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ABSTRACT: Atlantic multidecadal variability (AMV) is a cornerstone for decadal prediction and profoundly influences
regional and global climate variability, yet its fundamental drivers remain an issue for debate. Studies suggest that external
forcing may have affected AMYV during the Little Ice Age (AD 1400-1860). However, the detailed mechanism remains elu-
sive, and the AMV’s centennial to millennial variations over the past 2000 years have not yet been explored. We first show
that proxy-data reconstructions and paleo-data assimilations suggest a significant 60-yr AMV during AD 1250-1860 but
not during AD 1-1249. We then conducted a suite of experiments with the Community Earth System Model (CESM) to
unravel the causes of the changing AMV property. The simulation results under all external forcings match the reconstruc-
tions reasonably well. We find that the significant 60-yr AMV during 1250-1860 arises predominantly from the volcano forcing
variability. During the period 1-1249, the average volcanic eruption intensity is about half of the 1250-1860 intensity, and a
20-40-yr internal variability dominates the AMV. The volcanic radiative forcing during 12501860 amplifies AMV and shifts
the internal variability peak from 2040 years to 60 years. The volcano forcing prolongs AMV periodicity by sustaining Arctic
cooling, delaying subpolar sea ice melting and atmospheric feedback to reduce surface evaporation. These slow-response pro-
cesses over the subpolar North Atlantic results in a persisting reduction of sea surface salinity, weakening the Atlantic over-
turning circulation, and warm water transport from the subtropical North Atlantic. The results reveal the cause of the
nonstationary AMV over the past two millennia and shed light on the AMV’s response to external forcing.

SIGNIFICANCE STATEMENT: AMV plays an important role in the regional and global climate variability. The
purpose of this study is to better understand the secular change of AMV during the past 2000 years and its response to
the external forcing. Proxy data and model simulation consistently show a significant 60-yr AMV during AD 1250-1860
that is absent during AD 1-1249. Active volcanic eruptions during 1250-1860 amplify the AMV and shift its intrinsic
20-40-yr to a prominent 60-yr variance peak. Volcanoes prolong AMV periodicity by sustaining Arctic cooling, delay-
ing subpolar sea ice melting, reducing evaporation, and increasing surface salinity. These results help us better under-
stand nonstationary AMYV and highlight the role of external forcing over the past two millennia.
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1. Introduction
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mode of Atlantic SST variability, with a horseshoe-shaped

spatial pattern in the North Atlantic (NA) and a 55-90-yr
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gional and global climate variability on decadal time scales
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external forcing. AMV has been closely related to the Atlan-
tic meridional overturning circulation (AMOC), involving
out-of-phase variations in the North and South Atlantic sea
surface temperature (SST) (Knight et al. 2005; Delworth et al.
2017). In contrast, Clement et al. (2015) argued that AMV is a
low-frequency response to high-frequency atmospheric sto-
chastic forcing. The positive feedback between atmospheric
circulation, low-level cloud, and SST may also contribute to
the AMV anomalies (Evan et al. 2013). Anthropogenic aero-
sol was speculated to play an important role in the AMV
(Bellomo et al. 2018). Natural external forcing, such as the
11-yr cycle of solar radiation, could influence the NA SST
(Thiéblemont et al. 2015; Fang et al. 2021; Klavans et al.
2022; Lapointe and Bradley 2021), causing a negative phase
of AMV (Ingleby and Huddleston 2007). Nevertheless, instru-
mental observations are too short to determine the dominant
time scale and identify all possible physical mechanisms leading
to AMV.

Analysis of multiple paleo-proxies suggests that AMV ex-
tends back several centuries (Gray et al. 2004; Mann et al.
2009; Lapointe et al. 2020). Delworth and Mann (2000) first
demonstrated a substantial agreement between the simulated
and observed patterns of multidecadal variability in SST over
the North Atlantic. Otterd et al. (2010), with a coupled
ocean—atmosphere general circulation model, demonstrated
that the solar and volcanic forcings largely govern the AMV
during the past 600 years. They find volcanoes play a particu-
larly important part in phasing the multidecadal variability
through their direct influence on tropical sea surface tempera-
tures, the leading mode of NH atmosphere circulation, and
the Atlantic thermohaline circulation.

Proxies and model results have suggested that volcanic
eruptions can affect SST and thus have an impact on Atlantic
multidecadal variability (Wang et al. 2017; Ning et al. 2017,
Sun et al. 2019a,b). The results from the Community Earth
System Model (CESM) Last Millennium Ensemble (LME)
has shown that the AMV’s amplitude increased (Otto-Bliesner
et al. 2016; Stevenson et al. 2018), and the AMV index
dropped significantly following major volcanic eruptions
(Swingedouw et al. 2017; Ning et al. 2017; Lehner et al. 2013;
Moreno-Chamarro et al. 2017). Volcanic eruptions may trigger
sea ice—ocean feedback in the NA and eventually lead to a sus-
tained cooling on the multidecadal scale as reflected in proxies
and models (Miller et al. 2012; Schleussner and Feulner 2013).
This feedback is realized through a southward expansion of
sea ice that could lead to subpolar Atlantic freshening and sta-
bilization, weakening deep ocean convection (Zhong et al.
2011; Yang and Wen 2020). Recently, Mann et al. (2021) sug-
gested a 50-70-yr cycle of AMV during the past millennium,
driven by volcanic eruptions.

The studies mentioned above provide clues for understand-
ing the influence of external forcings on AMV. Nevertheless,
previous studies have only focused on the AMV variation
over the last millennium. No single volcano or solar forcing
sensitivity experiments were conducted to isolate the roles of
these external forcing in regulating AMV. The mechanisms
by which volcanoes change AMV characteristics remain elu-
sive. In this study, we use the CESM to conduct a suite of
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2000-yr experiments to explore the millennial variation of the
spatial and temporal characteristics of AMV. The experi-
ments include fixed forcing (control), an all-forcing run, and
single-solar and single-volcano forcing simulations. We com-
pare the simulation results with a collection of multiple paleo-
proxy reconstructions and paleo-assimilation datasets. We
aim to reveal long-term changes in the spatial and temporal
characteristics of AMYV over the past 2000 years and to under-
stand better the critical roles of the external forcing in chang-
ing AMV properties. This research particularly investigates
the responses of the AMV’s periodicity and intensity to vol-
cano forcing and unravels its possible underlying mechanisms.

2. Data and methods
a. The CESM1I model

The model used is CESM1 (Hurrell et al. 2013), with a hori-
zontal resolution of T31 (about 3.75° X 3.75°) and a vertical
resolution of 26 layers. Previous studies have demonstrated
the model’s capacity in simulating the influences of volcanic
forcing on ENSO, monsoon precipitation, and Arctic climate
simulated (Liu et al. 2016; Sun et al. 2019a,b; Liu et al. 2020;
Sun et al. 2022). Here we first assessed the performance of
CESM in simulating AMV from 1870 to 2000 under the his-
torical external forcing (Fig. S1 in the online supplemental
material). The simulated AMV index is significantly corre-
lated with that derived from HadISST (CC = 0.55, p < 0.05).
The corresponding regressed SST fields in the North Atlantic
show similar horseshoe-like patterns with a CC = 0.91, except
that the variability center south of Greenland shifted south-
eastward. The result indicates that the model under the histor-
ical external forcing can reproduce, to some extent, the
observed AMYV, suggesting that the observed AMYV might not
entirely arise from internal variabilities, and the specified ex-
ternal forcing has a fingerprint on the AMV.

b. The 2ka simulation and experimental design

First, a preindustrial experiment with the 1850 background
conditions (Rosenbloom et al. 2013) is conducted after a
400-yr spinup when the climate system reaches an energy bal-
ance state. A control experiment (Ctrl) runs 2000 years start-
ing from the last year of the spinup run. Three 2000-yr
transient climate simulation experiments were carried out
starting from the last year of the Ctrl experiment: the solar ra-
diation experiment (TSI), the volcanic activities experiment
(Vol), and the all forcing experiment (AF) (Table 1) (Wang
et al. 2015; Sun et al. 2017).

We used a relatively large-amplitude solar radiation
(Shapiro et al. 2011) to identify its effect on climate better.
The volcanic forcing currently used in the Paleoclimate
Modeling Intercomparison Project phase 3 (PMIP3) and
CESM-LME is the Ice-core Volcanic Index 2 (IVI2) (Gao
et al. 2008). The IVI2 contains monthly mean spatiotemporal
distributions of volcanic forcing during the past 1500 years.
To our knowledge, thus far, no volcanic forcing is available
that can be directly used to drive the model during the entire
last two millennia. Sigl et al. (2015) reconstructed the volcanic
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TABLE 1. Experiments used in this study.

Length of integral

Name External forcing Short name time (years)
Control experiment Preindustrial values (Rosenbloom et al. 2013) Ctrl 2000
Solar radiation sensitivity Shapiro et al. (2011) TSI 2000
experiment
Volcanic activity sensitivity Sigl et al. (2015), Gao et al. (2008) Vol 2000
experiment
All forcing experiment Shapiro et al. (2011), Sigl et al. (2015), Gao et al. AF 2000

(2008), MacFarling Meure et al. (2006),

Kaplan et al. (2011)

activity over the past 2500 years but did not extend it in time
and space to directly drive CESM. Therefore, we used the same
parameterization method as IVI2 to extend the volcanic activity
in time and space for AD 1-500. We then spliced it with IVI2 to
generate the volcanic forcing of the past 2000 years.

c. Observational, reconstructed, and assimilated datasets

The Hadley Center Sea Ice and Sea Surface Temperature
(HadISST) data with a resolution of 1° X 1° (Rayner et al.
2003) are used to verify the model simulation. To facilitate com-
parison with our simulations, we interpolate the HadISST to
the resolution consistent with the experiments (3.75° X 3.75°).

As shown in Table 2, there are three reconstructed AMV
records used in this study, which are reconstructed by Gray
et al. (2004) (AD 1567-1990), Mann et al. (2009) (AD 500-2006),
and Lapointe et al. (2020) (889 BC-AD 2011). Due to the in-
consistencies in the lengths of these reconstructed data, to com-
pare with more proxies, we focus on the AMV variation from
AD 500 onward. SST reconstructions in the NA (PAGES 2k
Consortium 2013) are also considered. There are only six re-
constructions that cover the past two millennia (Black et al.
2007; Keigwin et al. 2003; Sachs 2007; Richter et al. 2009; Sicre
et al. 2011; Thornalley et al. 2009). This study also uses the an-
nual mean SST derived from the Last Millennium Reanalysis
V2.1 (LMR) (Tardif et al. 2019) and the AMYV index from the
reconstruction of global hydroclimate and dynamical variables
(Hydro) (Steiger et al. 2018). These datasets are based on cli-
mate model simulations incorporating reconstructed data. For
details, the readers are referred to Tardif et al. (2019) and
Steiger et al. (2018).

d. Definition of AMV index

The AMYV index in the simulated results and the LMR is
defined as the area-weighted average of the anomaly annual
mean SST in the NA (0°-60°N, 7.5°-75°W) (Enfield et al.
2001). The ordinary least squares are used to detrend the
AMYV index to eliminate the global warming trend and the
time trend in the model’s output (Trenberth and Shea 2006).
In most cases, detrending data highlights their multidecadal
variability (Sutton and Hodson 2005).

3. The secular change of AMYV during the past
2000 years

Figure 1 compares five reconstructed and two model-
simulated AMYV indices. The five paleoclimate records show
that the AMV index transits from a positive to a negative
phase after or during successive large volcanic eruptions, such
as the periods 1250-90, 1450-80, 1590-1610, 1630-50, 1755-80,
and 180540 (light blue shading in Fig. 1). After the active vol-
canism periods, the AMV rebounds back to a positive phase
(light yellow shadings in Fig. 1). The result is consistent with
the previous studies (Wang et al. 2017; Ottera et al. 2010).
Similar AMV phase transitions are more clearly seen in the
CESM AF and Vol simulations (Figs. 1f,g). However, the
four proxy records show a moderate cooling after the stron-
gest Samalas eruption in 1258. In contrast, the simulated
AMV shows an abrupt large-amplitude cooling, indicating a
considerable disparity between the model and proxy data,
and across proxy data themselves. For example, the Hydro
and Lapointe et al. (2020) time series are rather flat; Mann

TABLE 2. Reconstruction and assimilation data used in this study.

Type Location Climate indicators Period Reference
Tree ring 0°-70°N, 100°W—40°E AMV AD 1567-1990 Gray et al. (2004)
Multiple proxies North Atlantic AMV AD 500-2006 Mann et al. (2009)
Lake sediment core Ellesmere Island AMV 889 BC-AD 2011 Lapointe et al. (2020)
Mg/Ca ratio 10.77°N, 64.77°W SST AD 1221-1990 Black et al. (2007)
UK37 45.89°N, 62.8°W SST AD 351-1950 Keigwin et al. (2003)
UK37 43.53°N, 62.48°W SST AD 400-1950 Sachs (2007)
Mg/Ca ratio 55.5°N, 13.9°W SST AD 1-1998 Richter et al. (2009)
4C 66.55°N, 17.42°W SST AD 2-2001 Sicre et al. (2011)
Mg/Ca ratio 62.08°N, 17.82°W SST AD 33-1950 Thornalley et al. (2009)
Assimilation (LMR) North Atlantic AMV AD 1-2000 Tardif et al. (2019)
Assimilation (Hydro) North Atlantic AMV AD 1-2000 Steiger et al. (2018)
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FI1G. 1. The simulated and reconstructed AMYV index during the past 2000 years. (a)-(c) The
AMV index reconstructed by Gray et al. (2004), Mann et al. (2009), and Lapointe et al. (2020).
(d),(e) The AMV index in the LMR and Hydro and (f),(g) the AMYV index in the AF and Vol
experiments. (h) The volcanic forcing. The upper-left numbers in (a)-(e) are the correlation co-
efficients between reconstructions and AF and Vol experiments, and the numbers in parentheses
are the effective degrees of freedom. The periods of intense volcanic activity are marked by the
light blue shading, while the periods of weak volcanic activity after the active volcanoes are
marked by the light yellow shading. All data are 15-yr low-pass filtered before analysis.

et al. (2009) cools much later; and the LMR cooling is not
as strong as in the models.

The Samalas eruption was the most prominent volcano dur-
ing the past 2000 years, followed by many powerful volcanic
eruptions (Fig. 1h) (Gao et al. 2008; Sigl et al. 2015). It could
have triggered the first cooling phase of the Little Ice Age
(Miller et al. 2012; Slawinska and Robock 2018). The average
intensity of volcanic eruptions is 15.2 Tg during 500-1249, but
increased to 30.6 Tg during 1250-1860, more than doubled.
Thus, we will focus on two periods, 500-1249 and 1250-1860,
to investigate the response of AMYV to the different volcanic
forcing on the multidecadal time scale.

Figure 2 compares the reconstructed and simulated spectra
of the AMV index during two contrasting volcano forcing
periods: 500-1249 and 1250-1860. During 500-1249, the
spectrum peaks in the reconstructions and assimilations
vary considerably. The reconstructions show a salient 95-yr
peak (Figs. 2a,c) while the LMR shows a double peak at 55 and
80-85 years, respectively (Fig. 2¢), and Hydro shows signifi-
cant 20-35-yr and 50-60-yr peaks (Fig. 2g). The inconsistency
among proxy datasets suggests a considerable uncertainty in
the proxy data. The AF and Vol experiments display margin-
ally significant peaks at 30-40 and 80-85 years (Figs. 2i,m).
On the other hand, the Ctrl (fixed forcing) experiment
exhibits a prominent 20-35-yr peak and a marginal 95-yr peak

(Fig. 20). To some extent, the forced (AF and Vol) and un-
forced (Ctrl) runs have similar power spectra, suggesting that
the external forcings did not substantially alter the periodicity
of the intrinsic AMV during 500-1249.

In contrast, during 1250-1860, a conspicuous 60-yr peak is
found across all presented paleo-datasets, including the two
reconstructions and two assimilations (LMR and Hydro)
(Figs. 2b,d,f;h). In the AF run, a 60-yr-cycle is significant
(Fig. 2j), resembling the reconstruction and assimilation.
Analysis of each single-forcing run indicates that the Vol run
exhibits a significant 60-yr peak (Fig. 2n), whereas the TSI ex-
periment has no significant multidecadal peak (Fig. 21). Since
the Ctrl run has no significant 60-yr peak (Fig. 20), the signifi-
cant 60-yr peak of AMV does not arise from the internal vari-
ability. It must be shaped by the volcanic forcing during
1250-1860. We also explore the results from five volcanic ex-
periments of the CESM-LME and find that four of them
show a 60-yr peak (Fig. S2), supporting our result from an en-
semble simulation. We further analyzed the two volcanic re-
construction results, as shown in Fig. S3. Different volcanic
reconstructions showed significant 60-yr cycles between 1250
and 1860, further suggesting that this cycle was influenced by
volcano activity.

Wavelet analysis of the temporal variation of the spectra re-
veals a sudden change of periodicity and intensity around
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FIG. 2. The power spectrum analysis of AMV derived from the reconstructed, assimilated, and simulated data during 500-1249 and

1250-1860. (left) The reconstructed AMYV by (a),(b) Mann et al. (2009) and (c),(d) Lapointe et al. (2020) and (right) the assimilated AMV
by (e),(f) LMR and (g),(h) Hydro. (right) The (i),(j) AF experiment, (k),(1) TSI experiment, (m),(n) Vol experiment, and (o) Ctrl experi-
ment. The black line is the power spectrum, and the blue line represents 90% confidence. The dashed lines mark the significant 60-yr

cycle.

1250 across all four proxy datasets and the model-forced (AF
and Vol) simulations (Fig. 3). This result indicates that during
500-1249, the AMV is weak and lacks a coherent periodicity.
In contrast, during 1250-1860, the AMV variance sharply in-
creased, and a prominent 60-yr periodicity emerged. Interest-
ingly, proxy datasets of the wavelet spectrum are consistent with
that of the Vol run (Fig. 3f), suggesting an intrinsic linkage be-
tween the secular evolution of AMV property and the volcano
eruptions. At the same time, we should also pay attention to this
point that the patterns are clearly different across the reconstruc-
tions, even when they are supposed to reflect the same AMV.
For example, the LMR has an energy maximum around 1500
that is absent in Mann et al. (2009) and Lapointe et al. (2020).
The Hydro, by contrast, has very little energy at the 60-yr vari-
ance level before 1700. There are also interesting differences be-
tween AF and Vol that are barely discussed by the authors. Vol
has most of the energy around the Samalas and the Tambora
eruptions (including the 60-yr variance), smaller amounts around
the 1400 and 1600 Huaynaputina eruptions between the 20- and
40-yr variance, and very little energy at longer time scales in be-
tween. By contrast, AF has energy more evenly distributed be-
tween the two biggest eruptions at the 60-yr variance level. This
might reflect a role of other forcing in driving AMV variability.
Figure 4 presents spatial variations of the SST anomalies as-
sociated with the significant 60-yr AMV during 1250-1860.

We derived the internal mode of AMV from the control exper-
iment with a 15-39-yr bandpass filtered data and the volcano-
forced mode from the Vol experiment with a 45-81-yr
bandpass filtered data. Both the internal mode and volcano-
forced mode display significant cooling centered the south of
Greenland and Iceland. However, the cooling amplitude in the
volcano-forced mode is stronger than that in the internal
mode. To confirm that the regression pattern (Fig. 4b) is
mainly affected by the volcanic eruptions, we made composite
SST changes between the periods of successive volcanic erup-
tions and the following weak volcanoes (light blue minus yel-
low shadings in Fig. 1) in the LMR and Vol experiment
(Figs. 4c,d). The spatial pattern in the regression analysis
resembles that in the composite analysis (Figs. 4b,d), with a
pattern correlation coefficient of 0.71 (p < 0.01). The result
in Fig. 4 suggests that the successive strong volcanic erup-
tions-induced cooling might contribute to the cooling phase
of the significant 60-yr oscillation in the Vol experiment.

The cooling centers in the volcano-forced mode (Figs. 4b,d)
seem to resemble the center of the internal mode (Fig. 4a),
suggesting a signature of the model’s internal variability in
the forced mode, or the forced mode might be modulated
from the internal mode. Furthermore, both reconstruction
(Figs. la—e) and simulation (Figs. 1f,g) show the AMV ampli-
fied after 1250.
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4. The mechanism of volcanic eruption driving AMV
during 1250-1860

The evidence shown in the previous section suggests that
volcanic eruption may induce a negative phase of AMV. But
how do volcanoes excite the negative phase of AMV? How
could volcano forcing set up a 60-yr variance peak that is lon-
ger than the internal AMV mode?

There are several possibilities for volcanoes affecting
AMV. First, the decrease in solar radiation may cool the
Atlantic SST. However, it is unclear whether this alone can
account for the cooling pattern (Ineson et al. 2011). Second,
the global cooling pattern in response to volcanic forcing has

(a) Internal mode (b) Volcano-forced mode

the largest variance in the tropical oceans (Otto-Bliesner et al.
2016). The Gulf Stream and North Atlantic drift may further
affect the extratropical and subpolar NA SST (Mann et al.
2021). However, the largest cooling center in the significant
60-yr variations is in the subpolar NA, not in the tropics. The
third possibility, and more likely, is that the volcanic eruption
has the longest-lasting effect on Arctic sea ice (Liu et al.
2020). Thus, the sea ice expansion could affect the NA
(Slawinska and Robock 2018). Previous studies have sug-
gested the sea ice—albedo feedback in expanding the Arctic
sea ice extent and reducing the surface temperature over the
polar and subpolar regions (e.g., Slawinska and Robock 2018;
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FIG. 4. The linkage between the SST and AMV during 1250-1860. Bandpass filtering is performed for 15-39 years in the Ctrl experi-

ment and 45-81 years in the Vol experiment to extract the internal mode and volcano-forced mode, respectively. (a),(b) The AMV and
SST regression results (units: °C) in the Ctrl and Vol experiments. (c),(d) The composite of SST difference between the active volcanic
eruptions periods (1250-90, 1450-80, 1590-1610, 1630-50, 1755-80, and 1805-40) and the periods after the eruptions (1290-1330,
1480-1510, 1610-30, 1650-70, 1780-1805, and 1840-60) in LMR and Vol experiment from 1250 to 1860, where (c) is the standardized re-
sult and the unit of (d) is °C. The six yellow-framed dots in (c) are reconstruction data. The black dots indicate that the results are signifi-
cant at the 90% confidence level.
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Robock 2000). Ménégoz et al. (2018) found a southward ex-
pansion of sea ice after the volcanic eruption resulted in a
stronger cooling in the 40°-60°N region of the AMV.

We find close associations between the forced AMV and a
chain reaction of the Arctic sea ice area, downward shortwave
radiation, and albedo averaged over the subpolar (45°-65°N,
0°-60°W) NA during the past 2000 years (Fig. S4a). All of
these quantities have been bandpass filtered for 45-81 years.
During 1250-1960 the AMYV index is significantly correlated
to the sea ice area (r = — 0.79, p < 0.01), shortwave radiation
(r = 0.67, p < 0.01), and albedo (—0.86). These correlations
are more significant than any 610-yr period between 1 and
1249 (Fig. S4b). This provides evidence that the volcanic ac-
tivity on the multidecadal time scale influences the AMV
through expanding Arctic cooling by the positive sea ice—
albedo feedback.

As noted earlier, the sea ice in the subpolar NA may be ex-
panded in response to volcanic eruptions (Ménégoz et al.
2018). The increased sea ice cover reduces ocean heat loss to
the atmosphere, providing a positive surface buoyancy flux
and thus disfavoring oceanic convection (Zhong et al. 2011).
The observations also show the mass transfer of low-salinity
water from the Arctic to the subpolar Atlantic (the so-called
Great Salinity Anomaly) cooled the NA during 1968-82
(Dickson et al. 1988; Wang et al. 2021). Increased sea ice and
freshwater export from the Arctic has also been proposed to
drive LIA cooling by weakening the subpolar gyre (Moreno-
Chamarro et al. 2017). Is the expansion of the sea ice area
synchronized with changes in SSS?

To facilitate comparison of the internal and volcano-forced
mode and to illuminate the role of the SSS anomaly in sus-
taining NA cooling, we calculate the lead-lag correlation of
the sea ice extent, sea ice melt, SSS, and oceanic upwelling
with respect to AMV over the polar and subpolar North
Atlantic (45°-65°N, 0°-60°W). We note that for the volcano-
forced mode, the Arctic sea ice extent lags AMV by 2 years.
The subsequent sea ice melt further lags AMV by 4 years.
The resultant SSS lags by 5-6 years, and the oceanic upwelling
lags by 7 years (Fig. 5b). For the internal mode, the corre-
sponding lags are 0.5-1 year (Fig. 5a). Thus, these low SST
anomalies have been sustained for a longer period by the
melting ice in the volcano-forced run. Therefore, we suggest
that the melting of sea ice 2 years after the sea ice area expan-
sion could inject freshwater into the ocean, further reducing
SSS and sustaining desalination and NA cooling. This has im-
plications for the prolonged AMV periodicity.

In terms of spatial distribution, the sea ice expansion
reaches as far south as 45°N under volcanism (Fig. 5d). The
intensity is stronger than that in the internal mode. Com-
pared with the internal mode (Fig. 5e), the sea ice melting
area in the volcano-forced mode extended farther south. As
a result, the SSS to the southeastern tip of Greenland de-
creases significantly (Fig. 5h), similar to the Great Salinity
Anomaly (Dickson et al. 1988). Colder water in the subpo-
lar NA upwells to the mixed layer (Fig. 5j), reducing the
sinking of seawater and leading to a sustained and signifi-
cant SST decrease.
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Moreover, the surface temperature drops more dramatically
under the volcanism than in the internal mode (Figs. 6¢,d), and
two high pressure centers in the Labrador Sea and the north-
east Atlantic occur (Fig. 6f), generating the anticyclone anoma-
lies. Under the control of these anticyclone anomalies, the
anomalous 1000-hPa easterlies between 45° and 60°N weaken
the mean westerlies. The reduced wind speed and the de-
creased temperature contribute to reducing the latent heat flux
from the ocean to the atmosphere (Fig. 6h). The latent heat
flux lags behind AMYV by about 5 years in the volcano-forced
mode (Fig. 6b). The decreased evaporation further reduces the
SSS, weakening the seawater subsidence in the subpolar region
and slowing down the northward transport of warm water
from the subtropical NA (not shown). We checked the com-
posite of sea ice extent, sea ice melting, sea surface salinity,
ocean upwelling, sea level pressure, and 1000-hPa wind before
and after several major volcanic eruption events (Fig. S5). We
found that the results of the composite were very consistent
with the regression results.

On the horizontal energy transports, we examined the oce-
anic northward heat transport during 1250-1860 from control
and the volcano experiments (Fig. 7). We find that the north-
ward heat transport from the ocean in the North Atlantic de-
creases more significantly in the volcanic mode, compared
with Ctrl run, helping to keep the North Atlantic cooling.

5. Summary and discussion

We explored the long-term changes of the AMV’s properties
over the past 2000 years. The proxy-data reconstructions and
paleo-data assimilations suggest a significant 60-yr AMV during
1250-1860 but not during 1-1249 (Fig. 2). The simulation
results with CESM under all external forcing match the recon-
structions reasonably well. Numerical experiment results sug-
gest that during 1-1249 under relatively inactive volcanos, the
AMV is dominated by a 20-40-yr internal variability. The ac-
tive volcanic radiative forcing during 1250-1860 amplified
AMYV and shifted the internal variability peak from 2040 years
to about 60 years (Figs. 3 and 4).

We elucidated the mechanism of this significant 60-yr
AMYV response to the volcanic eruptions by comparing the
behavior of the volcano-forced and internal modes. During
1250-1860, the influence of volcanic activity on AMV cycle
showed two aspects. The first is to prolong the AMYV cycle it-
self. Under volcanism, the AMV cycle was extended from
20-40 to 60 years. The second is the modulation of volcanoes
on the AMYV cycle. The volcanic forcing itself has a 60-yr os-
cillation. Under the influence of this 60-yr oscillation, the in-
ternal oscillation cycle of AMV is close to 60 years. We
propose that the processes by which volcanoes modulate
AMYV involve a fast and a slow response (Fig. 8). The fast-
response stage is caused by the sea ice expansion, while the
freshwater in the subpolar NA dominates the slow-response
stage. Arctic sea ice rapidly increases in the fast-response
stage and expands to the subpolar NA due to the sea ice—
albedo feedback, cooling SST. The initial oceanic surface
cooling is due to reduced incoming solar radiation, dimmed
by volcanic aerosols. This process has been pointed out in
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FIG. 5. (a),(b) The lead-lag correlation between sea ice extent (red line), sea ice melt (blue line), SSS (green line),

oceanic upwelling (yellow line), and AMV over the polar and subpolar regions of the North Atlantic (45°-65°N,

0°-60°W). (c),(d) Annual mean sea ice extent (units: %), (e),(f) sea ice melt (units: mm day '), (g),(h) sea surface sa-

linity (units: psu), and (i),(j) 0-100-m average oceanic upwelling (units: cm s~ 1) regressed with the AMV (left) in Ctrl

and (right) during 1250-1860 in the Vol experiments. The black line in (b) is the lead-lag correlation between AMV

and the global volcanic sequence. The purple dotted line represents a significance level of 0.1. Bandpass filtering is

performed for 15-39 years in the Ctrl experiment and 45-81 years in the Vol experiment to extract the internal mode

and volcano-forced mode, respectively. The black dots indicate that the results are significant at the 90% confidence
level.
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FIG. 6. (a),(b) The lead-lag correlation between surface temperature (black line), latent heat flux (red line), and
AMYV over the polar and subpolar regions of North Atlantic (45°-65°N, 0°-60°W) after the application of (left) a
15-39-yr bandpass filter in the Ctrl experiment and (right) a 45-81-yr bandpass filter in the Vol experiments. Also
shown are annual mean (c),(d) surface temperature (units: °C), (e),(f) sea level pressure (unit: hPa) and 1000-hPa
wind (unit: m s~') and (g),(h) latent heat (unit: W m™~?) regressed with the AMV (left) in Ctrl and (right) during
1250-1860 in the Vol experiments after the application of a 45-81-yr bandpass filter. The purple dotted line in (a) and
(b) represents a significance level of 0.1. Note that (e) and (f) only draw the wind fields that pass the 90% significance

test. The black dots indicate that the results are significant at the 90% confidence level.

previous studies (e.g., Zhong et al. 2011). We find the slow-
response stage plays a critical role in the AMV’s response
to volcano forcing. In the slow-response stage, the ex-
panded sea ice (lag AMYV 2 years) melts locally (lag AMV 4
years), injecting freshwater into the ocean and decreasing
SSS (lag AMV 5-6 years), thus suppressing ocean convec-
tion (lag AMV 7 years) and allowing more cold water to
stay on the surface. At the same time, the NA surface wind

speed reduces, suppressing evaporation (lag AMV 5 years)
and trapping more freshwater in the ocean. The weakening
ocean convection during the slow-response stage prolongs
NA cooling, extending the intrinsic AMV period and set-
ting up the 60-yr periodicity for the volcano-forced mode.
The slow-response stage may explain the prolonged NA
cooling after a major volcano eruption shown in proxy data

(Fig. 1).
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FIG. 7. The northward heat transport in the North Atlantic re-
gressed with the AMV in Ctrl (black) and during 1250-1860 in Vol
experiments (red). An asterisk indicates that a significance test of
0.01 has been passed.

The results here enlighten the cause of the nonstationary
behavior of AMV over the past two millennia and the pro-
cesses by which AMV responds to volcano forcing. The an-
thropogenic forcing affects Arctic temperature change
drastically through the ice-albedo feedback, but in an oppo-
site direction as the volcano forcing.

A recent study suggested that the AMV periodicity is
linked to the buoyancy frequency and Rossby wave speed
(Cheng et al. 2016). We reexamined buoyancy frequencies
and Rossby wave speed but found no significant changes
under the volcano forcing (Fig. S6). We hypothesize that
both the sea ice melting and evaporation’s weakening di-
rectly led to the SSS decline, weakening the seawater subsi-
dence. We checked the NAO and AMOC from the volcano
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experiment from 1250 to 1860. Neither AMOC nor NAO
had a 60-yr cycle (figure not shown). So, at this time, NAO
and AMOC do not seem to have an effect on the 60-yr
cycle.

Like any climate data, paleoclimatic reconstructions have
their advantages and disadvantages. Climate reconstruction
data can extend our knowledge of Earth’s climate system be-
yond the record of instrumental measurements. However, pa-
leoclimate records are often limited by temporal and spatial
resolution. The uncertainty of the reconstructed data comes
from source limitation, including the temporal resolution, dat-
ing error, climate meaning, and indicated seasons. The data
we selected all indicated AMV. However, some of these data
are characterized by strong correlations between SST in the
North Atlantic and other climate variables, as reconstructed
by Lapointe et al. (2020). They have no direct response to sea
surface temperatures throughout the North Atlantic. The sta-
bility of this correlation is still controversial, arguing that a
single point record representing climate change in a region
needs to be further verified. In terms of time resolution, most
of the data we selected are annual resolutions, but there is a
5-10-yr dating error (Lapointe et al. 2020; Mann et al. 2009).
In terms of the climatic significance of reconstructed records,
the tree rings used in the reconstruction of LMR and Mann
et al. (2009) are often considered to reflect the temperature
changes of the growing season and the average summer tem-
perature. Our definition of AMV uses an average annual SST,
so there may be some uncertainty.

Volcanic activity
during 1250-1860
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FIG. 8. The possible mechanism of AMYV significant 60-yr cycle under volcanism. The upward
(downward) arrows represent increase (decrease) of a quantity. The fast response is a synchro-
nous positive feedback caused by sea ice anomaly. The slow-response stage is the delayed feed-
back caused by freshwater anomaly. Lag refers to years that lag behind AMV.
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The model’s biases might influence the results. The pattern
in the AF experiment shows the maximum SST anomaly shift-
ing farther east than observed (Fig. S1), although the variabil-
ity center in the Ctrl experiment (Fig. 4a) resembles the
observation. This shift is also reflected in the PMIP3 models
(Ruiz-Barradas et al. 2013; Kavvada et al. 2013). CESM tends
to overestimate climatological sea ice extent for all months,
associated with strong westerly winds (Landrum et al. 2012;
Ma et al. 2020). Thus, CESM might overestimate the response
of the sea ice to volcanoes. Due to the complex mechanism of
AMYV, more sensitivity experiments and multimodel studies
are needed in future studies.
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