differences and drives
higher wind speeds via the hydrostatic pressure ad-
justment [25,34] or vertical mixing effect [35,36].

Overall, the considerable transformation of
lighter water masses into STMW in the presence
of FOA feedback results from a vast increase in its
outcrop area accompanied by the deeper mixed
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Figure 4. Mechanism for the increased STMW formation rate in the presence of FOA feedback. The wintertime (ONDJFM)
mean STMW formation map in CTRL minus FILT difference by (a) LHF difference and by (b) outcropping difference. (c) The
late-winter (February–March) mean MLD in CTRL minus FILT difference. (d) Scatter diagram of daily STMW outcrop area
difference versus MLD difference induced by FOA feedback in the STMW formation region in February–March from year 46
to year 55. The line denotes a linear fit to these points, of which the slope is shown in the corner of each panel, followed by
the correlation coefficient r and the corresponding significance p value (in parentheses). (e) Same as in (f) but for the daily
MLD difference and the cumulative LHF difference accumulated in the 60 days preceding the occurrence of MLD difference.
(f) Same as in (e) but for the dailyMLD difference and the cumulative LHF difference induced by surface-wind-speed difference
and air-sea humidity contrast difference, respectively.

layer along the warm flank of the Gulf Stream. The
latter is caused by the cumulative excessive ocean
latent heat release primarily due to higher surface
wind speed and sharper air-sea humidity contrast
over the frontal-scale warmer SST.

Implications for STMW simulation in
CGCMs
STMWs in most CGCMs participating in the
Coupled Model Intercomparison Project (CMIP)
at standard horizontal resolutions (∼250 km
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Figure 5. Dependence of STMW representation on model resolution and FOA feedback intensity. (a) Multimodel mean STMW thickness in the CGCMs
classified into oceanic eddy-free (≥50 km), eddy-present (∼25 km) and eddy-rich (∼10 km) resolution regimes during 1981–2010, as well as the
STMW thickness from the observationally based data sets computed as the averaged thickness based on IPRC Argo (2005–2019), EN4 (1981–2010)
and IAP (1981–2010) products. (b) Total volume of STMW in six CGCMs and three OGCMs at different resolutions as well as three observationally
based data sets. (c) Taylor diagram for the STMW thickness pattern. Point marked ‘Reference’ refers to the observational pattern in (a). (d) Inter-model
relationship between the STMW volume and the wintertime-mean FOA feedback intensity. The linear regression is displayed together with the inter-
model correlation coefficient r and significance p value assessed by Student’s t test. Dots, triangles and stars signify the eddy-free, eddy-present and
eddy-rich configurations of CGCMs, respectively.
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atmosphere and 100 km ocean) are biased towards
lower production [28,37]. These coarse resolution
regimes, however, are not representative of the
vigorous oceanic fronts and eddies as well as their
interactions with the atmosphere. Therefore, such a
deficiency probably accounts, in part, for the STMW
representation biases with insufficient resolution.
A piece of evidence to support this assertion can
be obtained from the historical simulations of six
state-of-the-art CGCMs at different resolutions
participating in the High-Resolution Model Inter-
comparison Project (HighResMIP) of the sixth
phase of CMIP (CMIP6) (see STMW simulated
by models at different resolutions in Methods,
Supplementary Data). According to the oceanic res-
olution of these CGCMs, historical simulations are
classified into three regimes: eddy-free (≥50 km),
eddy-present (∼25 km) and eddy-rich (∼10 km). It
is clear that the ensemble mean STMW thickness in
the eddy-rich simulations agrees significantly better
with the observations than those in the eddy-free
and eddy-present simulations (Fig. 5a).This result is
robust for comparisons among different resolution
configurations of each model family (Fig. S7 in
Supplementary Data). In particular, the biases of
spatial distribution and variation of STMW thick-
ness at coarse resolutions are evidently reduced as
the oceanic resolution becomes finer (Fig. 5c).

Critically, the total volumes of STMWs in the
eddy-free configurations of six CGCMs are 2.3–
6.6 Svy, on average, only one fifth of the obser-
vational mean (16.3 Svy) (Fig. 5b). The total vol-
umes greatly increase by 48%–153% in the eddy-
present configurations compared to their eddy-free
counterparts, and sharply increase by 306% and
673% in the eddy-rich HadGEM3-GC31-HH and
CESM1-CAM5-SE-HR, approaching the observa-
tional estimates. In contrast, such improvement of
STMW production with an increase in oceanic res-
olution alone substantially degrades to under a third
(19%–30%) based on three oceanic general circula-
tion models (OGCMs) participating in the Ocean
Model Intercomparison Project phase 2 (OMIP-
2). This sharp contrast indicates the key role of the
Gulf Stream thermal fronts’ feedback to the overly-
ing atmosphere in controlling STMW production.
Indeed, the wintertime-mean FOA feedback inten-
sity in the two eddy-rich CGCMs is also close to
the observation (Fig. 5d; see FOA feedback inten-
sity inMethods, SupplementaryData).More impor-
tantly, models with higher resolutions tend to gener-
ate more realistic and stronger FOA feedback (Fig.
S8 in Supplementary Data), which is accompanied
by the larger STMWvolume.The inter-model corre-
lation is statistically significant (r=–0.71,p<0.02),
indicating that modeling more realistic FOA feed-

back is crucial to alleviating the common bias of a
too-small STMW volume in CGCMs at standard
CMIP resolutions, and lending further support to
our CESM experimental findings.

CONCLUSION AND DISCUSSION
Collectively, our study demonstrates that the feed-
back of sharp surface thermal fronts, shaped by the
Gulf Stream, to the overlying atmosphere (i.e. the
local FOA feedback) is essential for STMW forma-
tion as it transforms plenty of lighter water masses
into STMW through the cumulative extensive
latent heat loss and the resultant increased surface
outcropping. The enhanced surface heat release
into the atmosphere is mainly caused by higher
surface wind speed and sharper air-sea humidity
contrast driven by the Gulf Stream fronts, and leads
to the STMW-related upper-ocean cooling, which
is partly compensated by the increased vertical
eddy and turbulent heat transport. According to the
annually integrated volume budget, the dispersion
of STMW is also slightly increased in the presence
of FOA feedback, maybe due to the increased lateral
transportation by the strengthened Gulf Stream
extension current [38]. The mesoscale eddy activity
is also relatively weaker with full FOA feedback than
without full FOA feedback, because of the enhanced
damping of eddy potential energy [38]. This may
lead to weaker PV erosion [39] and in turn helps
sustain STMW formation.

Recent studies have pointed out changes in large-
scale atmospheric circulation under different SST
resolutions [40,41], which could further modulate
the oceanic fronts associated with strong western
boundary currents according to classic wind-driven
circulation theory. In fact, the Gulf Stream position
does not exhibit significant change in the twin simu-
lations, and the intensity of the large-scale westerly
jet is weakened in CTRL compared to FILT (Fig.
S9 in Supplementary Data). The latter is likely at-
tributed to the Rossby wave trains emanating from
theNorth Pacific. Such reducedwesterly wind, how-
ever, does not favor STMW formation. Therefore,
the increased STMWproduction in CTRL is unam-
biguously caused by local FOA feedback rather than
large-scale atmospheric circulation.

We also demonstrate that the eddy-present and
eddy-rich CGCMs reproduce more realistic spatial
distributions and total volumes of STMWs com-
pared to their low-resolution eddy-free counterparts
and OGCMs, due to stronger FOA feedback inten-
sitywithin theSTMWformation regionas themodel
resolution becomes finer. Resolving FOA feedback,
therefore, is of paramount importance in reducing
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the severe underestimation of STMW inmost mod-
els participating in CMIPs, and would improve rep-
resentation of STMW’s climatic and biogeochemi-
cal impacts.This could be achieved by a coordinated
increase in oceanic and atmospheric resolutions or
by parameterization of SST front-driven winds in
coarse-resolution models [42,43]. The dependence
of STMW representation on model resolution also
calls for careful evaluation of the projected changes
inSTMW’s capability for heat storage and carbon se-
questration in a warming climate.

METHODS
Detailed descriptions ofmethods are available in the
Supplementary Data.

DATA AVAILABILITY
Data used in this study can be downloaded from
IPRC Argo (http://apdrc.soest.hawaii.edu/las/v6/
dataset?catitem=208), EN4 v4.2.1 (https://www.
metoffice.gov.uk/hadobs/en4/download-en4-2-1.
html), IAP (http://159.226.119.60/cheng/), ERA5
(https://cds.climate.copernicus.eu/#!/search?text=
ERA5&type=dataset), CMIP6 HighResMIP and
OMIP-2 (https://esgf-node.llnl.gov/search/
cmip6/). CESM developed by the National Center
for Atmospheric Research is freely available as
open-source code (https://www.cesm.ucar.edu/
models/cesm1.2/).TheMatlab is used for plotting.

SUPPLEMENTARY DATA
Supplementary data are available atNSR online.
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