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A potential collapse of the Atlantic Meridional
Overturning Circulation may stabilise eastern
Amazonian rainforests
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Observations and models suggest that the Amazon rainforest might transition to a savanna-
like state in response to anthropogenic climate and land use change. Here, we combine
observations of precipitation, temperature and tree cover with high-resolution comprehen-
sive climate model simulations to investigate the combined effect of global warming and a
potential Atlantic Meridional Overturning Circulation collapse on the Amazon. Our results
show that, while strong warming lead to forest dieback, an Atlantic Meridional Overturning
Circulation collapse would stabilize the Amazon by increasing rainfall and decreasing tem-
perature in most parts. Although an Atlantic Meridional Overturning Circulation collapse
would have devastating impacts globally, our results suggest that it may delay or even
prevent parts of the Amazon rainforest from dieback. Besides the many negative con-
sequences of its collapse, the interactions we identify here make a tipping cascade, i.e., that
an Atlantic Meridional Overturning Circulation collapse would trigger Amazon dieback,
appear less plausible.
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is a key component of the Earth system!? and plays a

large role as a carbon sink!-3# and a biodiversity hotspot.
Global climate and land use changes have put the Amazon
rainforest at increasing risk of dieback!>-7, which would have
severe impacts on regional to global scales!-8-11.

Previous studies have compared the Amazon rainforest with
simple iconic dynamical systems, where small changes in a con-
trol parameter can bring the system to a bifurcation point and
cause an abrupt and irreversible transition to an alternative
state!>~15. Also some comprehensive models have suggested that
the Amazon might dieback abruptly in response to the impacts of
anthropogenic global warming!6-18,

Observations corroborate this view by showing alternative
regimes of tree coverage for similar levels of mean annual
precipitation!®. There is therefore concern that decreasing levels
of rainfall, combined with a warming-induced increase in eva-
potranspiration, will cause Amazon vegetation to shift into a
savanna-like state from which it may not recover even when the
climate forcing is reversed?%2!. Observations have recently indi-
cated that the Amazon basin may indeed be approaching such a
transition22-24, These results agree with studies suggesting that
global warming would lead to a loss of Amazon rainforest
resilience??, risking dieback by the end of the century>2%27, Other
studies question the likelihood of the Amazon forest crossing a
critical threshold?82. State-of-the-art Earth system models gen-
erally do not show large-scale dieback by the end of the twenty-
first century!”. However, these model projections are sensitive to
parameterizations involving uncertain model parameters’l.
Moreover, a substantial number of these models show regional
abrupt transitions in vegetation carbon under high-emission
scenarios!8. It is thus imperative to further investigate potential
shifts that may occur within distinct regions of the Amazon
boundaries?.

Another key component of the Earth system® is the Atlantic
Meridional Overturning Circulation (AMOC). There is evidence
from paleoclimate proxies and from models across the hierarchy
—from conceptual models to Eddy-resolving coupled general
circulation models—that the AMOC is a bistable system; there
likely exists a second, substantially weaker circulation mode in
addition to the present strong mode30-33,

A transition of the AMOC to its weak state would result in a
southward shift of the Atlantic Intertropical Convergence Zone;
in turn, this has been suggested to have major impacts on rainfall
regimes over the Amazon rainforest34-36. Observational evidence
suggests that the AMOC has already weakened in the last century
and is showing signs of destabilization3”-49, and coupled climate
models project further weakening of the AMOC under future
warming*!. Whilst the effects of an AMOC collapse on the South
American Monsoon and the Amazon rainforests have been
investigated in numerous studies®03442, these have almost
exclusively focused on the effects of a pre-industrial climate.
These studies use so-called hosing experiments, in which fresh-
water is added to the North Atlantic, forcing the AMOC to
weaken and potentially collapse.

There has been little research on the combined effect that
global warming and a potential AMOC collapse would have on
the Amazon rainforests. Ciemer et al.#3 utilized the relationship
between Atlantic sea-surface temperatures and Amazon mean
annual precipitation (MAP) to predict the probability of forest
and savanna states on average, without an investigation of the
spatial patterns. Moreover, few studies take the changes of both
precipitation and temperature into account when considering
future impacts.

In this work, we investigate the spatiotemporal impacts that a
combined global warming and AMOC collapse scenario would

Q s the world’s largest tropical forest, the Amazon rainforest

have on the Amazon rainforest. We go beyond the idealized
approach in Ciemer et al.*3 by directly utilizing precipitation as
well as temperature patterns simulated with comprehensive high-
resolution Earth System Models as a response to global warming
and to an AMOC collapse. To obtain the pattern of global
warming in general, we use model outputs from the high-
emission global warming scenario SSP5-8.5 (SSP8.5) from the
sixth phase of the Climate Model Intercomparison Project
(CMIP6), without restricting ourselves to the particular timing of
emissions in that scenario (see “Discussion” section). The climatic
changes resulting from an AMOC collapse are obtained from the
North Atlantic Hosing Model Intercomparison Project
(NAHosMIP)#4. In our results, we focus on the model
HadGEM3-GC3-1MM (HadGEM3) because it has a relatively
high resolution and high ability to simulate precipitation over
Amazon*> among the NAHosMIP models showing an AMOC
collapse, but ensure that the results are similar to the model mean
(see Methods) to guarantee their robustness across models.

Despite being state-of-the-art, the models employed for the
above simulations do not simulate vegetation dynamically. We
therefore build on the results by Hirota et al.!%, in which the
stability landscape of tree cover is derived from observations.
We use satellite-derived tree cover data (Moderate Resolution
Imaging Spectroradiometer (MODIS))#” and a station-based
precipitation and temperature data set (Climate Research Unit
(CRU))*8 to infer probability densities of the tree cover state as
function of climatic conditions. Based on these empirical rela-
tionships, we predict the shifts in tree cover distribution that
would result from global warming with and without AMOC
collapse.

Results

Temperature and precipitation changes in future scenarios. To
study the impact of future climate change scenarios on the
Amazon, we first obtain the changes in MAP and mean annual
temperature (MAT) that result from either an AMOC collapse or
from global warming without AMOC collapse from the different
model simulations (Fig. 1). Compared with pre-industrial MAP
and MAT values, the main effect of an AMOC collapse is to
increase precipitation in northeastern Brazil (Fig. 1b). This
increase is due to the southward shift of the Atlantic Intertropical
Convergence Zone over the tropical Atlantic, which is caused by
the change in meridional heat transport and the shift of the
thermal equator following the AMOC collapse®®. The collapse
also leads to a general cooling over tropical South America
(Fig. 1d). In contrast, global warming results in coherent tem-
perature increases also regionally across South America. In the
SSP8.5 future emissions scenario, most areas of South America
(almost the entire Amazon basin) would warm by more than 7 °C
in the final decade of this century compared to pre-industrial
levels (Fig. 1c). In addition, a large decrease in precipitation
would occur over much of northern South America and especially
the eastern half of the Amazon rainforests), while a clear increase
in precipitation would occur in southern and especially south-
eastern South America (Fig. 1a).

Stability of the Amazon rainforest. Most studies have only
considered precipitation as the environmental control parameter
for tree cover!®2043, However, the increase in temperature also
has relevance for the resilience of the system by increasing
potential evapotranspiration, enhancing the likelihood of
wildfires?’, and because the thermal tolerance of plants has
thresholds*®. From the temperature-tree distribution projection
(Supplementary Fig. Slc), it can be seen that their relationship is
nonlinear. The traditional way to determine the most likely tree
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Fig. 1 Changes in precipitation and temperature due to AMOC collapse and global warming. a Mean annual precipitation (MAP) changes due to global
warming are estimated by subtracting the mean pre-industrial control climate from the average of the final decade (2090-2100) in the SSP8.5 scenario of
the HadGEM3 model. b Mean annual temperature (MAT) changes estimated in the same way for the SSP8.5 scenario. € MAP changes due to Atlantic
Meridional Overturning Circulation (AMOC) collapse, estimated by subtracting the fields of the control runs from the average of the hosing experiment of
HadGEM3. d MAT changes estimated in the same way for the AMOC collapse. The red line shows the Amazon basin, determined from http://worldmap.

harvard.edu/data/geonode:amapoly_ivb.
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Fig. 2 Distribution of climate variables in the South America. Distribution
of tree cover, mean annual precipitation (MAP), and mean annual
temperature (MAT) in the study area of South America. The light gray dots
are the observations from 2000 to 2020 in the three-dimensional MAP-
MAT-tree-cover state space. The colored projection panels show the
2-dimensional distribution of tree cover and MAP, tree cover and MAT, as
well as MAT and MAP, respectively.

cover state only considers the tree-precipitation relationship
(Supplementary Fig. S1b): the tree cover distribution at a specific
MAP empirically reveals forest and savanna (unimodal) as well as
bistable regimes (bimodal). We therefore consider MAP and

MAT to determine the most likely tree cover state based on the
empirically inferred probability density function (PDF) (Fig. 2).

As in Hirota et al.l%, the observations reveal three vegetation
regimes (Supplementary Fig. S2). (1) forest regime: for high MAP,
forest is the only stable state. (2) Bistable regime: apart from
forest, an alternative stable “savanna-like” state with low tree
cover exists. This state is a non-forest state, but may have a
different appearance than a typical savanna in actual observa-
tions. As MAP decreases, the forest state loses resilience in the
sense that smaller disturbances are needed to cause a shift to the
savanna-like state!®20, (3) Savanna-like regime: for even smaller
MAP, the savanna-like regime is the only remaining state with
low tree coverage. We use the term “state” when we refer to the
actually realized tree cover, whereas a regime is characterized by
the entirety of all possible stable states.

Changes in tree cover regime in future scenarios. The impacts
of climate change on the tree cover regime can be assessed by
comparing the regime in the current climate to the one in future
scenarios, where general model biases of course need to be taken
into account. We assume that the effects of global warming and
the AMOC collapse can be added linearly (see “Methods”). For
any time in which a certain warming level is reached, we consider
a so-called combined scenario by assuming the AMOC collapse
has happened by that time. Figure 3 shows the resulting transi-
tions of tree cover regimes in two scenarios: global warming only
(SSP8.5, Fig. 3a, ¢, e, g), and the combined scenario (SSP8.5 +
AMOOC collapse, Fig. 3b, d, f, h). Note that, in addition to mean
MAT and MAP changes, changes in their interannual variability
—such as the effects of alterations of the El Nifio Southern
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Fig. 3 Vegetation regime shifts in future scenarios. a, ¢, e, g show vegetation regime shifts in global warming (SSP8.5), and b, d, f, h show vegetation
regime shifts in global warming combined with an Atlantic Meridional Overturning Circulation (AMOC) collapse. The global temperature changes relative
to pre-industrial levels are shown at the top right corner of each panel (assuming the AMOC collapse does not affect global mean temperature). “Savanna-
like, Forest, Bistable” in the color labels denote the savanna-like, forest, and bistable regime, respectively. Each color represents a vegetation regime shift,
e.g., "Forest to Savanna-like” means a shift from forest to savanna-like regime (red). The “N-regime” shift shows locations for which the regimes cannot be
uniquely determined (can't tell from the PDF whether it's monostable or bistable, see “Methods"). Black dotted areas indicate that the sample was

insufficient to determine the vegetation regime from the observed relationships (No data, where mean annual precipitation (MAP) or mean annual

temperature (MAT) leaves the range of observed values, see “Methods”); in particular, these include cases where MAT or MAP exit their observed range
in the SSP8.5 scenario. In such cases, the result shown here is the nearest-year result with sufficient data. This figure shows that the stable forest regions in
the Amazon lose resilience gradually in both future scenarios and finally transition to a stable savanna-like regime around the warming level of 3.6 °C. The

resilience loss is delayed in the combined scenario compared to the SSP8.5-only situation.

Oscillation—caused by an AMOC collapse are also taken into
account (“Methods”).

The results reveal that the higher the global warming level, the
more likely it is that large-scale forest dieback will occur in the
Amazon. The central and eastern parts of the Amazon are the
first to lose resilience and undergo critical transitions from the
forest to the savanna-like regime (Fig. 3a, ¢, e, g). This is
associated with the large warming of the central Amazon and the
drying occurring in eastern Amazon as shown in Fig. la.

The combined scenario shows a similar evolution with
increasing levels of global warming (Fig. 3b, d, f, h). However,

the loss of the forest regime is shifted substantially under
higher global warming levels, i.e., to later points in time. This
even happens in the central Amazon, where the AMOC
collapse does not increase MAP, but does decrease MAT
(Fig. 1). In addition, the increased precipitation in north-
eastern Brazil caused by the AMOC collapse makes the forest
regime more stable where it already prevails, causes transi-
tions from the savanna-like regime to the bistable regime, and
even leads to a shift from savanna-like regime to forest in
some grid cells, in case the AMOC collapse occurs early
enough (Fig. 3b).
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Above a global warming level of 3.6 °C relative to the pre-
industrial climate, more than 50% of South America would
experience average temperatures beyond what is currently
observed anywhere in the Amazon forest. We have insufficient
data to determine the tree cover state in those situations.
However, the most likely tree cover state of the overwhelming
majority of these regions was already a savanna-like state prior to
exceeding temperature levels covered by observations, which is
indicated by the nearest-year results with sufficient data before
exceeding the limits of observational records (Fig. 3). At such
high temperatures the forest would face much more dry-season
water stress, which in addition to the direct heat stress would
cause an even higher risk of the region transitioning to a savanna-
like regime?”.

The Amazon forest in the combined scenario reaches a critical
such high temperatures the forest would face much more dry-
season water stress, which in addition to the direct heat stress
would cause an even higher risk of the region transitioning to a
savanna-like regime transition later in time than in the SSP8.5
scenario because the AMOC collapse buffers the increasing
temperatures (Fig. 1d) and increases precipitation over the
eastern Amazon (Fig. 1b). This conclusion is further supported by
the comparison of the spatial abundance of the three regimes
(forest, savanna-like and bistable) in the two future scenarios, as
shown in Fig. 4. For a global warming level below 1.4 °C above
pre-industrial, the changes in MAT and MAP have relatively little
impact on the abundance of the regimes. The abundance of the
forest regime decreases considerably for global warming larger
than 1.4 °C, whereas the area of savanna-like regime increases.
Beyond 2.8 °C warming, almost the entire Amazon rainforests are
at risk of dieback (Fig. 3e), though the lack of present-day analogs
prevents us from predicting the threshold levels in some places. In
comparison, in the combined scenario, the percentage of forest
and savanna-like regime is basically stable at a relatively high
value until a warming level of 2.3 °C. For higher warming levels,
the percentage of savanna-like regime increases more slowly.
Comparing the curves of savanna-like regime percentages, the

global warming level (°C)
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Fig. 4 Area fraction of different vegetation regimes over time. Area
fraction of the savanna-like regime (orange lines), forest (blue lines), and
bistable regime (pink lines) are relative to the total natural vegetation area
for each year (see “Grid selection” in “Methods"). The dashed-dotted lines
represent the result of the SSP8.5 simulation, and the solid lines represent
the combined scenario (SSP8.5 + AMOC collapse). The gray shading
indicates the area fraction of grid cells with insufficient samples at their
corresponding mean annual precipitation and mean annual temperature
(light gray for SSP8.5 and dark gray for the combined scenario). These grid
cells are removed when estimating the percentages because the vegetation
regime of these areas could not be determined.

change is delayed temporarily in the combined scenario, with
good correspondence of the spatial patterns of the regime shift
(Fig. 3). This indicates that even in an extreme warming scenario,
a collapse of the AMOC would temporarily have a stabilizing
effect on the Amazon forests.

We further demonstrate different regional impacts under the
two future climate change scenarios in three regions: (1) the
central Amazon, where forest resilience is lost first; (2) eastern
Brazil, which substantially gains precipitation due to the AMOC
collapse; and (3) a southeastern region where precipitation
substantially increases due to global warming (Fig. 5a). In these
regions, we follow the trajectories of regional average MAP and
MAT change. In the central Amazon (Fig. 5¢), MAT increases
and MAP decreases steadily over time in both scenarios. The
vegetation regime changes from forest to bistable, and finally to
savanna-like regime. An AMOC collapse occurring in an early
stage of the scenario would help maintain the stability of the
forest a bit longer, mainly due to the cooling effect. However, at a
later stage, the increase in MAT is too large, and the forest would
turn into a savanna-like regime regardless of the scenario. In
northeastern Brazil and Amazon (Fig. 5b), the large amount of
precipitation brought by the AMOC collapse initially shifts the
region to a bistable regime in the combined scenario. Only
beyond a warming level of 3.8°C above pre-industrial, the
temperature increases to an extent that the tree cover regime
reverts back to a monostable savanna-like regime. In southeastern
South America (Fig. 5d), increases in precipitation and
temperature lead the region to gradually change from savanna-
like to bistable, and eventually to forest. For this special case, the
main reason that the transition of savanna-like regime to forest
can occur is the relatively low original MAT and the large
precipitation increase due to the greenhouse forcing (Supple-
mentary Fig. S3a).

Dependency on the order of events. We investigated the com-
bined consequences of global warming in the SSP8.5 scenario and
an AMOC collapse occurring in a certain year, without con-
sidering their order of occurrence. The first possibility is that in a
certain future year, global warming has already led to a regime
shift of the vegetation, after which an AMOC collapse induces
additional—potentially favorable as we saw above—impacts on
vegetation. However, due to the hysteresis and associated irre-
versibility, for this temporal order the AMOC collapse would
have happened too late to prevent or delay forest dieback.
Another possible scenario is that the AMOC collapse occurs early
(i.e., at a low warming level), followed by further impacts from
greenhouse forcing. In this situation, the potential for preventing
or delaying forest dieback would be much greater. Because of the
large uncertainty in the global warming level at which AMOC
collapse could occur, both scenarios are plausible. Although the
final regime shift pattern shown in (Figs. 3-5) is the same in both
cases, the actually attained vegetation state in the bistable regime
may be either forest or savanna-like depending on the initial state,
due to the memory effect of bistable systems. Thus, tree cover in
the combined scenario may differ depending on the relative
timing of global warming and the AMOC collapse. We therefore
compare the pattern of actual tree cover states with the AMOC
collapse event occurring before or after the high-level global
warming (Fig. 6), by considering the observed initial state. For
example, the central Amazon rainforest is in a bistable regime
already below the warming level of 2.8 °C. If the AMOC collapse
occurs first, its effect on the Amazon rainforest is to stabilize the
forest by increasing MAP and decreasing MAT. The effects of
subsequent higher-level global warming would cause a shift from
a stable forest regime to a bistable regime. With forest as the
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Fig. 5 Trajectories of climate change for three selected regions in two future scenarios. a The original tree cover state estimated from the current

climate. The locations of the three regions (central: 53°W-63°W, 0-10°S; northeast: 35°W-48°W, 0-10°S; southeast region: 40°W-60°W, 20°S-30°S)
are marked by red rectangles. The trajectories of the regional average mean annual precipitation (MAP) and mean annual temperature (MAT) changes in
(b) northeastern Brazil, (¢) the central Amazon, and (d) southeastern Brazil are shown respectively. Dashed lines show the trajectories of SSP8.5, and solid
lines show SSP8.5 combined with an Atlantic Meridional Overturning Circulation (AMOC) collapse. The background color indicates the vegetation regime:
forest, savanna-like, bistable, and N-regime (see “Methods"), estimated from the corresponding MAP and MAT for each point coordinate in the plot, and

the white part in the background due to “No Data” (see “Methods").

initial state, the system will not have crossed the tipping point and
forests would eventually be preserved. In contrast, if a high level
of global warming occurs first, it can cause forest dieback as the
savanna-like regime is the most likely state. The decreased MAT
and increased MAP that occur later due the AMOC collapse
would restore the bistable regime. However, if the tree cover has
already been lost by that time, this change will not be enough to
restore the forest.

Discussion

This work is based on the model outputs from the HadGEM3
model, which was chosen due to its high resolution and high
ability to simulate precipitation over Amazon*>. Ben-Yami et al.”>*
tested HadGEM3 and three other models (CanESM5, CESM2 and
IPSL-CM6A-LR) from NAHosMIP and found consistent results
indicating a southward shift of the Atlantic Intertropical Con-
vergence Zone, increased precipitation, and cooler temperatures
over the specified region after AMOC collapse, which support our
analysis. Similar patterns also showed in several recent studies
using state-of-the-art Earth System Models (ESMs) to simulate
the effects of AMOC collapse®!~>3, To better support the Had-
GEMS3 results, we repeated our analysis using the averaged result
of hosing experiments in three other models (CanESM5, CESM2

and IPSL-CM6A-LR) with bistable AMOC in NAHosMIP## (see
“Methods”) and the ensemble mean of 35 models in CMIP6
SSP8.5 (Supplementary Figs. S4 and S5). As the results are of
considerably lower resolution, a direct comparison of results on
the scale of a few 100km is hardly possible. However, the
essential large-scale features of our results, in particular the
delayed forest loss in the central Amazon, remain valid. Our
overall results are hence not model-dependent.

Since SSP8.5 represents the most extreme warming scenario,
offering a future climate change projection across a large potential
range of warming levels, including the climate response to high
rates of deforestation, we have also repeated the analysis under
the SSP2-4.5 scenario (SSP4.5), a medium pathway for future
greenhouse gas emissions that supersedes the RCP4.5 pathway,
employing the ensemble mean of 32 CMIP6 SSP4.5 models (see
“Methods”). We find that the results from the SSP4.5 scenario can
be scaled to match the results from the SSP8.5 scenario (Sup-
plementary Fig. S4). For instance, the vegetation regime shift
pattern shown at a global warming level of 2.1°C in SSP8.5 for
the year 2050, aligns with the year 2040 in SSP4.5 (also exhibiting
2.1°C of warming), exhibiting a similar pattern. Also, year 2060
in SSP8.5 aligns with year 2099 in SSP4.5. The combined scenario
under SSP4.5 still shows the delay effect of resilience loss com-
pared with the SSP4.5-only situation.
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Fig. 6 Tree cover state for two future situations considering their order of occurrence. a, c, e, g show the tree cover state for the Atlantic Meridional
Overturning Circulation (AMOC) collapse that occurs before the effects of global warming (SSP8.5) come into play. b, d, f, h show the tree cover state for
global warming (SSP8.5) that occurs before the AMOC collapse. The shaded areas show the bistable regime.

The combined scenario in our study assumes that the MAP
and MAT changes due to the SSP scenario forcing and the
AMOC collapse forcing are linearly additive. The advantage of
this approach lies not only in its flexibility and detailed exam-
ination of the effects of different timings of an AMOC collapse,
but also in its ability to circumvent the increased uncertainties
associated with predicting future collapses using Earth system
models>4. This is particularly crucial given the substantial inter-
model variability observed among CMIP6 models in predicting
AMOC response to warming scenarios>. The study by Chemison
et al.>3, who applied freshwater hosing in the North Atlantic in
the standard RCP8.5 scenario using the IPSL-CM5A model,
shows similar precipitation and temperature changes in their
results compared to ours®3, and similar results have been shown
in other model experiments®®. This indicates the credibility of the
linear superposition. Previous studies have shown that CMIP6
models under the SSP8.5 scenario already exhibit a gradual
AMOC decline, and our result may hence overestimate the effect
of AMOC collapse in the combined scenarios. However, this
effect may be limited, as the AMOC collapse signal is noticeable

in the CMIP6 model of SSP8.5 after 2050%l. At such high
warming levels, our results show only few differences between the
two scenarios.

In this work, the inclusion of MAT as an additional parameter
goes beyond previous studies!*20:43 where the tree cover PDF was
estimated only from the MAP, whereas we introduce another
dimension of environmental conditions. The nonlinear relation-
ships between MAT and MAP and between MAT and tree cover
(shown in Supplementary Fig. S1) introduce more realistic con-
siderations. The vegetation status cannot be determined simply by
the linear change of temperature and precipitation. As the result
shown in Supplementary Fig. S6, when only considering the
relationship between MAP and tree cover and ignoring tem-
perature changes, the vegetation regimes show different spatial
patterns.

Our findings provide a spatial pattern of vegetation regime
shifts for warming only and warming plus AMOC collapse sce-
narios, which has not been addressed before but is a critical
contribution to offering a more comprehensive understanding of
the potential impacts of global warming and AMOC collapse on
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vegetation. Human land-use change and deforestation are addi-
tional factors that would influence the vegetation state over
Amazonia, however, our study specifically examines the natural
response of the Amazon to anthropogenic warming and we
exclude regions potentially impacted by human-induced defor-
estation. Our findings still provide key insights into where the
degrading remote effects of deforestation on untouched rainforest
areas could still be attenuated by an AMOC collapse. This work
does not take into account the varying length of the dry season
under climate change, which would also affect the vegetation state
in the Amazon Basin®’. A study based on the fifth phase of the
Climate Model Intercomparison Project projections finds that the
dry season in the southern Amazon will be extended by the end of
the twentieth century®®, However, a large part of the most
affected regions are removed in our study due to potential human
deforestation. Moreover, the effect of AMOC collapse on the
length of dry season remains to be further studied. Therefore, the
effect of dry season changes on the Amazon forest under future
climate change still needs to be explored.

We have taken into account changes in interannual variability
in addition to changes of the mean precipitation and temperature
changes following an AMOC collapse (The difference without
considering it is shown in Supplementary Fig. S6). These inter-
annual variabilities of precipitation, temperature, and fire-related
tree cover changes include the impacts of changing forest fires
and water use efficiency on vegetation regimes as it uses data
from 2000-2020, which is reflected in the empirical relationship
used in this study from MAP, MAT, and tree cover. However, it
should be noted that the time required for the AMOC to collapse
and for the tree cover to respond to future climate change has not
been considered in this study. Our results only represent the
equilibrium state of tree cover after climatic changes. Continued
weakening of the AMOC would likely also influence tree cover
over South America dynamically in the long term, via hydro-
logical and thermal changes*3°, causing similar patterns®® as
found in this study, once the AMOC has reached a weak state at a
certain global warming level. The tree cover regimes we identify
are, however, independent of a particular time horizon or emis-
sion scenario given a certain AMOC state and global warming
level. The actual evolution of tree cover will largely depend on the
relative timing of the two processes, and the possibility of an
AMOC collapse per se. In case of an early AMOC tipping and a
“net-zero” emission pathway thereafter, it is even conceivable that
parts of the Amazon can be saved on an arbitrarily long
time scale.

Recent studies have extensively explored the tipping cascade
effects among subsystems of the Earth System®30°: When a
tipping element crosses its tipping point, it could trigger other
tipping elements to tip over in succession. In particular, the
Amazon forest is susceptible to the tipping cascade effects
resulting from the AMOC3660:61, We here assess the individual
and combined contributions of global warming and an AMOC
collapse to future climate change, as well as comparing the
impacts of different times of collapse for the AMOC. Our findings
suggest that an AMOC collapse tends to stabilize the Amazon
forest system overall, making the occurrence of a tipping cascade
less plausible in this particular scenario.

Overall, our study confirms that high global warming levels
would lead to high risks of Amazon forest dieback. It also reveals
that the collapse of AMOC prior to forest dieback would stabilize
the Amazon rainforest and delay the regime shift. However, if
global warming continues, large parts of the Amazon forests still
face high risks of dieback even with a potential AMOC collapse.
Limiting the global temperature increase thus remains an urgent
key priority to maintain a stable Amazon rainforest.

Methods

Observations. We study the region of South America from 15N
to 35S, which includes both tropical forest and savanna-like areas.
We use the satellite tree cover data at 250 m resolution from the
MODIS Terra vegetation continuous fields yearly product
(MOD44B.006)4” from 2000-2020. From the high-resolution
gridded dataset CRU TS v. 4.06 (Climatic Research Unit gridded
Time Series)48, which is based on weather station observations at
0.5°x 0.5° and is available at a monthly resolution, we calculate
the mean annual precipitation (MAP) and mean annual tem-
perature (MAT) from 2000-2020.

Model outputs. To estimate the influence of an AMOC collapse,
hosing experiments of the comprehensive general circulation
models HadGEM3-GC3-1MM (HadGEM3), CanESM5, CESM2
and IPSL-CM6A-LR are used in this study. They are part of
NAHosMIP#, a recent intercomparison project which investi-
gates the stability of the AMOC by comparing eight models from
the sixth phase of the Climate Model Intercomparison Project
(CMIP6). A constant 0.3 Sv hosing is applied over the North
Atlantic for 50 years, weakening the AMOC. The AMOC remains
in a stable weak state after the hosing is stopped**. MAT and
MAP changes are calculated from the last 100 years of the hosing
experiments and pre-industrial control runs. The main text only
focuses on the result of HadGEM3 due to its exceptionally high
resolution. To determine MAT and MAP changes for future
scenarios, we use the pre-industrial and historical experiment
data from HadGEM3 CMIP6 (https://esgf-node.llnl.gov/search/
cmip6/). For estimating the impact of global warming, we use
data from the SSP5-8.5 (SSP8.5) experiment of HadGEM3 in
CMIP6 from 2015-2100. For the multi-model results, the
ensemble means of 35 CMIP6 models of SSP8.5, the ensemble
means of 32 CMIP6 models of SSP4.5, pre-industrial, and his-
torical experiments are used for the same time periods in Sup-
plementary Figs. S4 and S5 (https://esgf-node.llnl.gov/search/
cmip6/). All data of CMIP6 used are listed in Supplementary
Table SI.

Grid selection. To focus on forest and savanna-like regimes, we
exclude non-vegetated areas and human-influenced regions based
on the IGBP MODIS land cover dataset’?. We also use the
Hansen forest loss dataset®® to further remove areas with
potential human deforestation. The resolution is downscaled to
0.12° from the 0.00025° resolution by measuring the percentage
of forest loss in each grid cell. Grid cells with forest loss exceeding
5% from the Hansen dataset are removed from both observations
and model simulations. Note that this removal based on the
Hansen dataset includes both human and natural causes of forest
loss, making it a conservative approach.

Determining tree cover regimes. We estimate the most probable
tree cover regime based on MAT and MAP values for each grid
cell. Tree cover samples from the observations within +0.2 °C of
the target MAT and +50 mm/year of the target MAP for the grid
cell are used to calculate the probability density function (PDF)
using Gaussian kernel density estimation with a bandwidth of
b =1.06s/n'/>, where s is the standard deviation of the samples
and n is the sample size (Supplementary Fig. S2). Vegetation
regimes are defined based on the characteristics of the PDF peaks.
If there is only one peak, regimes are classified as monostable
forest if the peak is above 70% tree cover, and monostable
savanna-like if the peak is below 30% tree cover. The bistable
regime is assigned when the PDF exhibits two peaks, unless the
savanna-like peak lies below a tree cover of 0.005 or the difference
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between the second peak and the minimum is smaller than 0.001.
A special case is defined as the “Neither forest nor savanna-like
nor bistable” regime (N-regime), when there is only peak between
30 and 70%. Grid cells with less than 11 data samples are marked
as “No data” due to insufficient data for PDF estimation, meaning
where MAT or MAP leaves the range of observed values.

For the AMOC collapse situation, we estimate the tree cover
regimes from the precipitation and temperature changes by
subtracting the time average of the pi-Control experiment from
the time average of the 100-year hosing experiment. These
regimes are then compared with the vegetation regime of the
currently observed climate (2000-2020) to infer vegetation
regime changes after the AMOC collapse, referred to as the
“averaged method”, as shown in Supplementary Fig. S6c¢.

To comprehensively estimate the vegetation regime, we
account for the impact of interannual variability of MAT and
MAP, which can be influenced by natural climate variability such
as the El Nifio Southern Oscillation®*. We first estimate the joint
PDF of MAT and MAP from 100-year changes of AMOC
collapse with n times m bins for a grid cell, and the corresponding
MAP; and MAT; of each bin are added to the current climate to
get the final MAP and MAT of this grid cell. The corresponding
tree coverage PDF;; for each bin can then be determined using
the same method as described earlier. Regarding the correspond-
ing probability of each bin P(MAP;, MAT)) as weight, we then
calculate the weighted average for the tree cover PDF of all bins as
the final tree cover PDF of this grid as follows:

n.m
PDFg . = i:§:l P(MAP;, MATj) * PDF, , (1)

where the sum of the P(MAP;, MAT)) is 1 and m =n = 10. The
regime estimated from this tree cover PDF is compared with the
regime of the current climate to obtain the weighted average
vegetation regime shift of AMOC collapse, as shown in
Supplementary Fig. S6d. We refer to this as the “weighted
method”, which incorporates information from temperature and
natural variability. Supplementary Fig. S6 provides a comparison
of regime shifts due to AMOC collapse with and without
considering temperature and natural variability. In the main text,
both SSP8.5-only and combined scenarios account for natural
variability.

For the global warming scenario without AMOC collapse, the
precipitation and temperature changes are estimated by subtract-
ing the time average of a reference period from each year’s MAP
and MAT of SSP8.5 in the period 2021 to 2100. The reference
period here is the period 2000-2014 of the historical experiment
followed by 2015-2020 of the SSP8.5 experiment. These changes
are then added to the current climate to obtain the 2021-2100
global warming anomalies relative to pre-industrial. Combined
these with the joint PDF of MAT and MAP by the 100-year pre-
industrial run fluctuations (with time average removed), and then
estimate the weighted-average vegetation regime shift of SSP8.5 in
2021-2100 (weighted method).

To obtain the combined scenario, we assume independence
and additivity of the effects of global warming and AMOC
collapse. We add the MAP (MAT) for each bin of the joint PDF
of changes after the AMOC collapse to the changes of global
warming relative to pre-industrial, and estimate the final MAP
(MAT) for each bin. From this, we can estimate the weighted-
average MAP (MAT) and weighted-average vegetation regime
shift for the combined scenario of AMOC collapse with global
warming in 2021-2100.

When MAT exceeds 30°C and there are no corresponding
historical observation samples, we can not update anymore.
Studies show that the thermotolerance of trees declines above

40°C#05, The climatology of the Amazon determined from
2000-2020 observations shows that the MAT over the central
Amazon is >27 °C (Supplementary Fig. S7), which is the riskiest
region for temperature increase.

The current-climate tree cover state is determined based on
averaged tree cover from observations, with values greater than
50% defined as forest and the rest as savanna-like state. In future
scenarios, the tree cover state is determined based on the
vegetation regime shift. If the shift results in a transition to
savanna-like or forest regime, the final tree cover state is set
accordingly. If the shift results in a transition to bistable regime,
the tree cover state remains the same as in the current climate.
For example, if the shift shows a transition from forest to bistable
regime, the final tree cover state is still classified as forest, despite
the regime being bistable.

The maps presented in Figs. 1, 3, 5, 6 and S3-S7 were initially
generated in this study using MATLAB 2021b% with the M_Map
package®’.

Data availability

The data used for Fig. 4 can be found at https://doi.org/10.5281/zenodo.10120519. The
MODIS tree cover dataset is available from https://Ipdaac.usgs.gov/products/mod44bv006/.
The MODIS Land Cover dataset can be downloaded at https://Ipdaac.usgs.gov/products/
mcd12c1v006/. The precipitation and temperature dataset from CRU TS v. 4.06 can be
downloaded at https://catalogue.ceda.ac.uk/uuid/eObdele56¢1c4460b796073a31366980.
The CMIP6 model output datasets analyzed during this study are available online at https://
esgf-node.llnl.gov/search/cmip6/. The NAHosMIP data are available from https://doi.org/
10.5281/zenodo.7324394.

Code availability

The codes used for the analysis are available on request from the corresponding author.
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