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Key Points [up to 3; 140 characters or less]:

e The most severe responses include NPP collapse and deoxygenation in the subpolar
North Atlantic, and a weakening carbon sink in the Arctic.

e Responses are rapid (<20 yr) due to teleconnections in impacts between the North
Atlantic and Pacific, but slow (>100 yr) in the Southern Hemisphere.

® Impacts occur at a global warming level as low as 2.8°C, a threshold expected to be
crossed under current emissions policies by 2100.
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Abstract

As anthropogenic emissions continue to increase Earth’s surface temperature, the Atlantic
Meridional Overturning Circulation (AMOC) is at risk of weakening substantially and crossing a
tipping point. Then, multiple Earth system components may be significantly and irreversibly
altered. Here we investigate the responses of ocean carbon uptake, net primary productivity
(NPP), oxygen concentration, and carbon storage to an AMOC collapse induced by extremes in
the internal variability in the subpolar gyre under a moderate forcing scenario. While similar
ensemble splitting has been found in other models, the NASA Goddard Institute for Space
Studies (GISS) Earth system model (ESM) was the first to report an AMOC bifurcation due to
internal variability, without the need to prescribe freshwater hosing. We find severe regional
impacts, including collapsed NPP and deoxygenation in the subpolar North Atlantic, and
reduced carbon uptake in the Arctic and subtropical North Atlantic. We identify the physical
drivers of these ocean biogeochemical impacts and, for the first time, provide estimates of their
lag and latency, i.e. the timescales over which these impacts begin to occur and are fully
realized, respectively. Timescales are generally found to increase southward from the deep
convection sites, but are remarkably similar between basins at similar latitudes.

Plain Language Summary

As greenhouse gas emissions increase global temperatures, a major network of ocean currents
in the Atlantic—known as the AMOC—is at risk of shutting down. If this "conveyor belt" reaches
a tipping point and collapses, it could permanently alter the Earth's environment. This study
uses the NASA climate model to look at the ripple effects of an AMOC shutdown to the ocean’s
health. Notably, the model shows this collapse can be triggered by natural, extreme shifts in
surface ocean freshening, even without the massive "meltwater" from glaciers that scientists
usually assume is necessary. We find that an AMOC total collapse would put marine life at risk
in the North Atlantic since it threatens the base of the food chain there, i.e. the primary
productivity from phytoplankton. Oxygen levels would drop significantly in the North Atlantic,
making it harder for marine life to survive. The Arctic and parts of the Atlantic would become
much less effective at absorbing carbon dioxide from the atmosphere and storing it away for
centuries. Our study also estimates how long it takes for these impacts to reach different parts
of the world. While the changes start in the North, they spread south surprisingly fast, hitting
the Atlantic and Pacific oceans at roughly the same time. If this Atlantic current fails, the
ocean's ability to support life and store carbon may be severely and permanently damaged,
with effects that ripple across the entire planet faster than we previously thought.

Introduction

As Earth’s surface temperature continues to rise under continuing greenhouse gas emissions,
the Earth system is at risk of crossing critical thresholds (tipping points) for several tipping
systems?. One of these systems is the AMOC, which transports warm and saline water from the
subtropics to subpolar North Atlantic, thereby modulating regional climate in the North
Atlantic?. Upon reaching the Nordic and Labrador Seas, water advected with the AMOC cools,
subducts and is subsequently transported southward to the Southern Ocean, where it is drawn
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up to the surface by wind-driven upwelling near Antarctica3. The weakening and collapse of the
AMOC have been shown to be associated with a colder North Atlantic and Arctic*>®7, warmer
Southern Ocean, more extensive Arctic sea ice®”#8, and a southward shift of the ITCZ*1011,
AMOC weakening has also been shown to result in reduced precipitation? and changes in sea
level height!?3

Cascading tipping points occur when an abrupt change in one element of the Earth
system leads to abrupt changes in other elements!?. For the Earth system components to be
considered “tipped”, they must have entered a new state, and the time-scale of recovery to the
prior state must be much longer than the timescale to reach this new state!>16, Previous
studies have found regional state changes in ocean biogeochemical properties in response to
AMOC collapse. These include a reduction/enhancement of ocean carbon uptake in the Arctic
and North Atlantic, respectively!’8, as well as a decline in ocean net primary productivity
(NPP)¥20, suggesting some consistency in the direction of these responses in ocean
biogeochemical models despite using hosing under different background climate states.
However, the response of other ocean biogeochemical properties, such as ocean oxygen
concentration, have only been investigated in a single model®. It is also unclear whether such
responses are generalizable, since in all these models the collapse of AMOC is induced at
different equilibrium or transient background states by freshwater hosing?!, which often
involves too large a freshwater forcing and may not allow for all the feedbacks between ocean-
ice-atmosphere to evolve before, during and after AMOC collapses. Furthermore, while
changes in ocean biogeochemical properties under a collapsed AMOC have been investigated,
their timescales, particularly how long they take to manifest themselves relative to AMOC
collapsing, have not been examined.

The NASA-GISS ESM is known to have a bifurcation point where the effect of internal
climate variability on AMOC may become stronger than the greenhouse forcing effect and
cause the AMOC to collapse in a mid-range future forcing scenario (SSP2-4.5) around 2110 and
without the need to prescribe external freshwater forcing (hosing, e.g. NASHOSMIP?). In the
GISS SSP2-4.5 simulation, eight out of ten identically forced ensemble members under
extended SSP2-4.5 CMIP6 forcing exhibited AMOC that recovered as the forcing declined
(AMOC-on), while in two out of ten AMOC collapsed despite the forcing decline (AMOC-off).
This stochastically induced AMOC bifurcation has been analyzed in ref.?? It is noteworthy that
such ensemble splitting (or ensemble divergence) has been henceforth identified in other
models as well?324,

Here, we use the same physical model as in ref.??, the E2.1 climate model (GISS-E2-1-G),
coupled to the NASA-GISS ocean carbon cycle model (NOBMg?2>2627.28) to examine the
response of various ocean biogeochemical properties under collapsed and recovered AMOC
states. We focus on the air-sea exchange of CO,, net primary productivity, intermediate water
ocean oxygen concentration, and dissolved inorganic carbon storage. Our goal is to determine
(i) which regions exhibit the largest changes in these properties under AMOC collapse, (ii) what
are the magnitudes and directions of these changes, and (iii) what are the timescales at which
these ocean biogeochemical properties begin responding to a collapsing AMOC and reach
steady state. We distinguish two different timescales: the lagged response between the time
AMOC bifurcation occurs and the time bifurcation occurs in the impacted fields (e.g. air-sea
flux, carbon storage, NPP, deoxygenation etc) and the latency which is the timescale after the
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AMOC bifurcation for the tipping behavior to fully materialize in the impacted field (i.e. reach
guasi steady-state).

Results

Global Response

Analyzing the model response after 2070 and distinguishing the response in the ensemble
members where AMOC collapses (AMOC-off) vs. those where the AMOC recovers (AMOC-on)
(see methods; Extended Data Fig. 1), we find that there is strong coherency between AMOC at
48°N and AMOC at 26°N. All ensemble members show similar AMOC magnitude decline by
2100, followed by recovery in some ensemble members by around 2200 at levels ~1 Sv below
the late historical (1980-2014; Figure 1a-c) and collapse (AMOC strength < 3 Sv) in the rest of
the ensemble members. The AMOC bifurcation occurs at global mean surface air temperature
(SAT) 2.2+0.1°C (Fig. 1d) above the late historical (a global warming level of 2.8+0.1), a level
expected to be exceeded under current emissions policies by 2100%°. Global mean SAT is
substantially colder due to the collapsed AMOC by as much as 1.1°C by year 2320.
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Fig. 1: (a) AMOC strength decline, shown as anomaly from the historical simulation’s ensemble
mean 1980-2014 climatology, at 48°N. Red (blue) curves and shading correspond to ensemble

mean and 1-o standard deviation of the members with collapsed (recovered) AMOC. (b) As in
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(a), but for AMOC at 26.5°N, the location of the RAPID-MOCHA array measurements®°. (c)
Atmospheric CO, concentration for the SSP2-4.5 extension scenario, beginning in the year 2070.
(d) As in (a), but for surface air temperature (area-weighted). (e) As in (a), but for global average
air-sea flux of CO; (positive = into the ocean). (f) as in (a), but for global average ocean net
primary productivity. (g) as in (a), but for mass-weighted globally averaged oxygen
concentration between 400 and 1100 m. (h) as in (a), but for globally integrated carbon storage.
The left-most vertical dashed line shows the time at which AMOC in collapsed and recovered
ensemble members become significantly different from one another (1-0 apart, see Methods),
while the second vertical dashed line shows the year of maximum atmospheric CO;. For this
and all remaining figures, time-series are smoothed using a 20-yr moving average filter.
Extended Data Fig. 1 shows the same absolute time series (not anomalies).

Carbon uptake by the ocean as well as marine primary productivity and oxygen concentrations
change little due to AMOC collapse (<5% of their late historical values; Fig. 1e-g, Extended Data
Fig. 1a-c). The global ocean carbon sink as expressed by changes in the carbon storage (i.e. the
inventory of its dominant contribution, DIC storage, below 1000 m) also shows no significant
change (Fig. 1h, Extended Data Fig. 1d).

Cascading Tipping in Drivers and their Ocean Biogeochemical Impacts

While these global mean responses to AMOC collapse are small, regionally they are
substantial (Fig. 2). The ocean absorbs CO; from the atmosphere much more efficiently in the
North Atlantic and less so in the Greenland, Norwegian, and Iceland (GIN) Seas in the Arctic,
and has no change in the Southern Ocean (Fig. 2a). Net primary productivity collapses in the
North Atlantic while it shows a smaller but still statistically significant decline in the GIN sea
region, and moderate increases in the South Atlantic and Southern Ocean (Fig. 2b). At
intermediate ocean depths, where oxygen is not in contact with the atmosphere, oxygen
concentration increases throughout the northern hemisphere, most acutely in the North Pacific
and subtropical North Atlantic, but declines dramatically in the subpolar North Atlantic (Fig. 2c).
The Arctic becomes a more potent carbon reservoir per unit area (Fig. 2d). However, since the
Arctic is only a small fraction of the ocean's surface area, it does not contribute much to the
globally integrated response (Fig. 1g).
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Fig. 2: Response of (a) the air-sea CO; flux, (b) NPP, (c) intermediate layer O, and (d) carbon
storage to AMOC collapse biogeochemical properties to AMOC collapse. Responses are the
difference between collapsed and recovered mean states averaged between the years 2350
and 2400.

Using the LASSO regression (see Methods), we can determine the lagged timescales of
tipping in the drivers of these ocean biogeochemical responses. We find that they vary
considerably between regions, ranging from decades or less in the northern high latitudes to
centuries in the Southern Ocean (Fig. 3). Here, we focus on the regions (Extended Data Fig. 2)
that either show the largest responses, or display unique response timescales (e.g., lagged
compared to other regions) although all responses are provided in the Extended Data. An
example of the cascading impacts of AMOC collapse and their lags is shown for the subtropical
North Atlantic (Fig. 4), where impacts are most pronounced, and a summary of the lagged
timescale is shown in Fig 5. An almost concurrent increase in carbon uptake (lag ~10 years) is
driven mainly by intensifying winds as the AMOC collapses (Fig. 3, 4, 5), while the almost
immediate response of NPP is driven equally by regional ocean cooling and lower nutrient
availability responding to the shoaling mixed layer depths (Fig. 3, 4, 5, Extended Data Fig. 3a).
SST cooling is consistent with reductions in poleward heat transport as AMOC slows down, as
illustrated by multiple previous studies®3!, while mixed layer depth shoaling is consistent with
the collapse of deep convection in the subpolar North Atlantic. At slightly longer timescales
(~50 yr) the intermediate ocean oxygenation response (Fig. 3, 4, 5) is driven by enhanced
ventilation of intermediate waters caused by salinification of the upper ocean in the tropics and
extratropics of the Atlantic, which increases the density, depth, and northward extent of mode
waters from this region (Extended Data Fig. 3b,c). On longer timescales (~200 yr timescale)
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carbon storage reduction (Fig. 3, 4) is driven by the reduced ventilation of deep water. In the
subtropical North Atlantic, all properties except carbon storage show a latency of 2225-2275 yrs
(Fig 3). Carbon storage continues to increase until the end of the simulation (Extended Data Fig.
2w).

BGC Property Ocean Region Lag Latency Change due to AMOC collapse Severity of response
Air-sea CO, flux Arctic Oyears 176 years A |
gC/m?/yr
100 years -
ifﬂﬁf.':’ North 100 years I
10 years l
SubtropicalNorth 26years
100 years |
SubropicalSouth 376 years
Subpolar North
Net primary Atlantic Ovencs 176 years B | N
productivity
(gC/m?/yr)
g y! Z‘(ﬁ‘n’gsl(dlh‘c"h Oyinrs 226 years _ ~19% -
120
’S\I(AIZI"vgcpt(aISou(h years 276 years . . 15%
10ye &=
Subpolar North T o
Pacific YoR L%
180 ye ]
Southern Ocean
(north of polar front) snsient 1%
Dissolved O, i‘:ﬂgz‘:’ North Oyears 226 years ‘|| -17% .
(um)
40 yea
;S\l:ll:‘n’:flcal North oot 276 years - I 8%
20 | ——
Subpolar North i
Pacific transient m
130 years 1]
Arabian Sea 351 years m
Arctic 180 years 276 years s ‘ 3%

Subtropical North 190 years b l -
Atlantic transient -

Fig. 3: Regional ocean biogeochemical responses and their timescales of lag and latency
responses. For each ocean biogeochemical property and region, the lag is the time after the
AMOC bifurcates when the property begins to exhibit a response (see Methods). The latency is
the delay between when the AMOC begins to bifurcate and the property reaches a quasi-steady
state for AMOC-off members. Change due to AMOC collapse is the difference between the
AMOC-off and AMOC-on states at quasi-steady state. Severity of response is the difference in
the property between the AMOC-off state and the late historical (1980-2014 climatology).
Panels show differences between AMOC-on and AMOC-off responses for (a) the air-sea CO;
flux (gC/m?/yr), (b) NPP (gC/m?/yr), (c) intermediate layer oxygen concentration (uM), and (d)
carbon storage (Pg C). Differences are averaged over the 50 years after collapsed and recovered
states have achieved a quasi-steady state. The numbers to the right of the bars show the
latency when bifurcation occurs for each impact relative to the year AMOC bifurcates (2124).
Image credit: Fiona Martin.
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Fig. 4: Drivers of ocean biogeochemical responses to AMOC collapse in the subtropical North
Atlantic and their lagged response (as described in Fig. 3). Timescales refer to lags in Fig. 3.
Plots for the other basins are shown in Extended Data Fig. 4. Image credit: Fiona Martin.

With few exceptions, the lag between AMOC bifurcation and high-latitude ocean
biogeochemical responses is small (<20 yrs) in the northern high latitudes (Fig. 3).
Deoxygenation of subpolar North Atlantic intermediate waters is driven by reduced ventilation
of intermediate waters (Extended Data Fig. 4a), while oxygenation of subpolar North Pacific
intermediate waters is driven by increased ventilation (Extended Data Fig. 4b). The ventilation
reduction is driven in the subpolar North Atlantic by the collapse of deep convection in the
Irminger Sea, resulting in wintertime MLDs that are even shallower than in the subtropical
North Atlantic (Extended Data Fig. 3a), and in the subpolar North Pacific by salinification and
increased density of waters in the upper 500 m (Extended Data Fig. 3d,e). Colder sea surface
temperature drives a productivity decline in both regions (Extended Data Fig. 4a,b), but the
magnitude of decline is much larger in the subpolar North Atlantic (Fig. 3). The synchronicity of
the NPP and Oz responses to AMOC bifurcation suggests atmospheric teleconnections are
responsible for propagating changes from the North Atlantic to the Pacific. Such
teleconnections may include AMOC-collapse driven intensification of the Aleutian low3?, or an
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increase in Arctic sea-ice presence which reduces atmospheric anomalies associated with air-
sea heat transfer in the Arctic ocean that extend from the North Pacific to North Atlantic33.

Sea-ice controls the CO; flux reduction in the Arctic and increase in the subpolar North
Atlantic, but at different timescales. In the subpolar North Atlantic, the responses of the sea ice
coverage and the flux lag the AMOC bifurcation by a century (Fig. 3, Extended Data Fig. 4a),
while in the Arctic they occur synchronously with the AMOC bifurcation (Fig. 3, Extended Data
Fig. 4c). An increase in subpolar North Atlantic sea-ice results from Arctic surface temperature
declines due to the expansion of the warming hole induced by AMOC weakening and increases
in sea-ice transport through the Denmark Strait?2. Carbon storage lags AMOC bifurcation by
almost a century in the Arctic (Fig. 3), with a decline driven by reduced deep water ventilation
(Extended Data Fig. 4c). The largest changes due to AMOC collapse are also exhibited in the
northern hemisphere, including a >50% NPP reduction in the subpolar North Atlantic, greatest
oxygenation and deoxygenation in the subpolar North Atlantic and subpolar North Pacific
respectively, and the largest CO; uptake reduction in the Arctic CO; (Fig. 3). Latencies are
generally between 200-300 yrs, except for the much shorter (100 yrs) latency of the subpolar
North Atlantic CO; flux.

Moving southward, the Arabian Sea only shows a statistically significant response in
intermediate oxygen concentration (Extended Data Fig. 2t). It takes over 100 years for the
lagged response to AMOC here (Fig. 3), and is driven by a reduction in the upward flux of
deeper (>1100 m), older waters into the intermediate layer (Extended Data Fig. 4d, 5). The
latency of the O, response is ~100 yrs longer than in the North Atlantic, but still shorter than in
the subpolar North Pacific (Fig. 3). The O, change due to AMOC collapse is also smallest in this
region.

In the subtropical South Atlantic, NPP takes over a century longer to respond to AMOC
bifurcation than in the northern hemisphere (Fig. 3), while the CO, uptake takes a century
longer than in the subtropical North Atlantic and Arctic, but responds almost at the same time
as the subpolar North Atlantic. Increased surface ocean pCO; (Extended Data Fig. 4e), driven by
increased temperature, salinity, and DIC (Extended Data Fig. 6), controls the reduction in CO;
flux in the South Atlantic. Warmer SSTs also drive the NPP response in the southern
hemisphere, along with increased surface iron concentration (Extended Data Fig. 4e). NPP
increases in the Southern Ocean are also driven by SST (Extended Data Fig. 4e), but with an
even more lagged response (180 yrs; Fig. 3). Southern Hemisphere SST and SAT increases,
which have lagged responses to AMOC bifurcation like that of NPP (Extended Data Fig. 7¢,d,i,k),
are consistent with the bipolar seesaw hypothesis, where as AMOC weakens, heat that would
have otherwise been exported to the North Atlantic is left to accumulate in the South Atlantic,
raising the temperatures there343>, The latency of the CO; flux and NPP is a century longer in
the subtropical South vs. North Atlantic (Fig. 3).
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Image credit: Fiona Martin.

Discussion

We find that consequences of AMOC collapse can be regionally severe even if globally muted.
While previous numerical studies have investigated the response of ocean biogeochemistry to
AMOC collapse, comparison to these studies may be difficult due to (i) AMOC collapse occurring
at different global warming levels, as it has been shown that climate responses are state-
dependent?®, (ii) different amounts of freshwater forcing being used, while in our study there is
no external freshwater forcing, and (iii) responses being analyzed at different timescales.

For example, different studies prescribe vastly different amounts of freshwater forcing
ranging from 2x10 Sv/yr to 1 Sv/yrl” 1819.20 gyer different periods of time and under different
background state (e.g. pre-industrial background climate!”1°, or future climates'®%°) and
examined responses after different time horizons, with few focusing on quasi-steady state?®.
Consequently, some studies found an increase in the subpolar North Atlantic and reduction in
the Arctic CO> flux due to AMOC collapse?’ similar in magnitude to that found in our study,
while others found changes in the CO; flux of the same sign, but roughly half the magnitude?®.
Changes under SSP5-8.5 forcing suggest a reduced impact of AMOC collapse with warmer
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background climates'8, but this relationship has yet to be verified in other models. Our North
Atlantic and Arctic NPP declines are consistent with previous studies!®?°, but the South Atlantic
response is debatable!¥?°, As for the CO; flux, one model found the NPP response to be
reduced with increased background warming?°. The deoxygenation in the subpolar North
Atlantic in our model is 30-50% less severe than previously estimated?®, and our model also
simulates a ~20% weaker oxygenation in the subpolar North Pacific.

Despite differences in the magnitudes of change, increased carbon uptake in the
subpolar North Atlantic, collapse in NPP in the North Atlantic, and a dramatic (>50 umol/kg)
deoxygenation in the subpolar North Atlantic and oxygenation in the North Pacific have been
consistently found here and in these previous studies. The consistency in direction of the
biogeochemical impacts suggests these are properties that are at risk if AMOC collapses under
continued anthropogenic forcing which, despite not having a high likelihood®, some studies
suggest may happen as early as the mid-21st century3’-3,

Our study, in contrast to previous modelling efforts, also provides estimates of the lag
and latency of the impacts, i.e. the timescales at which impacts begin to respond to an AMOC
collapse and reach quasi-steady state. Particularly for NPP, the lagged responses are abrupt
(within 10 years of collapse) in the northern hemisphere, and in the case of subpolar North
Atlantic deoxygenation, they are still within decadal timescales (~50 yrs). The latency of all
properties is over a century, and we find that, just as the AMOC does not recover for at least
two centuries after a complete collapse, severe deoxygenation or NPP collapse show no signs of
recovery. Finally, it should be emphasized that, in contrast to previous studies, in our
simulations AMOC collapses in response to internal dynamics and under a mid-range scenario,
nowadays plausible scenario, for future CO; forcing.

Our results show severe regional decline in ocean carbon uptake (Arctic and subtropical
North Atlantic), NPP (North Atlantic), and O (subpolar North Atlantic) relative to present-day
values (Fig. 3). In addition to collapsing NPP, previous studies have shown a shift in
phytoplankton community composition in the subpolar North Atlantic, with an increase in small
phytoplankton and reduction in diatoms and diazotrophs?%3°. Previous studies?® also found a
significant reduction in the biomass of commercial species when forcing an AMOC collapse. Our
model agrees with previous studies that there are changes in community composition.
Assuming these impacts happen synchronously with NPP, a collapsing AMOC would have
almost immediate consequences for commercial fisheries. There may also be compounding
effects of AMOC collapse on pelagic fish in the high-latitude North Atlantic decades after AMOC
begins collapsing, as both prey availability and well-oxygenated habitats are diminished.

Placing our findings in the context of paleoclimate evidence may be highly debatable,
because of the difference in the background climate with present day climate, but might also
be informative. AMOC has been suggested to have undergone substantial weakening or
collapse under Heinrich Stadials*>*2. Paleo-reconstructions of 700-800 m oxygen concentrations
in the eastern tropical Atlantic and Arabian Sea suggest oxygenation during HS1%344, which is
consistent with the enhanced intermediate layer oxygen concentration we find in these regions
under AMOC collapse. Our finding of a severe reduction in North Atlantic NPP is also consistent
with paleo-records between 40°N and 63°N of a general decrease in diatom accumulation
during HS1 and HS4%>. Multi-proxy reconstructions of NPP from sediment cores in the South
Atlantic, Pacific and Atlantic sectors of the Southern Ocean, and Eastern Tropical North Pacific*®
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also indicate increased NPP during Heinrich events, consistent with increased NPP in these
regions found during AMOC collapse in our study. Additionally, the ~200 yr SST lag between the
North Atlantic and Southern Ocean shown here is remarkably consistent in terms of the lag
between temperature records in Greenland and West Antarctic Ice sheet cores*’. However, not
all paleo-proxy evidence suggests the same direction of NPP change during Heinrich events,
with 613C in multiple sectors of the southern hemisphere suggesting reduced productivity
during HS1%8. Moreover, whether there should be similar changes in biogeochemical properties
during AMOC collapse under cold and warm background climates remains unclear.

Despite the limitations of comparing our results to the aforementioned paleoproxies,
our study is the first to provide regional timescales of ocean biogeochemical properties to
AMOC collapse. Our findings suggest that adaptation measures would be useful if implemented
prior to AMOC collapse, given how rapid cascading impacts can occur. Our study shows the
cascading effects of a collapsing AMOC may occur at a global warming level of 2.8°C, which can
occur by the end of the century if we follow current emissions trajectories®®. However, we
emphasize that single model results have large uncertainties, and therefore intercomparison
studies following protocols such as the TIPMIP and TIPESM*>2° will allow us to better constrain
these timescales.

Methods

2.1 Model Configuration

We analyze 10 identically forced ensemble members of the ocean carbon cycle and AMOC
response to the extended Shared Socioeconomic Pathway (SSP) 2-4.5°! greenhouse gas (GHG)
emissions and mitigation scenario, in the NASA Goddard Institute for Space Studies (GISS)
version E2.1 climate model (GISS-E2-1-G). These simulations were part of the official submission
of the NASA GISS climate group to the Climate Model Intercomparison Project phase 6
(CMIP6)°2. The atmospheric component of GISS ModelE has 2° by 2.5° latitude and longitude
resolution respectively, 40 vertical layers and a model top at 0.1 hPa. The ocean component,
GISS Ocean v1, is mass conserving with a free surface, natural surface boundary conditions for
heat and freshwater fluxes>3, horizontal resolution of 1° by 1.25° in latitude and longitude,
respectively, and 40 vertical layers>*. The GISS Ocean vl model has 5 to 20 m resolution in the
seasonal mixed layer, 20 to 80 m resolution in the thermocline and 100—200 m at depths
greater than 1000 m. Heat, salt, and tracers are advected by the quadratic upstream scheme>®
and are vertically mixed by the K-profile parameterization (KPP>®). Eddy related fluxes by
mesoscale baroclinic turbulence are parameterized following the Gent-McWilliams
parameterization (GM>’) with variable coefficients®® where mesoscale transport is expressed in
local quasi-isopycnal layering, and the vertical diffusivity includes a contribution from tidal
dissipation which mostly impacts the shallow water regions bordering the North Atlantic.
Ventilation of marginal seas has been increased by slight tuning of the strait depths and by
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increased horizontal diffusivity locally. Previous sensitivity studies®®>° showed good agreement
with observations with regards to uptake of passive tracers.

The sea ice component has two mass layers and two thermal layers in each mass layer.
The sea ice dynamics is based on a formulation of the viscous-plastic rheology®® and the sea ice
thermodynamics uses the “brine-pocket” parameterization®%? that allows salt to play a more
active role in the specific heat and melt rates of sea ice. Processes relevant to the salt budget
(e.g., gravity drainage and flushing of meltwater) are consistently treated with the brine pocket
physics.

Ocean biology and chemistry are simulated by NASA-GISS Ocean Biogeochemical Model
(NOBMg?>:26:27.2863) ' A brief overview of NOBMg is provided in this section, while a more
detailed description and evaluation can be found in ref®*. NOBMg includes four phytoplankton
functional groups (diatoms, chlorophytes, cyanobacteria, and coccolithophores), three detrital
pools (POC, detrital silica, and detrital iron), four nutrients (nitrate, ammonia, silicate, and iron),
one heterotrophic species, dissolved organic carbon (DOC), dissolved inorganic carbon (DIC),
dissolved oxygen and alkalinity. Dissolved oxygen and DIC interact with atmospheric Oz and CO,,
respectively, through parameterized gas exchange following the CMIP6 protocol®. Light profiles
from the atmospheric radiation module are extended into the ocean and spectrally
decomposed to 33 wavebands that are used to compute growth of the phytoplankton groups,
sinking profiles, as well as changes in the vertical distribution of ocean temperatures due to
biologically mediated absorption and scattering in the water column?”:%6, The ocean iron cycle is
forced with a monthly climatology of dust deposition calculated offline by ModelE, with the
soluble fraction equal to 2% of the deposited mass?°. The concentrations of DOC, DIC, nitrate,
silicate and Fe for all the major and many minor rivers are prescribed from an annual
climatology®’, which determines the biogeochemical composition of the freshwater outflow at
these sites. Air-sea carbon fluxes, nutrients, oxygen, and primary productivity have been
assessed against observations from SOCAT, GLODAPv2, and SeaWiFS/MODIS-AQUA,
respectively?®. More recently, the iron cycle in ModelE has been improved through the inclusion
of prescribed ligands and a significant increase in the rate of ligand-bound iron scavenging to be
consistent with observed rates for trace metals with similar scavenging characteristics as iron®.

2.2 55P2-4.5: Ensemble Simulations and AMOC bifurcation

A pre-industrial control of the coupled atmosphere-ocean of E2.1 was spun-up for 7892 years
to obtain equilibrium conditions for the physical system, i.e. the top of the atmosphere
radiative imbalance is zero. After year 7500, the carbon cycle was enabled and the entire Earth
system model was spun-up for 392 years under preindustrial forcings. Carbon cycle equilibrium
conditions are attained with air-sea flux, land uptake and total carbon uptake all being zero. At
that point, 10 ensemble member simulations of the historical period 1850-2014 were launched
from the pre-industrial control run at 20-year increments, with the first 20-year increment
beginning at year 7842. Ensemble simulations for SSP2-4.5 were continued after each ensemble
member reached the year 2014. The nominal radiative forcing for SSP2-4.5 represents a
“middle-of-the-road” scenario that continues the forcing patterns of the late-historical
simulation after 2014 in terms of anthropogenic emissions and developments in environmental
systems. The forcing increases near-linearly to year 2100, increases but at a reduced rate till
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year 2200°%, and then decreases linearly from year 2200 to year 2500, flattening out after year
2500 (Figure 1c).

AMOC at 48°N and 26°N (Fig. 1a,b and Extended Data Fig. 8) shows a bifurcation around
the year 2124, which is the time when the difference between the ensemble-mean of the
members that exhibit AMOC collapse and those that show AMOC recovery becomes significant
(at the + 1-o level). Bifurcations in other variables are similarly identified for the biogeochemical
properties examined in this study.

We identify ensemble members with a collapsed AMOC as those in which AMOC
reaches a magnitude of less than 3 Sv at 48°N (less than 6 Sv at 26°N, following previous
studies’) for a period of at least 100 yrs. We find that members ¢, g, and i show a near-complete
collapse after year 2300, with members a, b, and d showing a corresponding recovery during
the same period (Extended Data Fig. 8). The ensemble mean and standard deviation of all
variables reported in this study are computed separately for members that recover (a,b,d) and
collapse (c,g,i).

2.3 Definition of Regions

Minimum-maximum latitude and longitude bands used to defined regions are as follows. The
subtropical North Atlantic (15°N-45°N, 75°W-0°E), the subpolar North Atlantic (45°N-60°N,
75°W-30°E), the subtropical South Atlantic (45°S-15°S, 65°W-15°E), the Southern Ocean North
of the Polar Front (65°S-45°S, 180°E-180°W), and subpolar North Pacific (45°N-65°N, 140°E-
110°W), the Arabian Sea (0°N-24.5°N, 45°E-75°W), and the Arctic (65°N-90°N, 180°W-180°E).

2.4 Identification of Drivers

We use a Least Absolute Shrinkage and Selection Operator (LASSO) Regression to
determine the dominant drivers to the ocean biogeochemical responses to AMOC collapse in
each region, which has the advantage of identifying the most important drivers even in the
presence of high multicollinearity between regressors®®. Given a linear regression with
predictors x;; and response values y; for i=1..N and j=1...p, where N is the number of samples
and p is the number of predictors, the lasso solves the regression problem of finding B} that

minimizes (Tibshirani 2011):
2
D= ) +4) 16
i j J

Where A is a penalty parameter that acts to shrink the absolute magnitude of the
regression coefficients such that only a subset of the initial regressors are needed to explain the
variance in the variable being predicted (y). The regressors chosen for each variable are those
we think encapsulate the range of processes that can drive significant changes are AMOC
collapse. They include sea-ice, the air-sea pCO; gradient, and wind speed for the CO; flux, SST,
nitrate, iron, for NPP, potential temperature, carbon export at 400 m, and ventilation (as
guantified by an ocean age tracer averaged between 400-1100 m) for intermediate layer
oxygen concentration, and potential temperature, respired carbon (below 1000 m), and
ventilation (again quantified by the age tracer, but now average below 1000 m). Respired
carbon is calculated using apparent oxygen utilization, as in previous studies®®.
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The regression models are such that the predicted variable is the ocean biogeochemical
property difference between the collapsed and recovered ensemble mean, and the regressors
are also differences between the collapsed and recovered ensemble means. Regression
coefficients are obtained using data between the year of AMOC bifurcation (2124) and the year
at which the AMOC reaches a fully collapsed state (year 2300). Fits of the LASSO regression to
the simulated data are presented in Extended Data Fig. 9: in all cases r2>0.8. Once the
regression coefficients are obtained, we use them to attribute the fraction of the difference in
the ocean biogeochemical property between the collapsed and recovered ensemble means
averaged between 2350-2400, during the fully collapsed state. As an example, we attribute the
difference in NPP as:

ANPP2350-2400 =BssT ASST2350-2400 + BnitrateANitratezsso-2a00 + BironAlronasse-2a00 (2)

Where the regression coefficients are obtained from the LASSO regression. Note that there
is no y-intercept in the regression model because the predicted variable and regressors are
centered prior to regression. Each term on the right of eq. 2 is considered a contribution to the
change in NPP between the collapsed and recovered runs. Contributions of each of the
regressors to the changes in ocean biogeochemical properties between collapsed and
recovered runs are shown in Extended Data Fig. 10.

To obtain uncertainties in our regression parameters, we use resampling with
replacement, using 100 iterations of random resampling of the regression data, and perform
the LASSO regression each iteration. This results in a distribution of 100 regression coefficients
for each regressor, from which we take the mean and standard deviation. For each iteration, 5-
fold cross validation is used to estimate the penalty parameter. Finally, to obtain the
uncertainties in each term in (2), we propagate the uncertainties based on the standard
deviation of the 3 ensemble members with the uncertainties in the regression coefficient (e.g.,
Bsst (ASST2350-2400)err = Bsst ASST2350-2400V((Bss,err/ Bsst,)? + (ASST2350-2400,err /ASST2350-2400,)%)

2.5 Estimation timescales, change due to collapse, and severity for each impact

The lag timescale, over which a given cascading impact following an AMOC collapse appears in
any region, is estimated as the difference between the AMOC bifurcation time (2124) and the
impact bifurcation time. The bifurcation time is estimated as the time when the difference in
response between the ensemble members with AMOC-off and those with AMOC-on exceeds 1-
o. These timescales are depicted in all timeseries figures (Extended Data Fig. 2,7) with vertical
dashed lines; the left-most vertical line is the bifurcation timescale of the AMOC and the right-
most line is the lagged timescale of the response. The latency timescale, over which a given
cascading impact following an AMOC collapse is fully realized*>7, is estimated as the difference
between AMOC bifurcation and the time in which the collapsed property reaches a quasi-
steady state. The change due to AMOC collapse is defined as the difference between BGC
properties in the AMOC-off and AMOC-on quasi-steady states. Quasi-steady state is determined
by visual inspection of collapsed and recovered properties (Extended Fig. 2). The severity is
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defined as the relative difference (%) between BGC properties in the AMOC-off quasi-steady
state and the historical mean (1990-2014). All timescales, changes due to AMOC collapse, and
severities for regions examined in this study are shown in Fig. 3.

Data and Code availability

All GISS ModelE components are open source and available at
https://www.giss.nasa.gov/tools/modelE/. Source code as well as scripts and data used to
produce the analysis and results in this paper are available on zenodo (doi:
10.5281/zenodo.18883081"%).
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Extended Data Legends:

Extended Fig. 1: Same as Fig. 1a-d in the main text, but showing actual values of AMOC (a,b),
atmospheric CO2 (c), global mean surface air temperature (d), the air-sea CO2 flux (e), net
primary productivity (f), intermediate-layer oxygen concentration (g), and Carbon Storage (h)

Extended Fig. 2: Air-Sea CO2 flux anomalies compared to the late historical (1980-2014
climatology) in (a) The subpolar North Atlantic, (b) the subtropical North Atlantic, (c) the
Subtropical South Atlantic, (d) the Southern Ocean North of the Polar Front, (e) the Subpolar
North Pacific, (f) the Arabian Sea, and (g) the Arctic Ocean. Red and blue curves show collapsed
and recovered ensemble means (shading is +/- 10), respectively. The faint vertical dashed line
shows the timing of the onset of AMOC collapse, while the opaque vertical dashed line shows
the timing of the response of the flux to AMOC collapse. (h-n), (0-u), and (v-ab) are the same as
(a-g), except for net primary productivity, intermediate layer O2 concentration, and carbon
storage, respectively.

Extended Fig. 3: Difference in maximum mixed layer depth between the mean of ensemble
members where AMOC collapses and recovers, averaged between years 2350 and 2400. (b)
Atlantic zonal average difference in salinity and (c) potential density between the mean of
ensemble members where AMOC collapses and recovers, averaged between years 2350 and
2400. (d,e) as in (b,c), but for the Pacific zonal averages.
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Extended Fig. 4: Schematics of the cascading effects of AMOC collapse on ocean
biogeochemical properties in different regions. Timescales refer to lags in Fig. 3. Image credit:
Fiona Martin.

Extended Fig. 5: Flux of Ocean Age tracer at 1100 m in the Arabian Sea. Positive indicates a flux
of older water from beneath 1100 m upward. (b) Vertical velocity at 1100 m (Positive =
downwelling). Reduced upwelling leads to a reduction in the transport of deeper, older waters
above 1100 m.

Extended Fig. 6: The right magenta circles show the change in the air-sea pCO2 gradient
between the collapsed and recovered ensemble members in the subtropical South Atlantic,
averaged between 2350-2400. The triangles to the left show, respectively, the contributions of
SST, SSS, DIC, and alkalinity to this change. Contributions are obtained using the sensitivity of
seawater pCO2 to changes in each of these fields from ref’2.

Extended Fig. 7: Sea surface temperature (SST) anomalies compared to the late historical (1980-
2014 climatology) in (a) The subpolar North Atlantic, (b) the subtropical North Atlantic, (c) the
Subtropical South Atlantic, (d) the Southern Ocean North of the Polar Front, (e) the Subpolar
North Pacific, (f) the Arabian Sea, and (g) the Arctic Ocean. Red and blue curves show collapsed
and recovered ensemble means (shading is +/- 10), respectively. The faint vertical dashed line
shows the timing of the onset of AMOC collapse, while the opaque vertical dashed line shows
the timing of the response of the flux to AMOC collapse. (h-n) are the same as (a-g), except for
Surface Air Temperature (SAT).

Extended Fig. 8: AMOC at 48°N and 26.5°N for all ensemble members. Ensemble members a, b,
d, and e recover before the year 2200, while members e and h recoveries are delayed until
2400 and 2550, respectively. Members ¢, g, and i show a full collapse by year 2350, with no
recovery exhibited. Members f and j also show AMOC collapse, but delayed until years 2450
and 2580, respectively.

Extended Fig. 9: Change in ocean biogeochemical properties between collapsed and recovered
ensemble means predicted by the LASSO regression model vs. simulated by the model. Samples
are obtained between the years 2124 and 2300 and smoothed using a 20-yr moving average
filter before the LASSO regression is applied. The red line shows the 1:1 line. Panels show LASSO
regression results for the air-sea CO2 flux in (a) the subtropical North Atlantic, (b) the subpolar
North Atlantic, (c) the subtropical South Atlantic, (d) the Arctic; NPP in (e) the subtropical North
Atlantic, (f) the subpolar North Atlantic, (g) the subtropical South Atlantic, (h) the subpolar
North Atlantic, and (i) the Southern Ocean North of the Polar front; Intermediate layer oxygen
concentration in (j) the subtropical North Atlantic, (k) the subpolar North Atlantic, (I) the
Arabian Sea, and (m) the subpolar North Atlantic; carbon storage in (n) the subtropical North
Atlantic, and (o) the Arctic.

Extended Fig. 10: Differences between ocean biogeochemical properties in the collapsed and
recovered runs, averaged between years 2350 and 2400, and attribution of these differences to
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various drivers. In each region, triangles on the left always show the ocean biogeochemical
property differences, and triangles to the right show the attribution to the various drivers.
Upward pointing triangles mean that the biogeochemical property changes under AMOC
collapse (in the case of red triangles), or that the driver causes an increase in the property
considered (all other colors). Uncertainties in parentheses are +/- 1 standard deviation. Panels
are for the same variables and regions as in Extended Fig. 9.
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