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Volcanic eruptions caused weakening AMOC
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The Atlantic Meridional Overturning Circulation (AMOC) is a key component
of our climate system. However, the evolution history and the forcing
mechanism of AMOC in the last millennial has remained uncertain. Here,
combining available paleo AMOC-sensitive indicators with multiple climate
models and paleo Data Assimilation, we show, for the first time, that the AMOC
transport exhibits a slow declining trend into the Little Ice Age, with a reduc-
tion of about 0:7 +0:4Sv: (~4%) from AD 850-1850. This weakening is mainly
caused by explosive volcanic eruptions. After a rapid strengthening in the
initial decade following a volcanic eruption, the AMOC tends to show a slow
weakening of centennial timescale, driven by stored cooling in the deep
Atlantic and its feedback on North Atlantic climate.

The Atlantic Meridional Overturning Circulation (AMOC) strongly
impacts the global climate from decadal to millennial time scales
through the modulation of the poleward heat transport™?. During the
past glacial-interglacial cycles, rapid climate changes have occurred
along with abrupt changes of climate and meltwater flux in the North
Atlantic region, possibly associated with AMOC instability**. In the
modern instrumental era, there appears to suggest a slowdown of the
AMOC™, likely in response to the increased surface heat flux asso-
ciated with anthropogenic global warming®, leading some to hypo-
thesize that the AMOC may collapse in the near future®. In the past

“AMOC-sensitive indicators” infer a slow decline of AMOC from the
relatively warm period broadly termed the Medieval Climate Anomaly
(MCA) (AD 850-1250) to the relatively cold period broadly termed the
Little Ice Age (LIA) (AD 1250-1850)'°"®. These diverse sets of purported
AMOC-sensitive indicators have left fundamental questions wide open.
Dynamically, are the weakening signals among these AMOC-sensitive
indicators consistent? Quantitatively, how much is the weakening of
the AMOC transport? Physically, what is the cause of the weakening
trend? Some past studies have emphasized the potential role of
internal variability'®, while others have instead proposed external for-

millennium before the Industrial Revolution, studies using paleo cing mechanisms**2?. Past studies indicate an important role for

'State Key Laboratory of Climate System Prediction and Risk Management; Key Laboratory for Virtual Geographic Environment of Ministry of Education; State
Key Laboratory Cultivation Base of Geographical Environment Evolution and Regional Response of Jiangsu Province; Jiangsu Center for Collaborative
Innovation in Geographical Information Resource Development and Application; School of Geography, Nanjing Normal University, Nanjing, China. 2College of
Geography and Remote Sensing Science, Xinjiang Key Laboratory of Oasis Ecology, Xinjiang University, Urumai, China. 3Department of Geography, The Ohio
State University, Columbus, OH, USA. *Open Studio for the Simulation of Ocean-Climate-Isotope, Qingdao National Laboratory for Marine Science and
Technology, Qingdao, China. ®Jiangsu Provincial Key Laboratory for Numerical Simulation of Large Scale Complex Systems, School of Mathematical Science,
Nanjing Normal University, Nanjing, China. ®Key Laboratory of Mesoscale Severe Weather, Ministry of Education, and School of Atmospheric Sciences,
Nanjing University, Nanjing, China. ’Frontiers Science Center for Critical Earth Material Cycling, Nanjing University, Nanjing, China. Department of Earth and
Environmental Science, Annenberg School for Communication, University of Pennsylvania, Philadelphia, PA, USA. °School of Mathematics, The University of
Edinburgh, Edinburgh, UK. "*Nanjing-Helsinki Institute in Atmospheric and Earth System Sciences, Nanjing University, Suzhou, China. "Guangxi Laboratory on
the Study of Coral Reefs in the South China Sea, Coral Reef Research Centre of China, School of Marine Sciences, Guangxi University, Nanning, China.
2Department for Atmospheric and Oceanic Sciences and Institute of Arctic and Alpine Research, University of Colorado Boulder, Boulder, CO, USA.
8Department of Atmospheric and Oceanic Sciences, Peking University, Beijing, China. " 'e-mail: liu.7022@osu.edu; ningliangnnu@njnu.edu.cn

Nature Communications | (2026) 17:8420 1


http://orcid.org/0000-0003-4554-2666
http://orcid.org/0000-0003-4554-2666
http://orcid.org/0000-0003-4554-2666
http://orcid.org/0000-0003-4554-2666
http://orcid.org/0000-0003-4554-2666
http://orcid.org/0000-0001-5629-0914
http://orcid.org/0000-0001-5629-0914
http://orcid.org/0000-0001-5629-0914
http://orcid.org/0000-0001-5629-0914
http://orcid.org/0000-0001-5629-0914
http://orcid.org/0000-0001-5772-7065
http://orcid.org/0000-0001-5772-7065
http://orcid.org/0000-0001-5772-7065
http://orcid.org/0000-0001-5772-7065
http://orcid.org/0000-0001-5772-7065
http://orcid.org/0000-0003-4962-7843
http://orcid.org/0000-0003-4962-7843
http://orcid.org/0000-0003-4962-7843
http://orcid.org/0000-0003-4962-7843
http://orcid.org/0000-0003-4962-7843
http://orcid.org/0000-0003-3067-296X
http://orcid.org/0000-0003-3067-296X
http://orcid.org/0000-0003-3067-296X
http://orcid.org/0000-0003-3067-296X
http://orcid.org/0000-0003-3067-296X
http://orcid.org/0000-0003-4730-3781
http://orcid.org/0000-0003-4730-3781
http://orcid.org/0000-0003-4730-3781
http://orcid.org/0000-0003-4730-3781
http://orcid.org/0000-0003-4730-3781
http://orcid.org/0000-0001-9043-706X
http://orcid.org/0000-0001-9043-706X
http://orcid.org/0000-0001-9043-706X
http://orcid.org/0000-0001-9043-706X
http://orcid.org/0000-0001-9043-706X
http://orcid.org/0009-0009-0568-4708
http://orcid.org/0009-0009-0568-4708
http://orcid.org/0009-0009-0568-4708
http://orcid.org/0009-0009-0568-4708
http://orcid.org/0009-0009-0568-4708
http://orcid.org/0000-0002-1818-6080
http://orcid.org/0000-0002-1818-6080
http://orcid.org/0000-0002-1818-6080
http://orcid.org/0000-0002-1818-6080
http://orcid.org/0000-0002-1818-6080
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-74873-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-74873-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-74873-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-74873-5&domain=pdf
mailto:liu.7022@osu.edu
mailto:ningliangnnu@njnu.edu.cn
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-74873-5

volcanic forcing in driving multidecadal periods of cooling in the North
Atlantic during the LIA**?, Such cooling can lead to AMOC weakening
due to sea ice expansion and associated positive air-sea feedbacks?®.
This mechanism, however, has been challenged by modeling studies
that instead show a strengthening of the AMOC following episodes of
volcanic activity due to large-scale cooling®* and associated change
in atmospheric and oceanic circulation®*=**. Some model simulations
also suggest a slight weakening for a decade after the initial
intensificiation®*. However, it remains unclear how the short-term
radiative forcing from an explosive volcanic eruption can induce
centennial-scale AMOC weakening.

Here, we seek to answer these questions by comprehensively
examining paleo AMOC-sensitive indicators and the AMOC response
to volcanic eruptions over the past millennium in multiple state-of-the-
art earth system models, including, in particular, the water isotope-
enabled NCAR CESM (“Methods”). We show that the various AMOC-
sensitive indicators are dynamically consistent and collectively imply a
declining AMOC trend during the past millennium, i.e., over the course
of the MCA/LIA transition. Furthermore, using paleo data assimilation
(PDA) with these AMOC-sensitive indicators, we yield the first estima-
tion of the reduction of AMOC transport. Finally, we propose a
mechanism for explaining the centennial-scale response to volcanic
eruption, which involves a combination of fast and slow components
of the AMOC related to the response of North Atlantic Deep Water
(NADW), the atmospheric hydrological cycle, and freshwater
oceanic input.

Results

Observed weakening of AMOC in the LIA

We first show that paleo AMOC-sensitive indicators of the past mil-
lennium display overall a clear weakening trend in the AMOC during
the transition from the MCA to LIA. Because direct observations of
AMOC are unavailable until 2004, AMOC change before 2004 must be
indirectly inferred from oceanic variables related to the AMOC, or
“AMOC-sensitive indicators.”®” In the last millennium, most of which
occurs before the instrumental period, these oceanic variables can
only be reconstructed from proxy records. Thus, AMOC change in the
last millennium must be indirectly inferred from these proxy-based
AMOC-sensitive indicators. Figure la—e (color lines) show five paleo
AMOC-sensitive indicators (“Methods”): three represented by calcite
580 related to the Florida Current Transport?, the upper ocean
thermal stratification'®?° and the distribution of slope water at Laur-
entian Channel'®, and two represented by temperature proxies asso-
ciated with the dipole in North Atlantic subsurface temperature' and
the North Atlantic “warming hole.” We note that these proxy-based
indicators have low temporal resolution and large chronology uncer-
tainties; physically, different indicators also have different response
time scales from the true AMOC transport. Thus, they can't be used to
study the details of the variability and timing of AMOC changes relative
to volcanic events. However, they could provide robust information on
the overall trend of the AMOC from MCA to LIA. This will be our focus
here. These AMOC-sensitive indicators show a declining trend from
the MCA towards the LIA. Despite some differences in the precise
timing of AMOC reduction across the reconstructed AMOC proxies—
which could be attributed to chronology uncertainties and differing
response timescales'“—these proxy records consistently indicate a
significant weakening in the LIA relative to the MCA, with notable
decreases occurring around 1300 CE (Fig. 1a), 1450 CE (Fig. 1b, d), 1600
CE (Fig. 1c) and 1250 CE (Fig. 1e) across the five proxies, and around
1250 CE for their composition (Fig. 1f). Given the chronology uncer-
tainty and low temporal resolution of the proxies, these periods can be
considered broadly coinciding with marked increases in explosive
volcanic radiative forcing in the 13th, 15th, and 17th centuries®™
(Fig. la—g). These observations seem to indicate a possible relation
between the AMOC decline trend and the pervasive explosive volcanic

eruptions during the LIA, a key hypothesis that will be studied in
detail later.

The fidelity and dynamic consistency of this diverse set of AMOC-
sensitive indicators in representing the AMOC decline are further
validated in the state-of-the-art Earth System Model-iCESM. We
examine 16 transient simulations of the last millennium in CESM (LME),
including three members with stable water isotopes in iCESM (iLME)
(“Methods”). These simulations are used as they are the only published
past millennium simulations enabled with oxygen isotopes and having
multiple ensemble members under full and single external forcings.
Furthermore, CESM is a state-of-the-art Earth system model that has
been used and tested worldwide, with reasonably realistic AMOC
representation®**’. Treating each simulation as a single real-world
realization, we reconstruct the two temperature AMOC-sensitive
indicators from the model variables in all the 16 simulations, and the
three 80 indicators in the 3 iLME simulations (“Methods” and
Fig. Sla). The correlations between the model AMOC-sensitive indica-
tors and the AMOC transport index show that approximately 3/4 of the
cases are statistically significant, with generally high correlation coef-
ficients across the simulations (Fig. S2a). This suggests that most of the
AMOC-sensitive indicators are dynamically consistent within the CESM
model physics, representing different aspects of the AMOC. As an
example, Fig. 1h—I shows the time evolution of the five model indica-
tors (color lines) in comparison with the model AMOC (black dash line)
in one simulation (case iLMEL, see “Methods” for why iLMEL is selected,
Fig. S2a marked with red stars). It is seen that, like the true AMOC,
almost all the synthetic AMOC-sensitive indicators significantly
decrease in the LIA relative to the MCA (p <0.1), particularly with a
transition from positive to negative phases (i.e., from above to below
long-term mean) after strong volcanic eruptions in 1176-1284 (Fig. 1n).
This confirms that the declining AMOC in the real world can be well
simulated in the model and is therefore dynamically consistent. This
overall declining trend can be seen more clearly after a 200-year low-
pass filter or a reduction of temporal resolution using a 150-year win-
dow (Fig. S3a—g), both of which retain the declining trend of AMOC by
smoothing out decadal variability signals. This low-pass AMOC is of a
more compatible resolution with those of the real-world proxy
records. This further suggests that these coarse resolution proxies can
represent the overall declining trend of the AMOC, but not the multi-
decadal variabilities.

Our simulations further show that AMOC variation can be repre-
sented best by a composite AMOC index that is the simple average of
the five AMOC-sensitive indicators, each normalized by its standard
deviation, due presumably to the suppression of noise by average
(Fig. 1m). Indeed, this composite AMOC index has a higher correlation
with AMOC and is therefore superior than any single AMOC-sensitive
indicator across almost all the simulations (Fig. S2b yellow bars vs.
white bars). This motivates us to also construct the composite AMOC
index in observations by averaging the five paleo AMOC-sensitive
indicators after normalization and temporal interpolation (Fig. 1f). The
slow weakening trend of AMOC is more clearly shown in the composite
index in observations and the model (Fig. 1f, m). Beyond the trend,
however, there is little sign of coherent variability in the composite
index in the observation. This is an additional indication of the
chronology uncertainty in the proxy records, supporting our assertion
that these proxies likely only provide useful information on the overall
trend of the pre-industrial past millennium.

The covariance between these AMOC-sensitive indicators and the
AMOC in models also allows us to reconstruct the AMOC transport
evolution by combining the observational AMOC-sensitive indicators
with the model simulations using an off-line PDA approach (“Meth-
ods”). This PDA method can quantify the decline transport of the
AMOC (in Sv), beyond the AMOC-sensitive indicators that only show a
qualitative trend. In addition, the PDA effectively combines all AMOC-
sensitive indicators together in a dynamically consistent way,
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Fig. 1| AMOC-sensitive indicators reconstructed by proxies and model simu-
lations. Colored solid lines are the reconstructed Atlantic Meridional Overturning
Circulation (AMOC) proxies (“Methods”), including a difference of benthic 520
(%) cross the Florida Strait'?; b difference of 580 (%o) from two kinds of planktonic
foraminifera living at different depths at the South Greenland Margin'®?°; ¢ 580
(%o) in benthic foraminifera at the Laurentian Channel’®; d difference of subsurface
ocean temperature between north-east Subpolar Gyre (SPG) and north-west
Atlantic shelf'“; e warming hole index calculated by the reconstructed proxies
and observational data®*®. f Average of the standardized AMOC proxies in (a—e),
which are interpolated into annual temporal resolution and applied with a 51-year
running mean. The pink spread indicates the +1 standard deviation. The black
dashed lines in (a—f) are the assimilated AMOC proxies (unit: Sv) generated by a
paleo-data assimilation (PDA) approach (“Methods”). The gray shading denotes the
central 90% region from 5 to 95%. The trend of the PDA AMOC proxy is 1.2+ 0.3 Sv
(“Methods”). The correlation coefficients between reconstructed and assimilated
AMOC proxies are marked on the top of each figure. Gray asterisks mark the onset
of significant AMOC decrease relative to the Medieval Climate Anomaly (MCA)
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(p<0.1) in each panel. h-1 Colored solid lines are the best AMOC-sensitive indica-
tors (Y-axis on the left side) reproduced by one of the iLME model simulations
(iLMEL, details in “Methods” and Fig. S2), using the same reconstructed methods as
the AMOC-sensitive indicators in (a—e), respectively (“Methods”): h contrast of
880, (%o) cross the Florida Strait, i South Greenland Margin subsurface-surface
580, difference (%), j Laurentian Channel 580, (%.), k upper ocean temperature
contrast between north-east SPG and north-west Atlantic shelf, and I warming hole
index. m Composite of the standardized reproduced AMOC-sensitive indicators in
(h-1). The pink spread indicates +1 standard deviation. The black dashed lines in
(h—m) are the true AMOC (Y-axis on the right side) output from the iLME model
simulation in case 1 (Fig. S2). The simulated AMOC and AMOC-sensitive indicators
are applied with a 101-year running mean, and the correlation coefficients (p <0.1)
between them are shown on the top of each figure. g, n Are the global volcanic
aerosol injection reconstructed by Gao et al.*>. The red dashed line indicates vol-
canic magnitude larger than 40 Tg. Gray vertical shadings highlight the volcanic
eruptions with magnitudes larger than 40 Tg.

suggesting the dynamic consistency among the indicators. The
assimilated AMOC transport index (Fig. la—f, black dashed line) is
highly correlated with each paleo AMOC-sensitive indicator (Fig. la—e,
colored solid line), and particularly the composite index (Fig. 1f). The
PDA AMOC transport in CESM quantifies an overall declining AMOC
transport trend in AD 850-1850 as -1:2+0:3Sv. Given the observed
AMOC transport of about 17 Sv™®, this represents a reduction of about
7%. This reduction is about twice that in the simulation of iLME1
(~0.67 Sv), because the magnitude of reduction in the observed AMOC-
sensitive indicators are larger than the simulation.

This PDA AMOC estimation is based on the CESM alone and
therefore may be subject to substantial model uncertainty. As a more
comprehensive estimation, we make use of 4 additional last millen-
nium simulations in 4 PMIP models that are available (“Methods”). The
AMOC transport can be assimilated similarly as for the iCESM in each
PMIP model, except that only two temperature AMOC-sensitive indi-
cators are assimilated, because of the lack of water isotopes in these

PMIP models (“Methods”). Each of the assimilated AMOC index in PMIP
models shows a significant declining trend, although the original
simulations in PMIP models only show AMOC weakening after major
volcanic eruptions (to be discussed later) without a clear long-term
trend (Fig. S4b—f). Combining the 5 AMOC estimations in 5 models
leads to our final multi-model AMOC estimation, which shows a
declining trend of 0:7 +0:4Sv: in AD 850-1850 (about 4% of the total
transport) (“Methods”).

The CESM model simulation further shows that the AMOC and
AMOC-sensitive indicators tend to first peak in the initial decade and
then decline to a minimum in about a hundred years after strong
volcanic eruptions in the 13th, 15th, 17th, and 19th centuries (gray
shadings in Fig. lh—n). This asymmetric strengthening/declining
behavior is seen more clearly in the time series with 11-year running
mean before centennial low-pass filter in both CESM-LME archieve
(Fig. S3h—n) and multi-model simulations from PMIP (Fig. S4b—f). This
AMOC response phase relation with volcanic eruption, and the
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accompanying declining trend in LIA, leads us to hypothesize that the
slow decline trend is caused predominantly by volcanic eruptions. This
hypothesis is consistent with the even more clear signals in the cross-
member ensemble means of AMOC and AMOC-sensitive indicators in
CESM, which reflect more the forced response to external forcing
(Fig. S30-u).

Volcanic impacts on AMOC during the past millennium

We now further study the detailed AMOC response processes during
the LIA. We first confirm the role of volcanic eruption on slow AMOC
weakening by noting the similar AMOC evolution in the CESM-LME
archives between the ensemble of simulations forced by all forcing (AF
EXP) and those by the volcano-only forcing (VOLC EXP) (“Methods”). In
both sets, in each simulation, strong volcanic eruptions in LIA cause a
sharp decrease of surface air temperature (SAT) in the mid-13th, mid-
15th, and 17th-19th centuries that nevertheless quickly recovers fol-
lowing the eruption (Fig. 2a—c). Unlike the short response of SAT
changes, four of major centennial AMOC events occur, apparently
corresponding to four periods of enhanced volcanic activities (>40 Tg)
in AD 1176-1284, 1452, 1600-1641, and 1762-1835 (Fig. 2a—c). Each
AMOC event is featured by a sharp intensification phase followed by a
slow weakening phase. The detailed features of the AMOC response to
each volcanic event, unfortunately, can't be tested in the available
paleo AMOC-sensitive indicators, because of their coarse resolution
and large uncertainty in chronology. Furthermore, on the longer mil-
lennial time scale, AMOC exhibits a slow decline trend from the MCA to
the LIAin both forcing scenarios. Since the VOLC ensemble is forced by
volcanic eruption only, the strong similarity of AMOC evolution
between the AF EXP and VOLC EXP suggests that the four centennial
AMOC events and the slow decline trend are caused by volcanic
eruptions. Note that the slow decline of the fourth AMOC events in
response to the strong volcanic events of 1762—1835 continues to 2005
in the VOLC EXP, but not in the AF EXP. This is because, in AF EXP,
AMOC is strengthened by increased anthropogenic aerosols in the last
half century, which has overwhelmed the AMOC weakening in
response to rising atmospheric CO, concentrations™®.

One notable feature of the AMOC centennial events is a strong
asymmetry between the fast intensification and slow weakening, or
between the short strong (positive) phase and long weak (negative)
phase (relative to the long-term mean), as shown more clearly in the
evolution before the centennial low-pass (Fig. 2a, b). Figure 2d com-
pares the lengths between the positive and negative phases for the
four centennial AMOC events in both the AF EXP and VOLC EXP
ensembles. The strong/positive phase lasts on average less than 60
years for most events, while the weak/negative phase mostly lasts
longer than 100 years. The longest negative phase of AMOC occurs
after volcanic eruptions of 1762—1835 and lasts more than ~150 years
when forced by the volcanic forcing only (VOLC EXP). This long
negative phase, however, is only terminated by the intensification after
about 1900 when all forcings are applied, mostly by the anthropogenic
aerosol (Fig. 2a). Therefore, this volcano-induced AMOC weakening
event would have persisted till the present if not interrupted by other
external forcings. The impact of volcano forcing on the centennial
AMOC variability can also be seen in that both the positive and nega-
tive phases are substantially longer than those in the control simula-
tion without external forcing, which are about 20 years (Fig. 2d). This
asymmetric response feature also appears robust in PMIP/CMIP multi-
model simulations (Fig. S4). The four PMIP simulations, driven by
different reconstructed volcanic forcings®*~° (“Methods”), consistently
show a decadal-scale AMOC strengthening followed by prolonged
weakening after major volcanic eruptions in the past millennium
(Fig. S4b—e). Despite the differences in the timing and magnitude of
the volcanic aerosols used, the AMOC response remains robust across
the four models, particularly in the composited result, with natural
variability being reduced (Fig. S4f). The asymmetric AMOC response,

characterized by an initial short-term strengthening followed by a
long-term weakening, is more clearly revealed by the superposed
epoch analysis of major volcanic eruptions in both multi-model and
CESM-LME simulations (Fig. S4j—0). These analyses highlight the vol-
canic eruptions as the key external forcing agent that generates the
centennial AMOC events and, ultimately, the millennial weakening
trend in LIA.

AMOC response to a single volcanic eruption

Given that the CESM-LME simulations include mixed volcanic forcing,
the impact of individual eruptions is difficult to isolate*®. We therefore
examine the idealized AMOC response to a single large volcanic
eruption to illustrate the underlying mechanism. We perform a 10-
member ensemble of simulations, each of 360 years, forced only by
the sulfate aerosol of Mt. Samalas (AD 1258, 257.91 Tg, Fig. 3al) injected
into the stratosphere at a strong AMOC phase (Samalas EXP, “Meth-
ods”). The ensemble mean AMOC response shows a rapid intensifica-
tion initially, peaking at year 7, and a subsequent slow weakening of
hundreds of years. As such, the AMOC stays in the strong/positive
phase for ~60 years before it declines to a long weak/negative phase of
300 years (Fig. 3a). The averaged anomalies (relative to the long cli-
matology of CTRL EXP) in year 60-360 are significantly negative
(-0.31£0.16 Sv), although the variability in each year has large spread
due to internal variability. Note that, although the duration of the
positive phase in Samalas EXP is comparable to those in CESM-LME,
the negative phase is much longer than those in CESM-LME (Fig. 2d,
bold boxes). This longer negative phase in Samalas EXP is caused partly
by the absence of volcanic eruptions after the single eruption. In
comparison, in CESM-LME, volcanic eruptions occur frequently, such
that a weak/negative phase of AMOC is often terminated by the
intensification forced by the closely followed eruptions years to dec-
ades later. Two additional sets of sensitivity experiments, each with
three ensemble members, are also conducted by imposing the Samalas
volcanic forcing, one at a neutral state and one at aweak AMOC state in
CTRL (“Methods”). As shown in Fig. S5, the response of AMOC exhibits
similar asymmetric patterns of initial decadal intensification followed
by a centennial weakening following volcanic eruptions, regardless of
the initial states. This indicates that the AMOC response is insensitive
to the initial state of the AMOC, and that the centennial-scale AMOC
weakening is primarily a consequence of volcanic forcing rather than a
long natural variability mode. Overall, these volcanic experiments
show that, after the initial decades of intensification, a short volcanic
forcing can induce a slow centennial weakening that is much longer
than the decadal climate impact suggested by previous work***,

Mechanisms of volcano-induced long-term AMOC weakening
The response of AMOC to a single volcanic eruption, such as the
Samalas eruption, can be understood in three stages: the initial
intensification stage, the early decline stage, and, eventually, the long
weak stage. Here, the mechanism for the first stage of rapid intensifi-
cation will be discussed only briefly, because it is consistent with
extensive previous work?**%*, We will focus on the mechanisms of the
last two stages, especially the last stage of slow weakening. The key
question is whether a short volcanic eruption can cause a slow AMOC
weakening of hundreds of years?

Immediately after the volcanic eruption, the AMOC starts to
increase in year 2 with the peak in year 7, as seen in the initial annual
evolution (Fig. 3al). This initial intensification is forced primarily by the
sharp intensification response of the atmospheric circulation of the
North Atlantic Oscillation (NAO) (Fig. S6a). Such a response has been
suggested in previous studies to be associated with enhanced mer-
idional temperature and pressure gradient in the stratosphere caused
by volcanic aerosols, which in turn strengthens the stratospheric polar
vortex and drives its propagation downward through stationary
waves”™*. The intensified NAO strengthens the surface westerlies
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