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Volcanic eruptions caused weakening AMOC
during the preindustrial past millennium

Kefan Chen1,2, Zhengyu Liu 3 , Liang Ning 1,2 , Jian Liu 1,4,5, Lili Lei 6,7,
Michael E. Mann 8, Mi Yan 1, Weiyi Sun 1, Haohao Sun7, Wenqing Hu1,
Peng Gu9, Yuntao Bao 10, Yanmin Qin11, Fangmiao Xing1, Lingwei Li 12,
Jinbo Du13 & Qin Wen1

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 paleoData 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 transport1,2. 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 instability3,4. In the
modern instrumental era, there appears to suggest a slowdown of the
AMOC5–7, likely in response to the increased surface heat flux asso-
ciated with anthropogenic global warming8, leading some to hypo-
thesize that the AMOC may collapse in the near future9. In the past
millennium before the Industrial Revolution, studies using paleo

“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 IceAge (LIA) (AD 1250–1850)10–18. These diverse sets of purported
AMOC-sensitive indicators have left fundamental questionswide 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 variability19, while others have instead proposed external for-
cing mechanisms20–22. Past studies indicate an important role for
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volcanic forcing indrivingmultidecadalperiods of cooling in theNorth
Atlantic during the LIA23,24. Such cooling can lead to AMOC weakening
due to sea ice expansion and associated positive air-sea feedbacks25.
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 cooling26–29 and associated change
in atmospheric and oceanic circulation30–32. Some model simulations
also suggest a slight weakening for a decade after the initial
intensificiation25,31. 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 pastmillennium inmultiple 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 trendduring the pastmillennium, 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 2004must be
indirectly inferred from oceanic variables related to the AMOC, or
“AMOC-sensitive indicators.”6,7 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 1a–e (color lines) show five paleo
AMOC-sensitive indicators (“Methods”): three represented by calcite
δ18O related to the Florida Current Transport12, the upper ocean
thermal stratification10,20 and the distribution of slope water at Laur-
entian Channel16, and two represented by temperature proxies asso-
ciated with the dipole in North Atlantic subsurface temperature14 and
the North Atlantic “warming hole.”6 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 timingof AMOCchanges relative
to volcanic events. However, they could provide robust information on
the overall trend of the AMOC fromMCA 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 timescales14—these proxy records consistently indicate a
significant weakening in the LIA relative to the MCA, with notable
decreases occurring around 1300CE (Fig. 1a), 1450CE (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 centuries33–35

(Fig. 1a–g). These observations seem to indicate a possible relation
between the AMOCdecline 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 lastmillennium inCESM (LME),
including three members with stable water isotopes in iCESM (iLME)
(“Methods”). These simulations are used as they are the only published
pastmillennium 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
representation36,37. 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 δ18O indicators in the 3 iLME simulations (“Methods” and
Fig. S1a). 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 thatmost of the
AMOC-sensitive indicators aredynamically consistentwithin theCESM
model physics, representing different aspects of the AMOC. As an
example, Fig. 1h–l shows the time evolution of the five model indica-
tors (color lines) in comparisonwith themodel AMOC (blackdash line)
in one simulation (case iLME1, see “Methods” forwhy iLME1 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-termmean) 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
slowweakening trendof AMOC ismore 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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suggesting the dynamic consistency among the indicators. The
assimilated AMOC transport index (Fig. 1a–f, black dashed line) is
highly correlated with each paleo AMOC-sensitive indicator (Fig. 1a–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 Sv38, this represents a reduction of about
7%. This reduction is about twice that in the simulation of iLME1
(~0.67 Sv), because themagnitudeof reduction in theobservedAMOC-
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 PMIPmodels 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

PMIPmodels (“Methods”). Eachof the assimilatedAMOC 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. 1h–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

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 δ18O
(‰) cross the Florida Strait12;b difference of δ18O (‰) from twokinds of planktonic
foraminifera living at different depths at the South Greenland Margin10,20; c δ18O
(‰) in benthic foraminifera at the Laurentian Channel16; d difference of subsurface
ocean temperature between north-east Subpolar Gyre (SPG) and north-west
Atlantic shelf14; e warming hole index calculated by the reconstructed proxies6,65

and observational data66–68. 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 PDAAMOCproxy 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)

(p <0.1) in each panel. h–l Colored solid lines are the best AMOC-sensitive indica-
tors (Y-axis on the left side) reproduced by one of the iLME model simulations
(iLME1, details in “Methods” and Fig. S2), using the same reconstructedmethods as
the AMOC-sensitive indicators in (a–e), respectively (“Methods”): h contrast of
δ18Oc (‰) cross the Florida Strait, i South Greenland Margin subsurface-surface
δ18Oc difference (‰), j Laurentian Channel δ18Oc (‰), k upper ocean temperature
contrast between north-east SPG and north-west Atlantic shelf, and lwarming hole
index.m Composite of the standardized reproduced AMOC-sensitive indicators in
(h–l). 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.33. The red dashed line indicates vol-
canic magnitude larger than 40Tg. Gray vertical shadings highlight the volcanic
eruptions with magnitudes larger than 40Tg.
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accompanying declining trend in LIA, leads us to hypothesize that the
slowdecline 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. S3o–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 (VOLCEXP) (“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 (>40Tg)
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
slowweakening 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, AMOCexhibits a slowdecline trend fromtheMCA to
theLIA inboth forcing scenarios. Since theVOLCensemble is forcedby
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 CO2 concentrations

39.
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 1900when 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/CMIPmulti-
model simulations (Fig. S4). The four PMIP simulations, driven by
different reconstructed volcanic forcings33–35 (“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–o). 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 isolate40. 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 ofMt. Samalas (AD 1258, 257.91 Tg, Fig. 3a1) 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,
boldboxes). This longer negative phase in Samalas EXP is causedpartly
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 ensemblemembers, are also conductedby imposing the Samalas
volcanic forcing, one at a neutral state andone at aweakAMOC 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 work26,31.

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 work26,30,32. We will focus on themechanisms 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. 3a1). 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
waves41–44. The intensified NAO strengthens the surface westerlies
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(Fig. S6a), and, in turn, evaporation (Figs. 3c1 and S6b, c), leading to a
positive salinity and then density anomaly in the high latitude North
Atlantic with the peak in year 4 (Fig. 3b1). This density anomaly then
intensifies the AMOC with the peak delayed 3 years later30. In com-
parison, the volcanic-induced cooling and sea ice melting water con-
tribute little to the density anomaly (Figs. 3b1, e1, and S6c).

After the peak at year 7, the AMOC starts to decline, caused by the
expansion of Arctic sea ice and the export of sea ice melting water at
the edge of the sea ice in the early decades (Fig. 3e2)45,46. A few years
after the eruption, the NAO anomaly diminishes, so is the anomalous
evaporation and the resulting freshwater flux (Fig. 3c2). Instead, Arctic
sea ice expands to its maximum around year 10 (Fig. 3e2) over the
Labrador Sea (LS), Irminger Sea, and GIN Sea (Fig. S7f). The freshwater
associated with the sea ice melting each summer is then exported
along the sea-ice edge to the subpolar North Atlantic
(Figs. 3e2 and S7d, e), freshening the surface water over the North
Atlantic deep convection regions, suppressing deep convection, the
AMOC and, in turn, the related poleward heat transport (Figs. 3b2,
c2, and S7a–c). This is consistent with previous findings of sea ice
expansion andArctic freshwater export at theonset of LIA, asobserved
in reconstructed records21,45,46. This sea ice melting effect lasts for
decades, bringing the AMOC back to its initial strength in about
60 years.

The AMOC continues to decline gradually after year 60 and then
remains in the weak/negative phase for almost three hundred years
(Fig. 3a1). This long weakening of AMOC is caused by the reduced
evaporation and the resulting surface freshening over the deep con-
vection region, and ultimately by the subsurface cooling of the NADW.

In this long weak stage, the surface density is reduced over the
deep convection region around the Irminger Sea and Iceland-Faroe-
Scotland Ridge, primarily due to decreasing salinity, which over-
whelms the effect of SSTcooling thatwould otherwise increase density
(Figs. 3b2 and 4a–c). The long-term surface freshening is caused by the

centennial-scale decrease of evaporation over the same regions
(Fig. 3c2 and 4d, e).

The long-term decease of evaporation is caused by a sustained
cooling over the subpolar North Atlantic (Fig. 3b2), which reduces the
saturation specific humidity (qs) and, in turn, thedifferencebetweenqs

and air specific humidity (qa) (Figs. 3d2 and4c). Since the 850 hPawind
speed anomalies are insignificant and inconsistent with evaporation
changes (Fig. 3d2), they cannot be the main contributor to the long-
term evaporation decline. Our results also indicate that the sustained
surface cooling is primarily driven by oceanic processes, specifically
subsurface cooling, rather than atmospheric processes through
radiative forcing anomalies. This can be seen in the response of the net
surface heat flux and its decomposition into sensible, latent, short-
wave, and long-wave components (positive downward). The anom-
alous net surface heat flux remains positive during this period, mainly
due to the decreased latent heat loss associated with reduced eva-
poration (Fig. S8). This heat flux anomaly alone would have warmed
the SST, which is opposite to the observed surface cooling, indicate
that long-term cooling is maintained by oceanic processes instead of
atmospheric ones. This point to infer the forcing mechanism of SST
from surface heat flux has been studied extensively in recent
studies47–50. Figure 5 shows that the volcanic eruption causes cooling
penetrating into the subsurface North Atlantic high latitude to 2000m
in the initial decade through the deep convection and mixing (year
0–9, Fig. S9a). In the following decades, the cooling is strengthened in
the subsurface ocean for hundreds of years, due to large ocean heat
capacity51–53, even if the surface cooling is reduced after the termina-
tion of the direct volcanic forcing. This strengthening subsurface
cooling is caused partly by the southward export of the NADW, and
partly by the ventilation of Antarctica Intermediate Water from the
Southern Ocean via the Deacon Cell (10–60 years, Fig. S9b). This
subsurface cooling remains substantial for hundreds of years
(Figs. 5 and S9c) and is mixed upward in the high latitude North

Fig. 2 | Features of AMOC and global surface air temperature (SAT) during the
pastmillennium. a, b Ensemblemean AMOC anomalies (unit: Sv, black solid lines,
Y-axis on the left side) and global SAT (unit: °C, orange solid lines, Y-axis on the
right side) spanning from AD 850 to 2005 in the 13 ALL EXP and 5 VOLC EXP in
CESM-LME62. Black and orange dashed lines are AMOC and SAT in each ensemble
member, respectively. The dashed horizontal lines are ±1 and ±2 standard devia-
tions of the long-term climatology of AMOC. c Sulfate volcanic aerosol recon-
structed by Gao et al.33. The red dashed horizontal line indicates the magnitude of
volcanic eruption at 40Tg. The gray shadings highlight volcanic eruptions larger
than 40Tg. The green shadings highlight the 4 periods of strong (>40Tg) volcanic
activities during the Little Ice Age (LIA), including AD 1176–1284, 1452, 1600–1641,
and 1762–1835. d Box-and-whisker diagram of the persistent time of stronger
(magenta) and weaker (blue) AMOC phases (relative to long time climatology) in

CESM-LME simulations and Samalas-only EXP. The 1st column shows the persistent
time of stronger andweakerAMOCphases in theCESM-LMECTRL experiment. The
2nd–5th columns (shaded by green) are the length of the initial increased and
subsequent decreased AMOC anomalies triggered by the 4 frequent volcanic
eruptions (shaded by green in c) in the ALL (filledby lines) and VOLC (filledbydots)
EXP from CESM-LME. The last column (shaded in yellow) shows the persist time of
the initial increased and following decreased AMOC phases after one single vol-
canic eruption in the Samalas EXP. The line in themiddle of the box is the averaged
length, the upper and lower lines are the third and first quartiles, and the upper and
lower whiskers are the maximum and minimum length. The star indicates that the
length of the volcano-induced AMOC anomaly is significantly longer than the Ctrl
experiment (p <0.05).
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Atlantic, leading to the long-term surface cooling in the North Atlantic.
The subsurface cooling doesn’t recover until 300 years after the vol-
canic eruption (Fig. S9d). Thus, ultimately, the slow weakening of
AMOC is caused by the cooling stored in the subsurface ocean, con-
sistent with proxy reconstructions that show significant cooling in the
surface54–56, subsurface57, and intermediate North Atlantic after the
13th century58. This slow weakening of AMOC may be further rein-
forced by the Arctic sea ice expansion and oceanic heat transport of
the North Atlantic Subpolar Gyre (SPG) (Supplementary Text,
Fig. S10)59,60. The Samalas eruption represents an exceptionally strong
forcing compared to other eruptions over the last millennium. The
mechanisms identified here and their insensitivity to the initial AMOC
state may therefore differ from those associated with more moderate
eruptions40, an aspect required further investigation. On the other
hand, solar variabilitymay61 ormaynot31 contribute substantially to the
AMOC changes, and its role also requires further investigation.

Discussions
Our study shows that the diverse set of available paleo AMOC-sensitive
indicators for the past millennium are dynamically consistent. These

AMOC-sensitive indicators, when assimilated into multi-model simu-
lations, give an estimation of weakening AMOC transport of
0:7 ±0:4Sv: (about 4% of the total transport) during the AD 850–1850.
This slow weakening trend is caused by strong, explosive volcanic
eruptions during the LIA. After a rapid strengthening in the initial
decade after an eruption, the AMOC experiences a slow centennial
timescale weakening, driven by radiatively-induced decrease in ocean
heat content tied toNADW,whichgenerates sustained surface cooling,
reduced surface evaporation, and a consequent increase in the fresh-
water flux into the subpolar North Atlantic deep convection region.
The steady increase in freshwater flux leads to a long-term decline of
AMOC. Of particular note in our mechanism is the counterintuitive
centennial timescale response to the accumulated impact of short-
term volcanic radiative forcing events. However, this response may
depend on the mean climate state and model biases62, introducing
uncertainties that warrant further investigation. Despite this, this
mechanism has implications for future climate projections. The cur-
rent AMOC state, for example, is partly determined by the lingering
effects of past explosive volcanic forcing events, and the future pro-
jected behavior of the AMOC under anthropogenic greenhouse

Fig. 3 | Evolution of AMOC and related variables in the Samalas-only sensitivity
experiments. a Ensemblemeananomalies of AMOC(unit: Sv, red line, Y-axis on the
left side) after volcanic eruptions in the 10 cases of Samalas-only EXP. Time series
without runningmean in the first 10 years of volcanic eruption is shown in (a1), and
time series applied with 11-year running mean is shown in (a2). The brown dashed
line in (a1) indicates the reconstructed global aerosol mass33 released by MT.
Samalas (unit: kg/m2, Y-axis on the right side). b Ensemble mean anomalies of
neutral potential density (PD, black line, unit: kg/m3), sea surface salinity (SSS,
yellow line, unit: PSU), and sea surface temperature (SST, green line, unit: °C)
averaged over the deep convection region (Fig. S1b), without (b1) and with (b2) 11-
year running mean. c Is similar to (b), but for net freshwater flux (NFW, black line,
unit: mm/day), evaporation minus precipitation (E-P, blue line, unit: mm/day), and
evaporation (pink line, unit: mm/day). d Is similar to (b), but for the saturated

specific humidity (qs, red dashed line, unit: g/kg), air specific humidity (qa, yellow
dashed line, unit: g/kg), difference between qs and qa (black solid line, unit: g/kg),
and 850 hPawind speed (green solid line, unit: m/s). e Ensemblemean anomalies of
the Arctic Sea ice volume (SI, black solid line, unit: m3), and the anomalous sea ice
melt (unit: mm/day) distributing at the SPG region (purple solid line), Labrador Sea
(yellow dashed line) and deep convection region (brown dashed line, Fig. S1b),
respectively, without (e1) and with (e2) 11 year runningmean. The shadings in (a–e)
indicate the ±1 standarddeviation of each variable. The anomalies are relative to the
long-term climatology of CTRL EXP. Note that the averaged anomalies of AMOC,
PD, SST, SSS,NFW, E-P, Evap, and qs-qa in the years 60–360are significant relative to
zero (p <0.05). The vertical dashed line in (a2–e2) marks the transition time of
AMOCfrompositive to negativephase. The eruptionof the volcano starts in year-0.
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radiative forcing should account for the delayed impact of past
radiative volcanic impact on AMOC decades to centuries ago.

Methods
Materials
Toour knowledge, there exist eleven paleo AMOC-sensitive indicators.
Among these eleven indicators, 5 can be directly related to our model
variables and therefore can be assimilated in our models. The other 6
can’t be assimilated due to the lack of a forward model relating these
AMOC-sensitive indicators to model variables. The first AMOC proxy

that can be assimilated is the 100-year smoothed difference of calcite
δ18O from benthic foraminifera between Dry Tortugas (540m) and
GreatBahamaBank (530m) cross the Florida Strait12. This AMOCproxy
indicates the cross-strait density contrast and, in turn, the strength of
the geostrophic flow of the Florida Current (FC), with a larger δ18Oc

contrast corresponding to a stronger FC and therefore AMOC63. The
second proxy is the difference of δ18Oc between two planktonic for-
aminifera species from the south Greenland margin: Neogloboqua-
drina pachyderma (sinistral coiling) (Nps) at 100–200m and
Turborotalita quinqueloba (Tq) at 25–75m. This proxy reflects upper
ocean thermal stratification, with smaller δ18OcNPS-Tq indicating
enhanced East Greenland Current (cold and fresh) over the Irminger
Current (warm and saline), which in turn suppresses the deep con-
vection in the LS10,20. The third proxy is the calcite δ18O retrieved from
the Laurentian Channel and is thought to represent the contrast
between the cold LS slope water (LSSW) and the warm Atlantic Tem-
perate SlopeWater16. Since a weaker AMOC is usually consistent with a
weaker LS deep convection and less LSSW, the subsurface has a war-
mer temperature and lower δ18Oc at this site, which captures the signal
of AMOC. The fourth proxy is the difference of subsurface ocean
temperature between the North-East SPG and the North-West Atlantic
shelf, which is thought to represent the intensity of the deep Labrador
Current (LC)14. An intensified warmNorth Atlantic Current and cold LC
during the strong phase of AMOC induce a dipole response of warmer
NE SPG and colder Gulf Stream extension14,64. The last proxy is the
warming hole index that is thought to be associated with the AMOC
heat transport6. This proxy is reconstructed here by averaging the
warming hole index provided by Rahmstorf et al.6 and computed using
sea surface temperature (SST) data from the lastmillennium reanalysis
(LMR)65 prior to 1870, after applying a 51-year smoothing. After 1870,
the LMR data is substituted with the average of three observed global
SST datasets, including the HadiSST from the Hadley Center66, the

Fig. 5 | Cooling stored in the deep Atlantic Ocean. Hovmöller diagram of the
ensemble mean ocean temperature (unit: °C) over the Atlantic (50S–65N,
90W–30E) after volcanic eruptions in the 10 cases of Samalas-only EXP. The X-axis
is the time after volcanic eruptions, spanning from year 0 to year 340. The Y-axis is
the depth (unit: m) of the ocean. Black dots represent 95% significant interval.

Fig. 4 | Spatial pattern of the density anomaly and freshwater flux during the
long-termweakphase of AMOC in the idealized experiments. a–c Spatial plot of
the ensemblemeanneutral potential density (kg/m3), sea surface salinity (SSS, unit:
PSU) and sea surface temperature (unit: °C) overlaiedby the differenceof saturated
specific humidity and air specific humidity (qs-qa, unit: g/kg, dahsed contours: blue
is negative and red is positive) averaged in years 60–360 of the Samalas-only EXP.
d Spatial plot of net freshwater flux (mm/day) over the North Atlantic during years
60–360.Pinkdotsmark the areawhereNFW isdominatedby sea icemelt, andblack

crossesmark the region where NFW is dominated by E-P. e Spatial plot of E-P (unit:
mm/day, colored shading), overlaid by evaporation anomalies (dashed contour
lines, blue is negative and red is positive, unit: mm/day). f Spatial pattern of sea ice
melt (unit: mm/day), overlaid by the distribution of sea ice volume (green contour
at an interval of 0.4m3) in year 60–360. Black dots in (a–c, e, f) represent 95%
significant interval. The purple lines in each plot show the deep convection area
(Fig. S1b). All of the results are applied with 11-year running mean.
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Kaplan extended SST V2 from the UK Met Office67, and the NOAA
Extended Reconstruction SST68, because there is a rising trend of the
warming hole index in LMR during this period65. These five AMOC-
sensitive indicators are primarily discussed in the main text.

The six paleo AMOC-sensitive indicators which cannot be
assimilated include the percentage of the polar species N. pachyderma
(s) (Nps) in the LS, the Sortable silt mean grain size ( �SS) from Iceland
Basin10,13 andCapeHatteras14, the radiocarbon reservoir ageoffset (4R)
from shell chronology in the North Icelandic shelf11, and the seawater
cadmium (Cd) concentrated in the Florida Strait18. These proxies
exhibit similar declining trends during the LIA (Fig. S11), despite some
differences in the timing of the decrease, which could be associated
with the chronology uncertainty and coarse temporal resolution,
consistent with the five reconstructed AMOC-sensitive indicators
introduced above.

The Community Earth System Model Last Millennium Ensemble
(CESM-LME) archive is employed to compose synthetic AMOC-
sensitive indicators and study the relation between these indicators
and AMOC variations in the past millennium. These simulations are
driven by the transient forcings spanning from 850 to 2005 CE using
CESM1.269, with a horizontal resolution of ~1.75° in the ocean compo-
nent. In particular, the volcanic forcing is that derived fromGao et al.33

of the past 1500 years. A set of 19 CESM-LME simulations are used,
including 1 control experiment (CTRL EXP), 13 all-forcing experiments
(ALL EXP), and 5 volcanic-forcing experiments (VOLC EXP). Another
set of 3 simulations in the isotope-enabled last millennium ensemble
(iLME) from iCESM70,71 are also used. These iLME simulations use a
code similar to that of LME, and has the same resolution, spanning
period, and external forcings as in the LME experiments. The clima-
tological AMOC streamfunctions in the preindustrial period are
around 24 Sv (for iLME and LME cases). The linear trends of the
transport reduction from AD 850 to 1850 range from 0.1 to 0.7 Sv (for
iLME and LME cases) with a mean of about 0.4 Sv, representing about
1.6% reduction. Note that the climatological AMOC in iLME2 and iLME3
is underestimated due to a known error in the applied regional masks.
The AMOC index for iLME2 and iLME3 simulations is therefore
recomputed from themeridional velocity field, while iLME1, which has
a reasonable climatology, is used as the representative case in themain
analysis.

The meridional overturning circulation is analyzed using two
models from the Paleoclimate Modeling Intercomparison Project
Phase 3 (PMIP3)/Coupled Model Intercomparison Project Phase 5
(CMIP5), and two models of the PMIP4/CMIP6, for which the AMOC
variable is available online in the past millennium experiments. The
PMIP3/CMIP5 models include the Max Planck Institute Earth System
Model (MPI-ESM-P) and Meteorological Research Institute-Coupled
Global Climate Model (MRI-CGCM3), while the PMIP4/CMIP6 models
include the Meteorological Research Institute Earth System Model
version 2.0 (MRI-ESM2-0), and the Model for Interdisciplinary
Research on Climate, Earth Systemversion 2 for Long-term simulations
(MIROC-ES2L). The volcanic forcings used in these multi-model
simulations are those derived from Geo et al.33 (MRI-CGCM3), Too-
hey and Sigl34 (MRI-ESM2-0 and MIROC-ES2L), and Crowley et al.35

(MPI-ESM-P).

AMOC index and AMOC-sensitive indicators in the model
In this paper, the AMOC index is defined as themaximumannualmean
Atlantic Meridional Overturning Streamfunction between 20°N–50°N
and below 500-m, after 11-year running mean.

The definitions of the 5 AMOC-sensitive indicators reproduced in
model are consistent with the 5 paleo AMOC-sensitive indicators
mentioned above. The first one (Fig. 1h) is defined by the δ18Oc con-
trast across the Florida Strait (24.2°N, 85°W minus 24.2°N, 78.5°W,
Fig. S1a blue stars) at depth of 530m12,63. The second one (Fig. 1i) is
defined by the difference of δ18Oc at south Greenland margin (58°N,

43°W, Fig. S1a pink circle) in depth of 100–200 and 25–75m10,20. The
third one (Fig. 1j) is defined as the δ18Oc at the entrance of the Laur-
entia Channel (45°N, 55°W, Fig. S1a yellow triangle) in depth of 350m.
Note that, the reconstruction site (48°N, 68°W) of the AMOC-sensitive
indicator in Thibodeau’s work16 is not in the open ocean. Since our
model has missing value at that location, we opt for the nearest
available site instead. The δ18Oc used in these 3 indicators is calculated
by the sea water oxygen isotope (δ18Ow) and ocean temperature (t in
Celsius degree) in the 3 iLME members, following the equation72:

δ18Oc =δ
18Ow � 0:27+0:0011t2 � 0:245t +3:58

The fourth indicator (Fig. 1k) is defined as the contrast of upper
ocean temperature (100–200m) over the Northeast NA SPG region
(50-62°N, 10-30°W) and Northwest Atlantic shelf (36–46°N, 50–70°W,
Fig. S1a green boxes) in themodel14. The warming hole index (Fig. 1l) is
defined as the difference of SST between Subpolar North Atlantic
(SPNA, 46–60°N, 15–40°W, Fig. S1a brown box) and North
Hemisphere6. These three AMOC-sensitive indicators are computed
using variables from 3 iLME and 13 LME members.

Paleo data assimilation I: single model PDA in iCESM
Wediscuss in detail the reconstruction of the AMOC transport indexψ
in iCESM. First, the 5 paleo AMOC-sensitive indicators that can be
represented in iCESMare interpolated to yearly data; these 5 indicators
consist of three involving stable water isotopes (the δ18O difference
cross Florida Strait12, the δ18ONPS-Tq at south Greenlandmargin10,20, and
the δ18O near Laurentia Channel16) and two related to ocean tem-
peratures (the dipole pattern of SPG subsurface ocean temperature14

and the warming hole index6) (“Method 1”). These 5 proxies, which are
denoted by y (dimension of p× 1, p indicates the number of proxies),
are assimilated through an offline PDA65,73,74 approach. The uncertainty
of eachproxy, i.e., the observation error variance σ2

o, j (j = 1,…,p), is here
taken, approximately, as its temporal variance. By assuming static and
uncorrelated errors, the observation error covariance matrix R is a
diagonal one, with diagonal elements of βσ2

o, j, where σ2
o, j is computed

as the variance of the proxies after linear detrending and the coeffi-
cient β=0:27 is determined based on “bootstrapping” DA sensitivity
experiments (“Method” below and Fig. S12).

Second, the prior state vector, which contains the model AMOC
index to be reconstructed, is obtained. Following Hakim et al.65,

ensemble priors X f
n×N = xf

1 , . . . ,x
f
N

n o
where x is the state vector with

dimension of n× 1 and N is ensemble size of 100, are randomly drawn
from theAMOC index in iLMEcase 1 (Fig. 1h–m,black dashed line). The
100-member ensemble is used to construct the covariancematrix such
that the matrix is not contaminated strongly by sampling errors. By

subtracting the prior ensemble mean �xf = 1
N

PN
i= 1x

f
i from each mem-

ber, the ensemble perturbations x0f
i =xf

i � �xf ði= 1,K ,NÞ and the
square root of sample background error covariance

X 0f = xf
1 � �xf ,xf

2 � �xf ,K ,xf
N � �xf

h i
=

ffiffiffiffiffiffiffiffiffiffiffiffi
N � 1

p
are obtained. Then, the

prior estimate, which is a transformation of the model AMOC index to
the observation space of AMOC-sensitive indicators, is calculated.
Using the observation forward operator H to transform the state vec-

tor to the indicators, the observation priors of ensemble mean H �xf
� �

(dimension of p× 1) and ensemble priors of observations H xf
i

� �
(dimension of p×N) are achieved, in which each element is estimated

model indicator hj �xf
� �

and hj xf
i

� �
(Fig. 1h–l, colored solid lines),

respectively. The square root of sample background error covariance

in observation space is given by HX 0f , in which each element

is hjðxf
i Þ � hjð�xf Þ

� �
/

ffiffiffiffiffiffiffiffiffiffiffiffi
N � 1

p
.
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Third, the prior mean of the AMOC index �ψ
f from iLME case 1 is

updated by assimilating the AMOC-sensitive indicators through an
ensemble Kalman filter,

�ψ
a = �ψ f +Ψ0 f HX 0f

� �T
HX 0f HX 0f

� �T
+R

� ��1

y� H �xf
� �h i

ð1Þ

where Ψ0f = ½ψ f
1 � �ψ

f ,ψ f
2 � �ψ

f , . . . ,ψ f
N � �ψ

f �/
ffiffiffiffiffiffiffiffiffiffiffiffi
N � 1

p
is a row vector

of X 0f . The mean analysis increment is proportional to the correlation
between the AMOC index and AMOC-sensitive indicators, and also the
innovations of observed AMOC-sensitive indicators and estimated
ones. The prior perturbations of the AMOC index ψ0f

i is updated by

ψ0a
i =ψ0f

i �Ψ0f ðHX0f ÞT
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðHX0f ÞðHX0f ÞT +R

q� ��1
" #T ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ððHX0f ÞðHX0f ÞT +RÞ
q

+
ffiffiffiffi
R

p� ��1

ðHX0f Þ

ð2Þ

From the posterior perturbations of the AMOC index, the uncer-
tainty of the posterior mean �ψ

a
, i.e., the analysis variance σ2

a, can be
computed.

To estimate the optimal observational error covariance, a
bootstrap-based sensitivity approach is used. The optimal observa-
tional error is determined by optimizing the coefficient β. Five “boot-
strapping” sensitivity experiments are performed to obtain the
optimal coefficient β for the observational error covariance R, while
similar strategies to “bootstrapping” have been used to adaptively
estimate data assimilation parameters (e.g., localization length
scale)74,75. In each sensitivity test, 4 of the 5 paleo AMOC-sensitive
indicators are used for assimilation with coefficient β ranging from 0.1
to 1 (Fig. S12), and the DA results (Fig. S12, colored solid lines) are
compared with the fifth indicator that was not used in the assimilation
(Fig. S12, black dashed line). Two methods are used to assess the
sensitivity of DA AMOC to the optimal coefficient β.

Firstly, the root mean square error (RMSE) of each DA AMOC-
sensitive indicator (normalized and applied with 100 years running
mean) and paleo AMOC-sensitive indicator (normalized) left out of the
assimilation is calculated. RMSE reaches the minimum for β = 0.1, 0.2,
0.2, 0.1, and 0.6 in each of the 5-sensitivity test, respectively. The equal
weight average of the error covariance gives the opti-
mal β= ð0:1 +0:2 +0:2 +0:1 +0:6Þ=5 =0:24.

Secondly, DA AMOC transport is compared with the paleo AMOC
transport. In our study, DA AMOC transport is defined as:
TrendDA × year, where TrendDA is the trend of DA AMOC, and year is
the length of the DA AMOC. Paleo AMOC transport is obtained by the
equation: (Trendpaleo/Clipaleo) × AMOCmodel × year, in which Trendpaleo

is the trend of the paleo AMOC-sensitive indicators not involved in the
assimilation, Clipaleo indicates the climatology of the paleo AMOC-
sensitive indicators, and AMOCmodel represents the climatology of the
model AMOC index, which is 24 Sv in our case. The DA and paleo
AMOC transport aremost similar when β equals to 0.1, 0.1, 0.5, 0.1, and
0.7 for each sensitivity test, respectively. The equal weight average of
the error covariance coefficient is there-
fore β= ð0:1 +0:1 +0:5 +0:1 +0:7Þ=5 =0:3.

As the β value evaluated in these two methods are similar, we
finally use β= ð0:24+0:3Þ=2 =0:27 for the optimal error covariance for
assimilation.

A perfect model test is conducted to validate our PDA method.
Firstly, data assimilation is performed with the five model AMOC-
sensitive indicators from iLME1 being treated as observations, and the
model AMOC index simulated in iLME3 as prior. It shows that the
assimilated AMOC (Fig. S13a, red line) is highly correlated with the true
AMOC index simulated in iLME1 (Fig. S13a, black solid line), despite the
prior AMOC index from iLME3 (Fig. S13a, black dashed line) differing
from the true AMOC. This highlights the effect of covariance in assim-
ilating. Similar results can also be found when using iLME case3 as

observation and iLME case 1 as prior (Fig. S13b), as well as in the cross-
validations between iLME1 and iLME2, and between iLME2 and iLME3
(Fig. S13c–f). These findings confirm the reliability of the PDA method.

Paleo data assimilation II: multi-model PDA using PMIP
simulations
The iCESM is used for off-line PDA first because it can assimilate most
of the AMOC-sensitive indicators, especially the three indicators rela-
ted to δ18O. But using a single model leaves the model uncertainty
unaccounted for. Ideally, model uncertainty can be accounted for by
using multiple models, such as the other 4 PMIP models (Materials).
These PIMP models, however, do not incorporate water isotopes and
therefore can only assimilate two temperature-related proxies: the
dipole pattern of SPG subsurface ocean temperature14 and the warm-
ing hole index (Materials)6. To account for the model uncertainty in
PDA, we therefore take the following approach.

First, we tested in iCESM that the AMOC declining trend is similar
by assimilating all the 5 proxies or only the 2 temperature-related ones.
Specifically, in the CESM-iLME simulation (case 1), we use the sameoff-
line PDA approach described above but assimilate only the two tem-
perature proxies in observations. The optimal error coefficient is
found to be about β=0:2 and the assimilated AMOC exhibits a
declining trend of about 0.7 ± 0.3 Sv in AD 850–1850 (Fig. S4a). This
trend is similar to that when all the 5 proxies are assimilated as
discussed above.

Based on the iCESM test above, we assume that the assimilation of
the two temperature proxies alone is sufficient for the AMOC assim-
ilation in the four PMIPmodel simulations.We then apply the sameoff-
line PDA approach discussed above in the four PMIP models, but only
using the two temperature proxies. Now, the optimal observational
error coefficient in each model is tested with two “bootstrapping”
sensitivity experiments, with 1 of the 2 proxies being used for assim-
ilation and the other for comparison. The optimum error covariance
selected for each model is 0.3 R (MPI-ESM-P), 0.7 R (MRI-CGCM3),
0.65 R (MRI-ESM2-0), 0.33 R (MIROC-ES2L). All four assimilated
AMOCs show a declining trend in AD 850–1850, with a magnitude of
−0.5 ± 0.3 Sv (MPI-ESM-P), −0.5 ± 0.3 Sv (MRI-CGCM3), −0.5 ± 0.4 Sv
(MRI-ESM2-0), and −0.6 ±0.3 Sv (MIROC-ES2L) (Fig. S4b–e). As in
iCESM, these PDA AMOC declining trends are all greater than those in
each model itself, because the AMOC-sensitive indicators exhibit a
greater trend in the observation than in the model. Combining the
assimilated AMOCs in the 4 PMIP models with that in iCESM, we give
our best estimation of the AMOC declining as the cross-model
ensemble mean as (−1.2-0.5-0.5-0.5-0.6)/5 = −0.7 Sv, with the cross-
model ensemble spread as 0.27 Sv. In each individual model, the ana-
lysis uncertainty is about (0.30 +0.3 + 0.3 + 0.4 + 0.3)/5 = 0.32 Sv.
Therefore, the total uncertainty for the AMOC transport with multi-
model assimilation is taken approximately as the square root of both asffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

0:272 +0:322
p

= 0.4 Sv. This gives our multi-model PDA AMOC
declining trend of the pre-industrial last millennium as �0:7 ±0:4Sv:
Wenote that this uncertainty is applied to the trend ofDAAMOC in AD
850–1850, but not the uncertainty at any instant. Therefore, the
uncertainty would bemuch greater than ±0:4Sv at any given time due
to the large uncertainty in the proxy data and models.

Model description and sensitivity experimental design
In this paper, the Community Earth System Model Version 1.2
(CESM1.2) is used for the idealized volcanic sensitivity experiment.
CESM is an outstanding model that can effectively capture climate
changes in the past millennium as well as characteristics of AMOC36,37.
It has a horizontal resolution of ~3.75° in the atmosphere and land
component, ~2.5° in the ocean component, and 60 vertical levels in the
ocean. We first run a 1300-year spinning-up experiment based on the
initial climate condition of AD1850 and then a 600-year CTRL experi-
ment. In our experiment, the reconstructed sulfate aerosol of MT.
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Samalas (257.91 Tg) in AD 1258 (referred to as AD 1257 in some other
papers76 is derived from IVI233. The only forcing used in the sensitivity
experiment (Samalas EXP) is the injection of volcanic aerosol into the
stratosphere of the atmosphere in April of a year of strong AMOC state
from the CTRL. This eruption, which is the largest volcanic event in the
past 2000 years, is located in the tropical region of Indonesia penin-
sula. Its sulfate aerosols, persisting for 5 years in the stratosphere
(above 100hPa), are mainly concentrated between 30°S to 30°N and
decaying poleward with a near-symmetric distribution across
hemispheres33. A total of 10 members are integrated, each for 360
years, by injecting volcanic forcing at the sameyearof CTRL,with small
disturbances (order 10−14 °C) added to the initial atmospheric tem-
perature field. Additionally, to evaluate the impacts of varying AMOC
initial states, two supplementary sets of experiments are conducted by
imposing the same Samalas volcanic forcings at a neutral and a weak
AMOC state in the CTRL, each comprising 3 ensemble members and
integrated over 360 years. Monthly output data is analyzed. Themajor
result of the experiment here is the different AMOC response between
the initial and later stages, with the initial and later stages character-
ized, respectively, by a strong intensification in the initial decade fol-
lowed by a slow weakening of centinneil time scale. This feature is
insensitive to different initial AMOC states (Fig. S5), and is further
shown robust in PMIP simulations (Fig. S4).

The deep convection region
The deep convection region studied in this paper is defined as the
region wherewinter (DJFMA)maximummixed layer depth in subpolar
NA (north of 45°N) is greater than 150m (Fig. S1b), including the
Irminger Sea, Iceland Basin, Iceland-Faroe-Scotland Ridge, as well as
Norwegian Sea. Note that model biases in simulating deep convection
regions, such as its underestimation in the LS or Nordic Seas, are
common limitations in paleoclimate simulations77. While this may
affect regional oceanic processes78,79, it does not fundamentally alter
the large-scale AMOC variability discussed in this study4,37. Further
improvements in representing deep convection and associated deep-
ocean dynamical processes are needed for future studies.

Data availability
The simulations from theCommunity Earth SystemModel (CESM)Last
Millennium Ensemble (LME) Project are freely available through Otto-
Bliesner et al.69 and NCAR, and supercomputing resources are pro-
vided by NSF/CISL/Yellowstone. The Last Millennium Ensemble simu-
lations derived from isotope-enabledmodel is available through Brady
et al.70 and Stevensen et al.71. The Last Millennium Reanalysis (LMR)
data used in the manuscript are freely available in Hakim et al.65. The
reconstructed Ice-core-based global volcanic aerosol from Gao et al.33

is released at http://climate.envsci.rutgers.edu/IVI2/, from Toohey and
Sigl34 is released at https://www.wdc-climate.de/ui/entry?acronym=
eVolv2k_v3, and from Crowley et al.35 is released at https://www.ncei.
noaa.gov/access/paleo-search/study/14168. The eleven paleo AMOC
proxies analyzed in this paper are taken from Lund et al.12, Moffa-
Sánchez et al.10,20, Thibodeau et al.16, Thornalley et al.14, Rahmstorf
et al.6, Wanamaker et al.11, Mjell et al.13, Valley et al.18. The observed
ERSST68 is released at https://www.ncei.noaa.gov/products/extended-
reconstructed-sst, the HadiSST66 is released at http://www.metoffice.
gov.uk/hadobs/hadisst, and the Kaplan extended SST67 is released at
https://www.psl.noaa.gov/data/gridded/data.kaplan_sst.html. The
paleo-data assimilated AMOC and Samalas volcanic sensitivity
experimental data generated in this study aredeposited in the Figshare
repository at: https://doi.org/10.6084/m9.figshare.28324124.
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