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Abstract The Atlantic Meridional Overturning Circulation (AMOC) and the Amazon rainforest are poten-
tial tipping elements of the Earth system, i.e., they may respond with abrupt and potentially irreversible
state transitions to a gradual change in forcing once a critical forcing threshold is crossed. With progress-
ing global warming, it becomes more likely that the Amazon will reach such a critical threshold, due to
projected reductions of precipitation in tropical South America, which would in turn trigger vegetation
transitions from tropical forest to savanna. At the same time, global warming has likely already contributed
to a weakening of the AMOC, which induces changes in tropical Atlantic sea-surface temperature (SST)
patterns that in turn affect rainfall patterns in the Amazon. A large-scale decline or even dieback of the
Amazon rainforest would imply the loss of the largest terrestrial carbon sink, and thereby have drastic
consequences for the global climate. Here, we assess the direct impact of greenhouse gas-driven warming of
the tropical Atlantic ocean on Amazon rainfall. In addition, we estimate the effect of an AMOC slowdown
or collapse, e. g. induced by freshwater flux into the North Atlantic due to melting of the Greenland Ice
Sheet, on Amazon rainfall. In order to provide a clear explanation of the underlying dynamics, we use
a simple, but robust mathematical approach (based on the classical Stommel two-box model), ensuring
consistency with a comprehensive general circulation model (HadGEM3). We find that these two processes,
both caused by global warming, are likely to have competing impacts on the rainfall sum in the Amazon,
and hence on the stability of the Amazon rainforest. A future AMOC decline may thus counteract direct
global-warming-induced rainfall reductions. Tipping of the AMOC from the strong to the weak mode may
therefore have a stabilizing effect on the Amazon rainforest.

1 Introduction

The anthropogenic release of greenhouse gases has lead
to an increase in global mean temperatures (GMT)
by more than 1.2◦C above pre-industrial levels [1].
Although the Earth has experienced warmer periods
in the long-term past, the recent GMT increase is
unprecedented in magnitude and speed [2]. The rapid
GMT increase might have drastic consequences for the
Earth’s climate and ecosystems, especially with regard
to so-called “tipping elements” [3–5]. These subsys-
tems, which include among others the AMOC, the polar
ice sheets, the tropical monsoon systems as well as
the Amazon rainforest, have the potential to undergo
abrupt state transitions once a critical warming thresh-
old is exceeded. Substantial progress has been made in

a e-mail: catrin.ciemer@pik-potsdam.de (corresponding
author)

understanding these tipping elements and their respec-
tive dynamics. However, quantifying the associated crit-
ical thresholds has remained challenging. Partly, this
is due to the fact that potentially highly nonlinear
interactions between tipping elements, as well as their
effect on the overall stability of the climate system,
are still poorly understood. Interactions between dif-
ferent tipping elements may have a stabilizing effect,
but could also lead to positive feedbacks in the cli-
mate system, and thus ultimately, to tipping cascades
[6,7].

In this publication, we consider two potential cli-
matic tipping elements with a focus on their interaction:
the AMOC, and the Amazon rainforest. In particular,
we investigate how a weakening of the AMOC could,
in the long-term, influence the Amazon rainforest via
changes in tropical sea surface temperature (SST) pat-
terns and associated rainfall changes in tropical South
America.
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Substantial changes have recently been observed both
for the Atlantic ocean circulation as well as the Ama-
zon rainforest, mainly driven by anthropogenic climate
change as well as effects from progressing deforesta-
tion: The AMOC has weakened by about 15% since
the mid-twentieth century [8], which is at least partly
due to enhanced freshwater flux into the North Atlantic
from accelerated melting of the Greenland Ice Sheet
[9] (for illustration see Fig. 1a). As a consequence of a
slower transport of warm water masses from the trop-
ics to the northern Atlantic due to a weakening of the
AMOC, SST patterns around the globe are projected to
change [10]. The SST patterns in the tropical Atlantic
ocean and especially gradients between northern and
southern tropical Atlantic SST anomalies in turn play
an important role for rainfall in the Amazon basin,
because of their impact on the latitudinal position of
the Intertropical Convergence Zone (ITCZ) and hence
on atmospheric moisture inflow from the Atlantic ocean
to the South American tropics.

At the same time, simulations of comprehensive cli-
mate models suggest that a rising GMT has a decreas-
ing effect on rainfall sums in the Amazon region [11]. In
this context, the question arises whether a weakening or
even shutdown of the AMOC would dampen or further
enhance these projected rainfall reductions, and hence,
how an AMOC collapse would influence the long-term
stability of the Amazon rainforest [12].

2 Data

This study is based on observational data, as well as
on simulations from the high-resolution general circu-
lation model (GCM) HadGEM3 [10,13]. For the exam-
ination of correlations between annual tropical Atlantic
SST anomalies and mean annual precipitation (MAP)
in the southern Amazon, we employ observational data.
The SSTs are taken from the Extended Reconstructed
Sea Surface Temperature ERSST v3 data set [14] and
MAP from the Global Precipitation Climatology Cen-
tre GPCC v7 [15]. Both data sets have a resolution
of 2.5◦ × 2.5◦ and are used for the time span 1921–
2012. To examine the Amazon tree cover, we use the
continuous tree cover distribution MOD44B at 500 m
resolution for the year 2012 from the MODIS (Moder-
ate Resolution Imaging Spectroradiometer/Terra vege-
tation continuous fields) data set [16]. We classify areas
with tree cover percentages above 70% as forest. In
order to guarantee an unbiased analysis, we neglect all
human affected regions as defined by the IBGE data set
[17]. This vegetation classification data set is only avail-
able for Brazil. We thus restrict our tree cover analy-
sis to southern tropical Brazil (5◦S–15◦S and 42.5◦W–
75◦W). The changes of SSTs due to an AMOC shut-
down are estimated from a hosing experiment enforc-
ing an AMOC shutdown using the Eddy-permitting
HadGEM3 model [10,13,18].

3 Methods

3.1 Influence of the AMOC strength on tropical
Atlantic sea surface temperatures

To model the relationship between the AMOC strength
Ψ (estimated in terms of North Atlantic deep water
flow) and SST anomalies in the southern tropical
Atlantic box, we use the heat-balance equations for the
northern and tropical boxes of the well-established two-
box Stommel model [19,20], and identify the tropical
Stommel box with the southern tropical box as depicted
in Fig. 1a. The latter choice is consistent with CMIP5
model simulations analyzing the impact of an AMOC
collapse on SSTs [21]:

Vp
dTp

dt
= CT (T a

p − Tp) + |Ψ|(Te − Tp), (1)

Ve
dTe

dt
= CT (T a

e − Te) + |Ψ|(Tp − Te), (2)

where the subscript p indicates parameters in the polar
box and e in the equator box, respectively. V is the
box volume, T the temperature of the well-mixed box,
and CT = 3.17 × 106 m3s−1 the relaxation coefficient
that modulates the exchange of heat in each box due
to the surface forcing [22]. The atmospheric tempera-
ture is indicated by T a and averaged over the corre-
sponding box. The AMOC strength, Ψ, is a function
of freshwater flux f into the polar box. In order to
calculate the changes in SSTs induced by an AMOC
weakening, we assume the system to be in equilibrium
(i.e., dTp

dt = dTe

dt = 0). Solving this equation system for
Te yields

Te(Ψ(f)) =
T a
e × CT |Ψ(f)| (T a

p + T a
e

)

CT + 2|Ψ(f)| , (3)

The temperature change is thus ΔTe(f) = Te(f) −
Te(f0), where f0 = 0.09 is the present freshwater flux.
The conceptual Stommel model yields a qualitative
description of the AMOC response to a changing fresh-
water forcing [23]. However, it does not give SST val-
ues, but rather box temperatures for the polar (Tp)
and the equator (Te) boxes, which are averages over
multiple ocean depth layers. To obtain realistic SST
values for the southern tropical Atlantic box, we there-
fore re-scale the box SSTs after an AMOC shutdown
such that our results for Te are quantitatively rec-
onciled with existing GCM results on southern tropi-
cal Atlantic SSTs, obtained from a simulated, hosing-
induced AMOC shutdown. This yields a maximum SST
change of 2.0 ◦C in the southern tropical Atlantic ocean
box [10,13]. With a weakening AMOC, sea-surface tem-
peratures south of the equator are projected to increase,
while they are expected to decrease north of the equa-
tor. We therefore defined the Stommel equator box to
be located south of the equator and additionally deter-
mined a second ocean box north of the equator to dis-
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Fig. 1 Interactions between the AMOC and the Amazon
rainforest. a Geographical location of the study areas (high-
lighted boxes). The northern polar box close to the coast
of Greenland is marked in pink, the two tropical Atlantic
boxes, which determine rainfall amounts in the southern
Amazon, are shown in green (northern tropical) and yel-
low (southern tropical), respectively. The southern Amazon
study region is marked in blue. The three Atlantic boxes are
of the same size. The two equator boxes have been selected
based on correlations between precipitation in the south-

ern Amazon box and Atlantic SSTs (Fig. 3a). Additionally,
the AMOC and the ITCZ are illustrated schematically. b
Surface air temperature (SAT) and c mean annual precipi-
tation (MAP) changes projected for the years 2181–2200 as
derived from transient simulations from the CMIP5 ensem-
bles [11]. The SAT and MAP changes are scaled to 1◦C
(see panel legend). The stippling illustrates where the mean
change averaged over all realizations is larger than the 95%
percentile of the distribution of the models. b and c are
taken from [11], p. 1061

Fig. 2 Sea surface temperature (SST) anomalies due to an
AMOC shutdown. a Spatial distribution of the SST anoma-
lies taken from [13]. The green boxes indicate the areas of
highest correlations to the southern Amazon as illustrated

in Fig. 3a. b SST anomalies averaged for the northern and
southern tropical Atlantic box as indicated in a in depen-
dence on the freshwater flux

tinguish these changes. The northern tropical Atlantic
box SST anomalies associated with an AMOC shut-
down are set to −3.5 ◦C in accordance with [13] (see
Fig. 2a below for the projected spatial SST anomaly
distribution after an AMOC shutdown, and for the spe-
cific choice of the two tropical boxes north and south
of the equator).

3.2 Estimating the influence of sea surface
temperatures changes on mean annual precipitation

Mean annual precipitation in the southern Amazon is
strongly influenced by the gradient between the north-
ern and southern tropical Atlantic ocean [24–26]. We
determine the specific locations of oceanic regions with

highest impact on precipitation in the Amazon by cal-
culating the Pearson’s correlation coefficient between
each SST grid cell, and precipitation averaged over the
southern Amazon box. The spatial distribution of corre-
lation coefficients is illustrated in Fig. 3a. We select the
two areas with strongest positive and negative correla-
tions, respectively, for further analysis. One is located
north and one south of the equator. The spatially aver-
aged SSTs in these two boxes are taken as input for a
linear regression of precipitation in the southern Ama-
zon on the two SST time series (Fig. 3b). This gives the
following relation:

MAP = 3590.4mm/yr − 162.1
mm/yr

◦C

×SSTnorth + 116.0
mm/yr

◦C
× SSTsouth, (4)
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Fig. 3 Correlation of MAP and SSTs. a Pearson’s cor-
relation for annual SST and the MAP averaged over the
southern Amazon (green box). The Atlantic ocean exhibits
one highly negatively and one highly positively correlated
region (black boxes). b Linear regression of southern Ama-

zon MAP onto SST anomalies of the two tropical Atlantic
boxes, as indicated in a. The red dots illustrate the fitted
data points, and the blue plane the bivariate regression. The
SSTs as well as the MAP are averaged over the entire boxes
for every time step

with a coefficient of determination of R2 = 0.254.
Global warming will additionally affect the SSTs/SATs
and thus the MAP. As the expected temperature change
is relatively homogenous across the tropical Atlantic
ocean (see e. g. Fig. 1) and with this model focused
on studying possible feedback loops, we incorporate the
effect of global warming as a fixed amount in both boxes
equally.

3.3 Dependency of tree cover on mean annual
precipitation

The tree cover fraction in the Amazon rainforest
depends primarily on the MAP [12,27]. We can asso-
ciate stable and unstable states of vegetation with spe-
cific combinations of tree cover and MAP. For the trop-
ical region under study, we link high tree cover (≈ 80%)
to rainforest and low tree cover (≈ 15%) to savanna as
shown in Fig. 4a. To quantify the probability of an area
to be in the forest state, we first estimate the probabil-
ity density function of the tree cover distribution for
a fixed range of MAP with a Gaussian kernel density
estimation (KDE). For the selection of the band width,
the Silverman method is applied, that is

band width =
n(d + 2)

4

− 1
d+4

, (5)

with the number of data points n and dimension d = 1.
We use a sliding window approach with a MAP window
size of 200 mm/yr to guarantee a sufficient amount of
data points in each window. The minimum of each KDE
is taken as the boundary between forest and savanna
(see Fig. 4b, c). To quantify the probability of a region
to be in the forest state, we integrate the correspond-
ing KDE-estimated probability density function from

this boundary to the maximum tree cover of 100%.
This probability is plotted as a function of the MAP in
Fig. 5c and, for projected changes in GMT and North
Atlantic freshwater flux, in Fig. 6b. Above a MAP of
2100 mm/yr, exclusively rainforest can be sustained.
Below this amount of MAP, rainforest and savanna can
both exist, defining a MAP range for which the vege-
tation is bi-stable. If the MAP falls below an amount
of 1700 mm/yr, the probability to find a rainforest is
beneath 50%. In case of MAP below 1300 mm/yr, rain-
forest is virtually non-existent.

4 Results

In the following, we study the combined impact of an
AMOC shutdown and global warming on the Amazon
rainforest. We first investigate the correlations between
Atlantic SSTs and MAP in the southern Amazon. For
the investigation of the interaction of the two tipping
elements, we assess how a slowing down of the AMOC
would affect the precipitation in the Amazon basin. In a
second step, we take the direct influence of global warm-
ing on tropical Atlantic SSTs into account. Finally, we
combine both effects and study their competing impacts
on the southern Amazon rainforest.

4.1 Impact of an AMOC collapse

As a first step, we examine the effect of increased fresh-
water flux, which we assume to be dominated by Green-
land melt water runoff, on the AMOC strength. To this
end, we use the simple two-box model [19] introduced
above. Based on this model, we estimate a flow rate
of approximately 16 Sv at present. The dynamical sys-
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Fig. 4 Tree cover fraction in dependence on mean annual
precipitation. a Distribution of tree cover in the Amazon in
dependence of MAP. The color strength indicates the fre-
quency of occurrence. The blue solid line indicates MAP
ranges where a forest state (upper line) and a savanna state

(lower line), respectively, are sustainable. b, c Distribution
of tree cover for fixed amounts of MAP. The red solid line
illustrates the KDE fit of the data and the green dashed
line the local minimum of the distribution, as separation
between the savanna and forest states

tem for the AMOC strength as a function of freshwater
influx exhibits a bifurcation at a critical threshold for
the freshwater influx (Fig. 5a) [23]. Excessive melting
of the Greenland ice sheet and the resulting additional
freshwater flow lead a shutdown of the AMOC after
crossing the bifurcation point. In accordance with the
bifurcation diagram and the associated hysteresis, the
freshwater flux would have to be reduced much beyond
present-day levels to bring the AMOC back to its cur-
rent state.

Figure 2 illustrates the SST anomalies caused by a
shutdown of the AMOC, as estimated in [13]. SSTs in
the tropical Atlantic ocean north of the equator are
projected to become colder, while SSTs in the tropical
Atlantic ocean south of the equator will become warmer
which is consistent with a diminished northward heat
transport by the AMOC. Currently, tropical Atlantic
ocean SSTs are changing slowly. Once the AMOC tip-
ping point is crossed, however, they are predicted to
change abruptly.

Due to the projected SST changes associated with an
AMOC collapse, the ITCZ is expected to shift south-
ward (Fig. 2b) and consequently, the MAP in the south-
ern Amazon will rise (Fig. 5b). Therefore, at least the
southern Amazon rainforest will, in fact, become more
stable due to an AMOC shutdown (Fig. 5c).

4.2 Impact of global warming on the Amazon
rainforest

In our conceptual approach, we assume that with global
warming, the surface air temperature (SAT) above both
Atlantic boxes is rising equally. This would lead to
a decrease of the MAP in the southern Amazon as
shown in Fig. 6a. At present, the MAP is estimated
at 2100 mm/yr using the approach described above. We
find that the already observed GMT rise of roughly 1◦C
compared to pre-industrial levels would cause a reduc-
tion of 100 mm/yr in MAP.

4.3 Influences of an increasing freshwater flux and
global warming on the Amazon rainforest

Finally, we combine the rather simple approaches
introduced above to study the long-term influence of
increased North Atlantic freshwater flux and global
warming on the stability of the Amazon rainforest. Fig-
ure 6b shows the probability for the rainforest to be sus-
tained in dependence on both increasing freshwater flux
into the North Atlantic, and rising SATs in the trop-
ical Atlantic due to global warming. We find that an
increase in freshwater flux causes reductions of AMOC
strength and associated changes in tropical Atlantic
SSTs, to enhance the MAP in the southern Amazon.
This, in turn, leads to MAP values which would favor
the rainforest state over the savanna state. As stated
before, global warming, on the other hand, decreases
MAP and thus contributes to a destabilization of the
forest.

5 Discussion

5.1 Influence of tropical Atlantic SSTs on mean
annual precipitation in the southern Amazon

Concerning the long-term correlations between Atlantic
SSTs and MAP in the southern Amazon, we uncover a
northern tropical Atlantic ocean region for which SST
anomalies are negatively correlated with MAP in the
Amazon, and a southern tropical Atlantic ocean region
with positive correlations between SST anomalies and
Amazon MAP (Fig. 3). The SST gradient between these
two tropical Atlantic regions affects the latitudinal posi-
tion of the ITCZ and thereby influences moisture inflow
and thus eventually rainfall amounts in tropical South
America. A warmer (colder) northern tropical Atlantic
and at the same time a colder (warmer) southern trop-
ical Atlantic leads to a northward (southward) ITCZ
shift and thus less (more) precipitation in the southern
Amazon [24,28]. In accordance, a regression of south-
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Fig. 5 Linking AMOC strength to rainforest stability. a
North Atlantic deep water flow rate as a proxy for AMOC
strength in dependence on the North Atlantic freshwater
flux, dominated by Greenland ice sheet meltwater runoff,
as calculated from the two-box Stommel model [19,23]. The
current north Atlantic deep water flow rate is estimated
at about 16 Sv. b The MAP in dependence of the fresh-

water flux. The MAP does initially not alter much due to
an increase in the freshwater flux. Beyond the tipping of
the AMOC, however, the MAP will increase rapidly to an
amount of approximately 2900mm/yr. c Probability of for-
est state with respect to the MAP in the southern Amazon
region. The colors indicate probability ranges of 98%–100%
in green, 50%–98% in yellow, and below 50% in red

Fig. 6 Competing effects of global warming and a slowing
down of the AMOC. a MAP in dependence on the freshwa-
ter flux (x-axis) and global warming (in colors). Presently,
we assume a freshwater flux of f = 0.09 Sv [23] and a global
warming level of 1◦C. With an increase of the freshwater flux

the MAP increases. In contrast, an increase in global warm-
ing leads to a decrease of MAP in the southern Amazon.
b Phase-space diagram of freshwater flux and global warm-
ing and their influence on the probability of the southern
Amazon rainforest to persist (in colors)

ern Amazon rainfall anomalies onto the annual SST
anomalies of the two Atlantic boxes implies that SST
changes due to an AMOC weakening would increase the
MAP in the southern Amazon. The estimated amount
of MAP increase in the southern Amazon due to an
AMOC shutdown, as inferred here via the regression
based on observed data, is in good agreement with cor-
responding model simulations [29,30].

5.2 Impact of an AMOC shutdown on the Amazon
rainforest

Our estimated response of the North Atlantic deep
water flow rate—used here as a proxy for the AMOC
strength—to increasing North Atlantic freshwater flux,
based on the simple Stommel model (Fig. 5a), is in

very good agreement with simulations of considerably
more complex models [23]. For example, in the GCM-
based hosing experiments by [21], an instant freshwa-
ter forcing of 0.1 Sv leads to a decrease of the AMOC
strength of about 30%, in accordance with Fig. 5a. Two
other GCM-based hosing experiments, with freshwa-
ter fluxes of 1.0 Sv and 0.6 Sv, respectively, lead to
an AMOC breakdown [29,30]. As such, this simple but
robust modelling approach is suitable for understanding
how freshwater flux into the polar Atlantic Ocean may
affect the AMOC and, as a result, the Amazon rainfor-
est. While this approach has limits (especially assum-
ing equilibrium and focusing on the direct interplay
between freshwater flux, AMOC and precipitation), it
demonstrates a powerful way to model the fundamental
interactions of tipping elements. In order to investigate
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more specific questions, this model may be extended
(e.g. by adding further granulatity to geographical tem-
perature or precipitation distributions).

We adopt the SST changes caused by a hosing-
induced shutdown of the AMOC from [10,13,18] (Fig. 2a).
They are roughly in accordance with some previous sim-
ulations of an AMOC shutdown, e.g. [29,30], but should
be considered substantially more reliable because the
HadGEM3 model is more comprehensive than models
previously used, and because the simulations are per-
formed at considerably higher, Eddy-permitting reso-
lution. Combining this projection of decreasing north-
ern tropical Atlantic SSTs alongside increasing south-
ern tropical Atlantic SSTs with our regression esti-
mate between tropical Atlantic SSTs and MAP in the
southern Amazon, we infer that the MAP will increase
by approximately 800 mm/yr due to a tipping of the
AMOC (Fig. 5b). This will, in turn, favor the tropi-
cal forest state over the savanna state: At MAP above
2100 mm/yr, the rainforest state would be the only sta-
ble vegetation state (Fig. 5c). Additionally, it could
lead to a spreading of the forest in areas which cur-
rently favor savanna vegetation. However, the correla-
tion structure of tropical Atlantic SST to MAP anoma-
lies is only true for the study area in the southern Ama-
zon. In the northern Amazon for instance, MAP is pro-
jected to decrease as a consequence of an AMOC shut-
down [13], in agreement with the induced southward
shift of the ITCZ.

5.3 Impact of global warming on the Amazon
rainforest

Compared to the impact of an AMOC slowdown, global
warming has the opposite effect on MAP in the south-
ern Amazon (Fig. 6a). In our simplified model, the
SAT increases uniformly in both boxes. This leads to
a decrease in MAP in the study area. The reduction
of MAP due to changing tropical Atlantic SATs in
our model is consistent with future IPCC projections
(Fig. 1b, c) [31]. This indicates that the global warming-
induced changes in tropical Atlantic SSTs are, accord-
ing to the CMIP models, indeed the main driver of pre-
cipitation changes in the Amazon.

5.4 Combined influence of AMOC slowdown and
global warming on the Amazon rainforest

While the fresh water flow is expected to further
increase in the future, due to further melting of the
Greenland ice sheet as well as an overall accelera-
tion of the hydrological cycle, GMTs will rise further
as well. For freshwater flux values consistent with a
strong AMOC state, we observe a critical temperature
of global warming beyond which the probability, and
hence also the stability, of the forest state decreases
rapidly (Fig. 6b). For high values of global warming,
any disturbance such as a forest fire or drought could
lead to a dieback from which the rainforest might not be
able to recover [26]. On the contrary, an AMOC weaken-

ing or collapse, as expected for drastic global warming
levels due to the melting of the Greenland ice sheet,
would increase precipitation in the southern Amazon,
and thus could cause a stabilization of the rainforest.
Our analysis indicates that in case of a tipping of the
AMOC, the MAP will increase to a level that even
a global warming of 11◦C cannot have a destabilizing
impact on the tropical forest. For the highest represen-
tative concentration pathways 8.5, the IPCC predicts
an increase of global SAT of 2–4◦C by 2100 and 4–7◦C
by 2200 (Fig. 1b) [31]. In case that the SAT in the
tropical Atlantic rises by more than 3◦C, our concep-
tional study estimates that the MAP will reduce below
a point where the rainforest in the southern Amazon
might transition to savanna due to an external distur-
bance. Thus, the tropical forest might be dependent
on a slowing down of the AMOC in order to sustain.
Therefore, the specific way in which the AMOC and the
Amazon interact, reveals an example of a negative feed-
back between tipping elements, with stabilizing effects.

6 Conclusion

In this study, we get first insights into the long-term
impacts of a slowdown of the AMOC on the Amazon
rainforest. A shutdown of the AMOC impacts SSTs
globally [13]. In the tropical Atlantic, the SSTs north of
the equator decrease, while the SSTs south of the equa-
tor increase, consistent with weakening northward heat
transport at the surface by the AMOC. This leads to
a southward shift of the ITCZ and thus, to an increase
in MAP in the southern Amazon. On the other hand,
MAP has been projected to decrease in this region due
to the direct effects of global warming, as shown in
GCM simulations. In summary, this implies that global
warming will lead to two competing effects concerning
MAP in the southern Amazon: Indirectly, global warm-
ing will cause increased freshwater flux into the North
Atlantic—dominantly via melting of the Greenland ice
sheet—and is therefore likely to contribute to a weak-
ening of the AMOC, and hence, to an increase in MAP
in the southern Amazon. Directly, however, warming of
tropical Atlantic SSTs is projected by GCMs to lead
to decreases in MAP at the same time. Therefore, the
actual temporal trajectories of the system in Fig. 6b
would start from the lower left and move towards the
upper right. On the one hand, a rise in the global mean
temperature reduces the probability of the forest to sus-
tain due to a reduction of MAP. On the other hand, an
increase in the freshwater flow causes intensification of
the MAP and, therefore, increases the stability of the
rainforest.

In our analysis, we investigate the combined effect
of rising global mean temperatures and a possible
AMOC collapse on rainfall sums in the Amazon basin.
Yet, the AMOC slowdown and eventual collapse would
also be caused by rising global mean temperatures;
partly directly via thermal expansion of the water
masses, partly indirectly via increased freshwater flux
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into the North Atlantic, e.g. from Greenland meltwa-
ter runoff. We note that the specific way in which we
have addressed the combined effects is consistent with
the fact that we analyze the ramification of one com-
mon cause (namely global warming), on the one hand
directly, and on the other hand indirectly via its impact
on the AMOC. In particular, it remains unclear how
global warming will affect the AMOC in the coming
decades to centuries, and our approach, as summarized
in Fig 6, allows to take that uncertainty into account.
Future research should also consider explicit causality
measures [32].

Our results are, partly by construction, in accordance
with the mentioned GCM studies [10,13,21,29,30], and
moreover capture some of the qualitative changes sug-
gested by paleo evidence: [33] for instance conclude
that the South American monsoon has been stable for
at least the past 94, 000 years; the Amazon rainforest
itself has likely persisted for at least 40 million years,
and hence even longer than the Andes mountain range.
The results of [33] and [34] also suggests that dur-
ing the last glacial interval, abrupt changes of MAP
in the Amazon occurred in synchrony with Greenland
Dansgaard-Oeschger events, in accordance with corre-
sponding changes in AMOC strength.

In our very simplified approach, we neglected poten-
tial future changes in the dependency structure between
tropical Atlantic SSTs, atmospheric circulation and,
hence, Amazon precipitation. As mentioned above, our
results in this regard are, however, consistent with
the current IPCC projections. We also acquire that
the rainforest is only dependent on MAP. Of course,
other parameters will have impacts on the vegetation
state as well, as e.g., increased evapotranspiration or
rising temperatures in the Amazon region as a con-
sequence of global warming, as well as direct plant-
physiological effects of rising atmospheric CO2 concen-
trations. These effects should be investigated with cou-
pled, high-resolution models such as the one used in
[10]

Our results show that a critical level of global warm-
ing exists, beyond which the Amazon vegetation may
rapidly shift from the forest to a savanna state. This
threshold should not be regarded quantitatively, since
our conceptual study only assesses the impact of global
warming via changes in tropical Atlantic SSTs, but
neglects direct effects of air temperature and carbon
dioxide concentrations on the functioning of the rain-
forest. Quantitative estimates for this threshold should
be obtained in further research, with comprehensive
high-resolution Earth System Models with dynamic
atmosphere-vegetation coupling.

These first insights based on our conceptual approach
underline the importance of improving our understand-
ing of the interactions between different subsystems
of the climate system, and in particular the impor-
tance of better quantifying feedbacks between the tip-
ping elements in question, for the long-term stability
of the Amazon rainforest. It should be of interest to
further analyze these impacts in spatially explicit, cou-
pled GCM simulations at Eddy-permitting resolution.

We further suggest that the two competing effects of
global warming and changes in the AMOC strength on
the fate of the Amazon rainforest need to be taken into
account when assessing the future evolution of the trop-
ical rainforest.
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