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Human-induced changes in the global meridional
overturning circulation are emerging from the
Southern Ocean
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In a warming climate, the Global Meridional Overturning Circulation (GMOC) is expected to
change significantly with a risk of disrupting the global redistribution of ocean properties that
sustains marine ecosystems, carbon cycle, and others. Here we make a novel attempt to
utilize a diagnostic ocean & sea-ice model to estimate the GMOC and its interdecadal
changes since the mid-1950s that are consistent with historical hydrographic observations.
We find that significant changes in the GMOC have already occurred, most notably in the
upper and lower overturning cells in the Southern Ocean. The former has expanded poleward
and into denser water and strengthened by 3-4 Sv since the mid-1970s, while the latter has
contracted and weakened by a similar rate during the same period. These changes are driven
by the increasing Southern Hemisphere (SH) Ferrel cell and associated increases in the
westerlies and the surface buoyancy loss over its sinking branch, and the increasing Antarctic
meltwater discharge, in response to ozone depletion in the SH stratosphere and increasing
atmospheric CO,. A large-scale readjustment of the GMOC seems to be underway in the
South Atlantic and Indo-Pacific Oceans since the mid-2000s in response to the Southern
Ocean changes.
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increasing anthropogenic greenhouse gases in the atmo-

sphere, near-surface stratification is increasing almost
everywhere, including the major deep water formation regions in
the high-latitude North Atlantic and around Antarctical.
Enhanced near-surface stratification inhibits the sinking of sur-
face waters and thus may lead to a slowdown of the Global
Meridional Overturning Circulation (GMOGC, also referred to as
the global thermohaline circulation? or the global conveyor belt?
in the literature). A large-scale slowdown of the GMOC may, in
turn, inhibit the redistribution of heat, salt, nutrients, and carbon
between hemispheres and across ocean basins, and thus has
important implications for marine ecosystems, carbon cycle, sea-
level, climate, and extreme weather#-10,

Numerous studies based on hydrographic observations have
suggested that significant changes in the GMOC have already
occurred during recent decades!!-24, For example, the southward
return flow of lower North Atlantic Deep Water (LNADW), the
densest water mass in the high-latitude North Atlantic, decreased
by about 30% during 2008-2016 compared to its value during
2004-200722. Repeated hydrographic sections across the South-
ern Ocean showed that a significant contraction of the Antarctic
Bottom Water (AABW) volume occurred between the 1980s and
2000s!> with a freshening and warming of AABW observed
throughout the Southern Ocean!!-1416-21.24  Hence, these and
other direct observations collectively indicate a potential global
reduction of deep and abyssal water formation, and thus a
slowdown of the GMOC in recent decades.

These results are also consistent with projected changes in
externally forced climate model simulations for the twenty-first
century2>-31, Despite some inter-model differences, externally
forced climate models project a robust weakening of the Atlantic
Meridional Overturning Circulation (AMOC), the Atlantic
component of the GMOC, due to a surface warming and fresh-
ening of the Labrador, Irminger, and Greenland-Iceland-
Norwegian Seas?6-27-31, The climate models also project weak-
ening AABW formation and its northward outflow and thus a
slowdown of the lower overturning cell in the Southern
Ocean?>28-30. On the other hand, the same models project a
strengthening of the upper overturning cell in the Southern
Ocean due to a strengthening of the Southern Hemisphere (SH)
westerlies and associated surface buoyancy flux changes?>28-30,
driven by both ozone depletion in the SH stratosphere and
increasing CO, in the atmosphere32-3¢. Although there are no
direct observations supporting the strengthening upper over-
turning cell in the Southern Ocean, water mass age differences
between the early 1990s and the late 2000s from measurements of
chlorofluorocarbon-12 suggest a strengthening of the upper
overturning cell?’. Additionally, the majority of ocean & sea-ice
models that have a proper representation of mesoscale edd
effects in the Southern Ocean (i.e., eddy compensation38-41) show
a strengthening of the upper overturning cell since the 1970s
when they are forced with historical surface flux fields, consistent
with a strengthening of the SH westerlies and the associated
surface buoyancy flux changes that occurred during the same
period#2.

Thus, there is an overall agreement between observational
studies and externally forced climate model projections that
suggests a global reduction of deep and abyssal water formation
and associated changes in the GMOC are already underway in
response to increasing greenhouse gases and SH stratospheric
ozone depletion. However, the observational records are generally
too short and sparse to determine whether the observed trends
are externally forced or due to natural low-frequency variability*3.
Additionally, the current state-of-the-art climate and ocean
models have difficulties in reproducing the mean state of the

Q s the surface ocean warms and polar ice sheets melt due to

GMOC#244, These limitations underscore the need to reproduce
the GMOC and its changes consistent with long-term averaged
historical global hydrographic observations. Encouraged by suc-
cess in reproducing directly-observed GMOC transport values in
multiple transects as reported in two recent studies*4#°, here we
use a diagnostic ocean & sea-ice model constrained by global
hydrographic observations in an attempt to estimate the GMOC
and its interdecadal changes since the mid-20th century. Speci-
fically, we carried out a series of diagnostic ocean & sea-ice model
simulations with the model temperature and salinity restored
toward long-term averaged global hydrographic observations for
each decade between 1955 and 2017 following the methodology
presented in Lee et al.#%. and other studies?>4° (“Methods”).

Results
The GMOC in density coordinates. Figure 1a, e-g and Fig. 2a,
e-g show the GMOC transport streamfunction (contours) and its
interdecadal changes (color shades) in density coordinates during
2005-2017, 1995-2004, 1985-1994 and 1975-1984 compared to
the reference period of 1955-1974 in the Southern and Indo-
Pacific Oceans, and the Atlantic Ocean, respectively. Figures 1b-d
and 2b-d show the vertical profiles of overturning streamfunction
at selected latitudes in the Southern and Indo-Pacific Oceans
(65°S, 43°S and 30°S) and the Atlantic Ocean (30°S, 26.5°N, and
55°N), respectively. The differences in GMOC transport values
between 2005-2017 and 1955-1975 for various water masses are
also shown at these latitudes. Red colored values are for the
increased transport values, and blue colored are for the decreased
transport values.

The GMOC transport streamfunction (y) in density coordi-
nates can be defined as follows

z(0,) X,
GMOC(t,y,0,) = Yl(t,y,0,) = / / Wty %, y, 0)dxde

M
where t is time, z is depth, y is latitude, x is longitude, o, is
potential density referenced to 2000 m, and v is the meridional
velocity. The integral is carried out from the western end (x,,) to
the eastern end (x.), and from the depth of the surface density
(z(02)) to the depth of the bottom density (z(o)). See
Supplementary Figure 1 for a schematic of the GMOC and the
list of water masses referenced in this study?447:48,

2(03)

The Southern and Indo-Pacific Oceans. As summarized in
Fig. 1, the data-constrained model simulations show a robust
strengthening and poleward-downward (in density space)
expansion of the upper overturning cell in the Southern Ocean
since the mid-1970s. For convenience, Circumpolar Deep Water
(CDW) is divided into Upper (UCDW) and Lower Circumpolar
Deep Water (LCDW) in such a way that UCDW feeds the upper
overturning cell while LCDW eventually feeds the lower over-
turning cell in the Southern Ocean. At the core latitude of the
upper overturning cell (43°S), the poleward transport of UCDW
is increased by 3.5 Sv in 2005-2017 compared to its value in the
reference period of 1955-1974 (a 56% increase from the total
transport of 6.3 Sv, Fig. 1c). Note that the lower boundary of
UCDW at which the transport streamfunction (y) becomes zero
(by definition) is displaced downward into denser water. This is
compensated by an increase in the equatorward transport of
surface and intermediate waters (SFCW and IW by 3.5 8,
0, < 36.70). The formation rate of Antarctic Intermediate Water
(AAIW) and Sub-Antarctic Mode Water (SAMW), inferred from
the overturning streamfunction immediately north of on average
43°S, is increased by up to 3 Sv (Fig. 1c). This is consistent with
the observed decrease in the age of SAMW from the early 1990s

2 COMMUNICATIONS EARTH & ENVIRONMENT | (2023)4:69 | https://doi.org/10.1038/s43247-023-00727-3 | www.nature.com/commsenv


www.nature.com/commsenv

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-023-00727-3

ARTICLE

(a) 2005-2017 (b) 65S (c) 43s (d) 30s
28.0 L L L L 28.0 bt Lo 28.0 el 28.0 bt
29.0 4 - 29.0 F 29.0 F 29.0
30.0 4 F 30.0 F 30.0 4 F 30.0 4
31.0 4 F 31.0 F 31.0 4 F 31.0 4
32.0 4 - 32.0 F 32.0 F 32.0 4
33.0 4 F 33.0 F 33.0 4 F 33.0 4
34.0 4 - 34.0 - 34.0 1 - 34.0 4
35.0 4 - 35.0 - 35.0 3.0 - 35.0 -
| SPCW 1>
~ 36.0 1 - 36.0 - 36.04 o5 - 36.0 -
S .
~ W
2
2 L))
& 37.0 4 - 37.0 - - 3704 _35 - 37.0
8 .
38.0 38.0 4y rt 38.0 ey - 38.0 ey T
-20-10 0 10 -20-10 0 10 -20-10 0 10
Y(Sv) P(Sv) P(Sv)
(e) 1995-2004
280 '} 1 L. — N | 28‘0
29.0 4 29.0 4
30.0 4 30.0 4
31.0 4 31.0 4
32.0 4 32.0 4
33.0 9 33.0 4
34.0 4 34.0 4
. 3504 35.0 4
£ 360 36.0
2>
T 370 37.0 4
O
o
38.0 L] L] L] L] 38.0 L] L] L] L] 38.0 L] L] L] L]
-60 =30 o] 30 60 —80 -30 o] 30 80 -60 =30 o] 30 60
Latitude Latitude Latitude

Fig. 1 The GMOC and its interdecadal changes in the Indo-Pacific and Southern Oceans. The GMOC volume transport streamfunction (contours) in the
Southern Ocean (south of 35°S) and the Indo-Pacific Ocean (north of 35°S) and its changes (shades) during a 2005-2007, e 1995-2004, f 1985-1994,
and g 1975-1984 in reference to the base period of 1955-1974. The GMOC volume transport streamfunction at b 65°S and ¢ 43°S in the Southern Ocean,
and at d 30°S in the Indo-Pacific Ocean during 2005-2007 (black lines) and 1955-1974 (green lines). The vertical axis is potential density in reference to
2000 m (o, units). The differences in GMOC volume transport values between 2005-2017 and 1955-1975 for SFCW, AAIW, IW, UCDW, LCDW, IDW &
PDW and AABW are shown at b 65°S, ¢ 43°S, and d 30°S. Red colored values are for the increased transport values, and blue colored are for the
decreased volume transport values. Black-dotted lines indicate the density ranges of water masses. Volume transports are in Sv units.

to the late 2000s detected through measurements of
chlorofluorocarbon-1237. The enhanced formation of AATW and
SAMW provides the important pulling mechanism required to
sustain the strengthened upper overturning cell. This point is
discussed in more detail in later sections. Hereafter, if not spe-
cified, AATW and SAMW are referred to as AAIW for simplicity
because they have almost identical T-S properties in the southeast
Pacific and southwest Atlantic regions where AAIW mainly
forms#9-0,

The persistent strengthening and poleward-downward (in
density space) expansion of the upper overturning cell is
accompanied by a weakening and contraction of the lower
overturning cell, consistent with a decrease in the AABW volume
observed throughout the Southern Ocean since the 1980s!.
Specifically, at the core latitude of the lower overturning cell
(65°S), the outflow of AABW is decreased by 3.3 Sv in 2005-2017
compared to its value in 1955-1974 (a 16% decrease from the
total transport of 21.0 Sv, Fig. 1b). This is compensated by a
reduced poleward transport of LCDW. The reduced outflow of
AABW is also evident at 43°S (by 1.4 Sv in 2005-2017 compared
to its value in 1955-1974, a 14% decrease from the total
northward transport of 10.0 Sv), which is compensated by a
reduced poleward transport of LCDW (Fig. 1c). At this latitude,

the upper boundary of LCDW, at which the transport
streamfunction (y) becomes zero, is displaced downward into
denser water.

It is interesting to note that there is a near-cancelation between
the increase in the poleward UCDW transport (by 3.5 Sv at 43°S)
and the decrease in the poleward LCDW transport (by 3.3 Sv at
65°S) (Fig. 1b, ¢). This indicates that the net upward transport of
CDW averaged between 43°S and 65°S remains almost the same
in 2005-2007 compared to the reference period in 1955-1974.
The near-cancelation of the upward CDW transport change is
well reflected in the poleward and downward (in density space)
expansion of the upper overturning cell and the contraction of the
lower overturning cell between 43°S and 65°S. In other words, the
increase in water mass supply to the upper overturning cell and
the decrease in water mass supply to the lower overturning cell
are largely achieved through a realignment of the boundary
between the upper and lower overturning cells within the
Southern Ocean.

In response to the altered overturning cells in the Southern
Ocean, a large-scale readjustment of the GMOC is slowly
underway in the Indo-Pacific Ocean during the most recent
decade (Fig. la). Specifically, the import of AABW across 30°S
(0,>37.17) into the Indo-Pacific Ocean is reduced by about
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Fig. 2 The GMOC and its interdecadal changes in the Atlantic and Southern Oceans. The GMOC volume transport streamfunction (contours) in the
Southern Ocean (south of 35°S) and the Atlantic Ocean (north of 35°S) and its changes (shades) during a 2005-2007, e 1995-2004, f 1985-1994, and
g 1975-1984 in reference to the base period of 1955-1974. The AMOC volume transport streamfunction at b 30°S, ¢ 26.5°N and d 55°N during 2005-

2007 (black lines) and 1955-1974 (green lines). The vertical axis is potential

transport values between 2005-2017 and 1955-1975 for SFCW, AAIW, IW,

density in reference to 2000 m (o, units). The differences in AMOC volume
UNADW and LNADW are shown at b 30°S, ¢ 26.5°N, and d 55°N. Red

colored are for the increased transport values, and blue colored are for the decreased transport values. Black-dotted lines indicate the density ranges of

water masses. Volume transports are in Sv units.

0.9 Sv during 2005-2017 compared to its value during 1955-1974
(a 7% decrease from the total transport of 12.9 Sv, Fig. 1d). Across
the same latitude, the poleward export of Indian Deep Water &
Pacific Deep Water (IDW & PDW, 36.50 > 0, > 37.17), which is a
source of UCDW in the Southern Ocean, increases slightly by
about 0.5 Sv (a 5% increase from the total transport of 10.0 Sv),
and thus provides a portion of the extra water mass supply for the
enhanced upper overturning cell in the Southern Ocean. The
increased poleward export of IDW & PDW across 30°S is in turn
largely compensated by an increase in the import of AAIW
(35.70 > 0, > 36.50) from the Southern Ocean by about 0.4 Sv (a
9% increase from the total transport of 4.3 Sv). The net poleward
transport of the surface water (SFCW, 35.70 < g,) across 30°S is
reduced by about 1.0 Sv (a 14% decrease from the total transport
of 7.2 §v) closing the mass transport balance at that latitude. See
Supplementary Figure 2 for more details of the results for the
1975-1984, 1985-1994 and 1995-2004 periods.

The Atlantic Ocean. As shown in Fig. 2a, the largest interdecadal
signal in the Atlantic Ocean is the appearance of negative
streamfunction anomalies between 30°S and 26.5°N in
2005-2017, centered around o,=37.10 between LNADW
(02> 37.10) and Upper North Atlantic Deep Water (UNADW,

36.90 > 0, >37.10). Consequently, the southward LNADW
transport is reduced by 1.1 Sv at 30°S (a 9% reduction from the
total transport of 12.7Sv), and by 0.8Sv at 26.5°N (an 8%
reduction from the total of 9.5Sv), whereas the southward
UNADW transport is slightly increased by 0.5 Sv at 30°S (a 9%
increase from the total transport of 5.4 Sv), and by 0.3 Sv at
26.5°N (a 4% increase from the total of 7.2 Sv) (Fig. 2b, c). This
suggests a shoaling of the AMOC south of 26.5°N. Additionally,
since the reduction of the southward LNADW transport is greater
than the increase in the southward UNADW transport, the net
southward return flow is decreased by 0.5-0.6 Sv at 30°S and
26.5°N. To compensate for the net decrease in the southward
return flow, the northward transport of IW (36.50 > 0, > 36.90) is
decreased by about 0.6-0.7 Sv with little change in the northward
transport of SFCW (35.70 > 05) or AAIW (35.70 > 0, > 36.50) at
30°S and 26.5°N.

However, the AMOC at its core latitude (55°N) is slightly
increased (Fig. 2d) and thus is disconnected from the reduced
AMOC south of 26.5°N. At this latitude, the AMOC transport
displays large-amplitude interdecadal variability (Fig. 3b). In
particular, the AMOC transport at 55°N is increased by 2.1 Sv in
1995-2004 and decreased by 0.9 Sv in 1985-1994 compared to its
value in 1955-1974 (Supplementary Fig. 3d, h). According to
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Fig. 3 Winter NAO index and AMOC. a Normalized winter (December-
February) NAO index from 1950 to 2020. b The maximum AMOC volume
transport at 30°S (green color bars), 26.5°N (blue color bars), and 55°N
(dark orange color bars) in 1955-64, 1965-1974, 1975-1984, 1985-1994,
1995-2004, and 2005-2017. Green line in (a) indicates 5-year running
averaged winter NAO index. Thin dashed lines in (a) and (b) mark the start
and end of the decadal periods. Thick dashed lines between (a) and (b) link
the NAO index with the maximum AMOC with 10-year time delay. Volume
transports are in Sv units.

ocean & sea-ice models forced with historical surface flux fields,
the North Atlantic Oscillation (NAO) is the main driver of
AMOC variability at interannual to interdecadal time scales®!-33.
However, due to a baroclinic adjustment time of the subpolar
North Atlantic Ocean circulation, it takes 3-15 years for the
AMOC to respond to the NAO-induced surface buoyancy forcing
and associated deep water formation®»>453,

This suggests that the large increase in the AMOC at 55°N in
1995-2004 is a delayed response to a strong phase of the NAO in
1985-1994, which is closely tied to the deepest and densest
Labrador Sea Water formed during that period®® (Fig. 3).
Similarly, it is likely that the relatively weak AMOC transport
at 55°N during the decades prior to and after 1995-2004 are due
to the relatively weak NAO phases and associated reductions in
Labrador Sea Water formation prior to 1985-1994 and after
1995-2004°°, These results suggest that the AMOC changes at
55°N during the past several decades are not externally forced by
increasing greenhouse gases but largely modulated by long-term
natural climate variability associated with the NAO>2°3, Indeed,
similar interdecadal AMOC variations are also evident at 26.5°N
and 30°S (Fig. 3b). This conclusion is also consistent with several
recent studies based on various proxies, historical transects and
ocean reanalyses*>°7-%9, including two recent AMOC reconstruc-
tions for the past 30 years®®>°, Therefore, it is likely that the
previously reported weakening of the AMOC at 26.5°N during
2008-2016 compared to its value during 2004-200722 is due to
long-term natural climate variability associated with the NAO.

However, some proxy-based studies suggested a long-term
reduction in the AMOC since the earlier twentieth century®0-61,
What this suggests is that a potential long-term weakening of the
AMOC linked to key drivers or proxies®>2-%> may be embedded
in the NAO-dominated AMOC variability during the past several
decades. Such drivers (or proxies) include a gradual freshening of
the Labrador Sea linked to increasing Greenland meltwater
discharge®?, a reduction of the ocean-to-air turbulent flux over
the Greenland and Iceland Seas due to rapidly rising air
temperatures®, a potential impact of retreating sea-ice cover
along the regional boundary currents®, and a spreading of Arctic
surface waters into the North Atlantic through Fram and David
Straits®. However, none of these potential drivers from the high-
latitude North Atlantic or the Arctic region can explain why the
southward LNADW transport between 30°S and 26.5°N is at its
minimum value in 2005-2017 (Fig. 2 and Supplementary Fig. 3),
while the AMOC at 55°N is still stronger in 2005-2017 compared
to its values during 1965-1974, 1975-1984 and 1985-1994
periods (Fig. 3b). An alternative explanation is that the AMOC
changes south of 26.5°N during 2005-2017 in reference to
1955-1974 are driven from the Southern Ocean. Specifically,
given that LNADW is the primary source of LCDW that feeds the
lower overturning cell in the Southern Ocean, the reduced
southward transport of LNADW is consistent with the weakened
and contracted lower overturning cell in the Southern Ocean.
Similarly, the increased southward return flow of UNADW is in
line with the increased poleward transport of UCDW and the
associated strengthening of the upper overturning cell in the
Southern Ocean. This hypothesis supports the notion that a large-
scale readjustment of the AMOC is gradually underway during
the most recent decade (2005-2017) in response to the altered
overturning cells in the Southern Ocean.

Anthropogenic drivers for the Southern Ocean. The strength-
ening and poleward-downward expansion of the upper over-
turning cell south of 35°S is consistent with the strengthening SH
westerlies and the associated increase in Ekman transport since
the mid-1970s (Fig. 4 in the left panels), which is primarily caused
by ozone depletion in the SH stratosphere and increasing CO, in
the atmosphere3>-36. However, the increased Ekman transport
alone cannot sustain the strengthened upper overturning cell.
There must be additional surface buoyancy loss and associated
water mass transformation®®67. Otherwise, the increased Ekman
transport is almost completely compensated by eddy-induced
poleward transport in the Southern Ocean (ie., eddy
compensation38-41). The required additional pulling of the upper
overturning cell is mainly provided by reduced precipitation
minus evaporation (i.e., A(P — E) < 0)6869 and associated surface
buoyancy loss across the sub-Antarctic region approximately
between 50°S and 35°S (Fig. 4 in the left panels). More specifi-
cally, the net buoyancy loss in the latitude band of approximately
45°S — 35°S is largely accomplished by a decrease in precipitation,
and an increase in evaporation and associated latent cooling
(Fig. 5b, ¢). These buoyancy loss terms overcompensate the
buoyancy gain associated with reduced sensible heat flux and
increased longwave radiation.

The meridional A(P — E) pattern poleward of 35°S, which is
also a robust feature during the positive phase of the Southern
Annular Mode®¥-72, is mainly driven by SH stratospheric ozone
loss (and by increasing CO, in the atmosphere to a lesser
degree)%8:9%. More specifically, the increased P — E between the
Antarctic coast and roughly 50°S is due to increased storm
activity associated with the increased SH westerlies, whereas the
decreased P — E across the sub-Antarctic region approximately
between 50°S and 35°S is linked to an increase in the SH Ferrel
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Fig. 4 Changes in surface forcing and upper ocean properties. Changes in (left panels) surface zonal wind stress (contours) and precipitation minus

evaporation (P — E, shades) between 90°S and 30°S, and (right panels) upper 200 m density (shades) and salinity (contours) between 90°S and 60°S
during 2005-2017, 1995-2004, 1985-1994 and 1975-1984 from the base period of 1955-1974. The units are dyne cm~—2, mm s~ 5, and PSU for wind
stress, P — E, density, and salinity, respectively. Green boxes in the right panels indicate the Ross Sea region. Orange boxes in the right panels indicate the

Prydz Bay area.

cell (Fig. 5) and the associated increase in atmospheric subsidence
and poleward moisture transport (and thus moisture divergence
and drying) in that latitude band®®-7%72. The resulting net
surface buoyancy loss between approximately 45°S and 35°S
increases the rate of AAIW formation north of (on average)
43°S and thus explains up to 3 Sv of the total 3.5 Sv increase in the
upper overturning cell (Fig. 1c).

It should be noted that the SH Ferrel cell is not only linked to
P — E, but also to the SH westerlies via its modulation of the low
sea-level pressure over the rising branch (65°S — 50°S), the high
sea-level pressure over the sinking branch (45°S — 35°S) and the
associated meridional sea-level pressure gradient. Therefore, the
robust increase in the SH Ferrel cell since the mid-1970s is
consistent with both the increasing SH westerlies and the
increasing surface buoyancy loss over the sinking branch (Fig. 5).
The links between SH stratospheric ozone loss, SH stratospheric
cooling, and strengthening of the eddy-driven SH westerly jet and
Ferrel cell are consistent with previous studies based on
observations and model experiments®872,

According to some modeling studies, the enhanced SH
westerlies increase the wind-driven upwelling of CDW to the
surface enhancing both the upper and lower overturning
cells38-40.73 This suggests that the weakening and contraction
of the lower overturning cell are driven by some other processes.
It is possible that the net buoyancy gains south of 45°S (Fig. 5b, c)
contribute to the weakening and contraction of the lower
overturning cell?®. However, it should be noted that the lower
overturning cell in the Southern Ocean is primarily driven by
sinking of dense Antarctic shelf waters®®. Figure 4 in the right
panels indicates a persistent freshening of the surface water
around the Ross Sea and associated reduction of the surface
density (also near the Prydz Bay to a lesser degree) since the mid-
1970s. This is well supported by earlier observational studies”4-7°.
According to these studies, the enhanced melting of Antarctic ice
shelves due to increasing CO, in the atmosphere increases the
Antarctic meltwater discharge into the Amundsen-Bellingshausen
Seas. The downstream (westward) transport of the extra fresh-
water into the Ross Sea via the Antarctic coastal current is directly
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Fig. 5 SH Polar and Ferrel Cells and surface buoyancy flux. Mass transport streamfunction (109 kg s—1) for the SH Polar and Ferrel cells (contours) and its
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responsible for the freshening of the Ross Sea shelf waters. The
increased near-surface stratification (i.e., buoyancy gain), in turn,
reduces deep water formation around the Ross ice shelf, and thus
leads to a decrease in the supply of AABW!7. It is worthwhile to
point out that the enhancement in Antarctic meltwater discharge
is not explicitly included in the data-constrained model
simulations*4, but its impact on salinity and density is implicitly
accounted for via the restoration of model salinity toward
observations.

Sensitivity of the data-constrained diagnostic ocean & sea-ice
model. The data-constrained modeling approach employed in
this study estimates global ocean circulations that are consistent
with the decadally averaged World Ocean Atlas 2018
climatology’77® using a diagnostic ocean & sea-ice model
(“Methods™). As such, the data-constrained model is subject to its

inherent uncertainties originating from both the ocean & sea-ice
model and observational datasets used. Therefore, it is further
tested here to what extent the results derived from the primary set
of data-constrained model simulations are robust with respect to
two key sources of uncertainty, namely hydrographic temperature
and salinity data, and surface forcing fields (“Methods”).
Although there are some differences, a very good agreement is
found in the GMOC and its interdecadal changes between the
two model experiments constrained by the decadally averaged
WOAL18 and EN4 climatology’®30 (Supplementary Figs. 4 and 5).
Similarly, the GMOC and its interdecadal changes since the mid-
1950s are overall consistent between the two model experiments
forced by the European Center for Medium-Range Weather
Forecasts reanalysis-5 (ERA5)3! and the Japanese 55-year
reanalysis (JRA55)82 (Supplementary Figs. 6 and 7). The primary
set of data-constrained model simulations and the two additional
sets of sensitivity simulations are further used to estimate the
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signal (mean) to noise ratio (standard deviation) of the
differences in the GMOC transport values between 2005-2017
and 1955-1974 at selected latitudes (Supplementary Tables 1 and
2). For the key MOC transport components, the mean change is
about 5-16 times larger than the standard deviation. For instance,
in the Southern and Indo-Pacific Oceans, the outflow of AABW is
reduced by 3.5+0.5Sv and 1.6+0.1Sv at 65°S, and 43°S,
respectively, and by 1.0+0.2Sv at 30°S in the Indo-Pacific
Ocean. The poleward transport of UCDW is increased by
3.1+£03Sv at 43°S. In the Atlantic Ocean, the southward
transport of LNADW is reduced by 0.9 +0.2 Sv at 30°S, while
the southward transport of UNADW is increased by 0.5+ 0.1 Sv
at the same latitude. Therefore, although this is a primitive way to
estimate the robustness of the results, the interdecadal changes in
the GMOC reported in this study are overall consistent with
respect to the hydrographic data and surface forcing fields used.

Discussion
In this study, we make a novel attempt to utilize a diagnostic
ocean & sea-ice model to estimate the GMOC and its interdecadal

changes in the Southern Ocean, the Indo-Pacific Ocean, and the
Atlantic Ocean since the mid-1950s that are consistent with
historical hydrographic observations. As summarized in Fig. 6,
the upper overturning cell in the Southern Ocean has strength-
ened by 3-4 Sv (50-60% of the total) and expanded poleward and
into denser water since the mid-1970s. This is driven by the
strengthening SH Ferrel cell and the associated increases in the
SH westerlies and the surface buoyancy loss over its sinking
branch (45°S-35°S) that are mainly resulted from ozone depletion
in the SH stratosphere (and increasing CO2 in the atmosphere to
a lesser degree). The resulting push-pull by the enhanced Ekman
transport and the increased AAIW formation north of (on
average) 43°S drives and sustains the strengthening of the upper
overturning cell. Conversely, the lower overturning cell in the
Southern Ocean has weakened by 3-4 Sv (10-20% of the total)
and contracted during the same period. This is due to the
increased Antarctic meltwater discharge from the Amundsen-
Bellingshausen Seas driven by increasing CO2 in the atmosphere,
its downstream (i.e., westward) transport into the Ross Sea, and
the associated reduction in AABW formation. The required
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changes in the UCDW and LCDW supply to the upper and lower
overturning cells are made possible primarily through a realign-
ment of the boundary between the upper and lower overturning
cells via diapycnal mixing and transformation within the South-
ern Ocean.

In response to the conspicuous changes in the upper and lower
overturning cells in the Southern Ocean, a large-scale readjust-
ment of the GMOC seems to be gradually underway in the South
Atlantic and Indo-Pacific Oceans during the most recent decade
(2005-2017). Notably, the outflow of AABW across 30°S into the
Indo-Pacific Ocean is decreased by ~ 1 Sv (5—10% of the total),
and the southward return flow of LNADW in the South Atlantic
Ocean is also decreased by ~ 1 Sv (~10% reduction of the total)
across 30°S. However, the AMOC changes in the high-latitude
North Atlantic during the past several decades appear to be lar-
gely modulated by long-term natural climate variability associated
with the NAO. Further analysis shows that these results derived
from the primary set of data-constrained model simulations are
overall robust with respect to two key sources of uncertainty,
namely hydrographic temperature and salinity data, and surface
forcing fields used.

There are some outstanding questions that require further
clarification. Note that the large-scale changes in the upper and
lower overturning cells are mostly confined within the Southern
Ocean. Specifically, the supply chain of CDW from the South
Atlantic Ocean (NADW) and the Indo-Pacific Ocean (IDW &
PDW) across 30°S undergoes relatively small net poleward trans-
port change in 2005-2017 (Figs. 1d and 2b) and even smaller
changes in earlier periods (Supplementary Figs. 2 and 3). The
implied imbalance in water mass supply at the core latitude of the
upper cell (43°S) is resolved in part through a downward (in density
space) expansion and contraction of the upper and lower cells,
respectively; thus, an increasing portion of LNADW supplies the
poleward UCDW transport, and a decreasing portion of LNADW
supplies the poleward LCDW transport. However, it is somewhat
unclear how to reconcile the increased AAIW formation north of
(on average) 43°S (Fig. 1c). Since the net northward transport of
AAIW is increased only slightly across 30°S (Figs. 1d and 2b), to
close the mass balance between 43°S and 30°S, there must be local
storage (i.e., adiabatic convergence) of AAIW with additional
diapycnal mixing with IW and UCDW. This seems to be supported
by a preferential ocean heat and freshwater storage over the latitude
band where AAIW is subducted during the past several
decades®3-8°. Further studies are required to better understand how
and to what extent the shifting overturning circulation in the
Southern Ocean permeates into the other ocean basins.

It is important to discuss some of the limitations in this study.
According to Lumpkin and Speer3¢, AABW spreads northward
across 32°S into the South Atlantic at the rate of 5.6 + 3.0 Sv, and
is subsequently transformed via topography-linked mixing into
southward-flowing LNADW. This is also supported by other
observational studies®”. However, the net northward transport of
AABW in the South Atlantic nearly vanishes in the data-
constrained model simulations. It appears that this drawback is
linked to the vertical resolution of the ocean model used. Speci-
fically, while a significant fraction (~50%) of AABW is found
below about 2000 m in the Indo-Pacific Ocean, AABW in the
South Atlantic is found mainly below 4000 m®’. Since the model
layer thickness is about 250 m below 4000 m, the northward
penetration of AABW in the South Atlantic Ocean is not ade-
quately represented in the ocean model used in this study.

Finally, there are other sources of uncertainty unexplored in this
study. In particular, the ocean & sea-ice model used in this study is
a non-eddy resolving resolution model and its treatment of some
key processes is either parameterized or under-represented
(“Methods”). As such, there is a need to use high-resolution (in

both vertical and horizontal) models to fully resolve such processes,
including eddy compensation in the Southern Ocean, AABW
export into the South Atlantic Ocean, and eddy-rich fronts and
boundary currents. Perhaps the most significant source of uncer-
tainty in this study is the relatively poor spatial and temporal
coverage of the hydrographic data before the beginning of the Argo
period (the early-2000s). Although the data sparsity during the pre-
Argo period is somewhat alleviated in this study by using decadally
averaged hydrographic climatology, it is still worthwhile to carry
out further studies to explore and quantify uncertainties of the
data-constrained model results during the pre-Argo period. These
and other shortcomings in our method call for a cautious inter-
pretation of the results presented in this study. Nevertheless, this is
the first study to report based on historical global hydrographic
observations that a significant reshaping of the GMOC has already
emerged from the Southern Ocean due to human activity, and is
actively advancing into the other ocean basins.

Methods
Data and model used. In this study, we carried out a series of data-constrained
diagnostic global ocean & sea-ice model simulations using the ocean & sea-ice
model components of the National Center for Atmospheric Research (NCAR)
Community Earth System Model version 1 (CESM1)38 and the surface forcing fields
derived from the European Center for Medium-Range Weather Forecasts
reanalysis-5 (ERA5)8!. Both the ocean and sea-ice model components have 320 grid
points in longitude and 384 in latitude on a displaced pole grid, with a longitudinal
resolution of about 1.0° and a variable latitudinal resolution of approximately 0.3°
near the equator and about 1.0° elsewhere. The ocean model has 60 vertical levels.
It should be noted that CESM1 employs a variable coefficient in the eddy
parameterization, which is often referred to as GM coefficient®?, as described in
Danabasoglu and Marshall?, instead of a constant value used in its earlier versions.
This enables CESM1 to mimic eddy compensation by which changes in the wind-
driven overturning circulation over the eddy saturated Southern Ocean are greatly
reduced*®4!. As such, CESM1 can reproduce the ocean response to increasing SH
westerlies simulated by much higher-resolution ocean models that do not require
an eddy parameterization38.

Ocean model temperature & salinity restoring. In order to reproduce the
GMOC and its interdecadal changes since the mid-1950s, the model temperature
and salinity fields are relaxed to the decadally averaged World Ocean Atlas 2018
climatology (WOA18)7778 for each decade between 1955 and 2017 (i. e.,
1955-1964, 1965-1974, 1975-1984, 1985-1994, 1995-2004, and 2005-2017). As
such, the data-constrained model used in this study is in essence a diagnostic
computation of ocean circulation consistent with historical temperature and sali-
nity fields. Thus, it is not designed to explicitly simulate the full physical and
transient processes, such as deep water convection, diapycnal mixing, surface water
mass transformation, or propagation of specific Rossby waves that are known to
drive the GMOC and its variability?!-%4. Instead, the data-constrained model relies
predominantly on the geostrophic balance and mass continuity, constrained by
long-term averaged hydrographic fields, to diagnose ocean circulation, water mass
transformations, and thus the GMOC and its interdecadal variability.

The CESMI ocean & sea-ice model was first spun up for 400 years with the
model temperature and salinity fields relaxed to the long-term averaged WOA18
for the reference period of 1955-1974. In order to determine an optimal set of
temperature and salinity relaxation coefficients for upper and deeper oceans, we
carried out several experiments. In agreement with Lee et al.44, when the relaxation
coefficient below 200 m is increased beyond an e-folding time of ~3 years, the
spatial pattern and strength of the GMOC become unrealistic. For the upper 200 m,
the temperature and salinity relaxation coefficient can be increased up to an
e-folding time of ~10 days while maintaining a realistic pattern of the GMOC.
However, when the relaxation coefficient for the upper 200 m is decreased much
below an e-folding time of ~1 year, interdecadal changes in the upper ocean
temperature and salinity in the high-latitude North Atlantic significantly deviate
from those of WOA18. Therefore, a relatively strong temperature and salinity
relaxation with an e-folding time of ~30 days is applied for the upper 200 m and a
weaker relaxation below 200 m with an e-folding time of 5 years. This set of
relaxation coefficients allows us to obtain the interdecadal GMOC changes that are
consistent with the decadally averaged hydrographic observations while
maintaining a realistic pattern of the GMOC.

Data-constrained diagnostic ocean & sea-ice model simulations. During the

spin-up run, the surface flux fields in each model year were randomly selected from
the period of 1955-1974, following the time-shuffling spin-up method used in Lee
et al.%. After the spin-up, the CESM1 ocean & sea-ice model run was continued for
100 years using the surface flux fields in each model year randomly selected from
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the period of 1955-1964, and its temperature and salinity fields relaxed to the
decadally averaged WOA18 for the period of 1955-1964. The same model
experiment was repeated for each of the other five decadal periods of 1965-1974,
1975-1984,1985-1994, 1995-2004, and 2005-2017. The spin-up run was also
continued for an additional 100 years, which is used as the reference to describe the
GMOC and its changes during each decade. The six model runs for different
decadal periods and the reference run all used the same initial conditions derived
from the spin-up run.

In addition to this primary set of data-constrained model simulations, we also
carried out two sets of sensitivity experiments. In the first set, the model
temperature and salinity fields were relaxed to the decadally averaged EN4
dataset”® with temperature bias corrections to historical expendable
bathythermograph observations®” replacing the decadally averaged WOA18. In the
second set, the surface forcing fields derived from the ERA5 were replaced by those
derived from the Japanese 55-year reanalysis (JRA55)82.

Data availability

The World Ocean Atlas 18 (WOA18) data were downloaded from NOAA’s National Centers
for Environmental Information at https://www.ncei.noaa.gov/access/world-ocean-atlas-2018.
The EN4 temperature and salinity data were downloaded from the UK Met Office at https://
www.metoffice.gov.uk/hadobs/en4. The European Center for Medium-Range Weather
Forecasts (ECMWF) reanalysis-5 (ERA5) surface flux data were downloaded from ECMWEF at
https://www.ecmwf.int/en/forecasts/dataset/ecawf-reanalysis-v5. The Japanese 55-year
reanalysis (JRA55) surface flux data were downloaded from the National Center for
Atmospheric Research at https://rda.ucar.edu/datasets/ds628.0. The monthly time series of the
North Atlantic Oscillation (NAQO) index were downloaded from NOAA’s Climate Prediction
Center (CPC) at https://www.cpc.ncep.noaa.gov/products/precip/ CWlink/pna/nao.shtml. All
other data used in this study are available from https:/doi.org/10.25921/b70d-ck21.

Code availability

The code of the Community Earth System Model version 1 (CESM1) is publicly available
from the National Center for Atmospheric Research at https://www.cesm.ucar.edu/
models/cesm1.0.
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