'.) Check for updates

A ’ I l ADVANCING
nu EARTH AND

= SPACE SCIENCES

Geophysical Research Letters’ o

RESEARCH LETTER
10.1029/2023GL105307

Key Points:

e A new ice-core based reconstruction
of volcanic sulfate in the
atmosphere (1733-1895) includes
small-to-moderate eruptions

e Small-to-moderate eruptions can
induce significant surface cooling and
help explain the long-lasting cooling
in the early 19th century

e Regional cooling from
small-to-moderate eruptions may be
influenced by the circulation changes
from the 1815 Tambora for over
10 years

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

S.-W. Fang,
shih-wei.fang @mpimet.mpg.de

Citation:

Fang, S.-W., Sigl, M., Toohey, M.,
Jungclaus, J., Zanchettin, D., &
Timmreck, C. (2023). The role of small
to moderate volcanic eruptions in the
early 19th century climate. Geophysical
Research Letters, 50, e2023GL105307.
https://doi.org/10.1029/2023GL 105307

Received 11 JUL 2023
Accepted 23 OCT 2023

© 2023. The Authors.

This is an open access article under

the terms of the Creative Commons
Attribution-NonCommercial-NoDerivs
License, which permits use and
distribution in any medium, provided the
original work is properly cited, the use is
non-commercial and no modifications or
adaptations are made.

The Role of Small to Moderate Volcanic Eruptions in the Early
19th Century Climate

Shih-Wei Fang! (2, Michael Sigl?>3, Matthew Toohey*, Johann Jungclaus!
and Claudia Timmreck!

, Davide Zanchettin® =),

'Max-Planck-Institut fiir Meteorologie, Hamburg, Germany, *Department of Climate and Environmental Physics, University
of Bern, Bern, Switzerland, *Oeschger Centre for Climate Change Research, Bern, Switzerland, *University of Saskatchewan,
Saskatoon, SK, Canada, University Ca’ Foscari of Venice, Venezia, Italy

Abstract Small-to-moderate volcanic eruptions can lead to significant surface cooling when they occur
clustered, as observed in recent decades. In this study, based on new high-resolution ice-core data from
Greenland, we produce a new volcanic forcing data set that includes several small-to-moderate eruptions
not included in prior reconstructions and investigate their climate impacts of the early 19th century

through ensemble simulations with the Max Planck Institute Earth System Model. We find that clustered
small-to-moderate eruptions produce significant additional global surface cooling (~0.07 K) during the
period 18121820, superposing with the cooling by large eruptions in 1809 (unidentified location) and
1815 (Tambora). This additional cooling helps explain the reconstructed long-lasting cooling after the large
eruptions, but simulated regional impacts cannot be confirmed with reconstructions due to a low signal-to-noise
ratio. This study highlights the importance of small-to-moderate eruptions for climate simulations as their
impacts can be comparable with that of solar irradiance changes.

Plain Language Summary Volcanic eruptions can influence global climate through the emission
of sulfuric acids shielding Earth from incoming solar radiation. Previous volcanic reconstructions based on
ice-cores from the polar regions, however, only considered very strong volcanic eruptions. In this study, based
on new ice-core measurements from Greenland, we reconstruct for the first time volcanic sulfur emissions
from small to medium-sized eruptions and investigate their impact on climate in the early 19th century
through experiments with the Max Planck Institute Earth System Model (MPI-ESM1.2-LR). We find that
clustering of small to medium-sized eruptions can cause significant global surface cooling (~0.07 K), which
during the 1812-1820 period amplified the cooling caused by the two known large eruptions of the period
(1809 unidentified and 1815 Tambora). This additional surface cooling from small eruptions helps explain
the long-lasting cooling after the two strong eruptions generally found in the reconstruction, but the simulated
regional impacts cannot be fully confirmed with reconstructions that are too noisy. This study highlights

the importance of including small-to-moderate eruptions for climate model simulations as their impacts are
comparable with that of solar irradiance forcing.

1. Introduction

The early 19th century, with the final resurgence of the Little Ice Age, represents the coldest period of the past
500 years (PAGES 2k Consortium, 2019; Reichen et al., 2022; Wanner et al., 2022), best illustrated by the wide-
spread advance of alpine glaciers (Solomina et al., 2016). The cold climate over this period is believed to be
caused mainly by sulfuric aerosol enhancements resulting from strong tropical volcanic eruptions, including the
widely known 1815 Tambora eruption and the unidentified 1809 eruption suspected to have occurred in the trop-
ics (Bronnimann, Franke, et al., 2019; Cole-Dai et al., 2009; Sigl et al., 2018; Timmreck et al., 2021). However,
with model simulations, these two strong eruptions alone cannot explain the cold surface anomalies reconstructed
and observed during the decade between 1810 and 1820, especially the long-lasting post-volcanic cooling after
each of the two eruptions (Timmreck et al., 2021). Besides the two strong eruptions, lower solar radiation
co-existed in the period, the so-called Dalton grand solar minimum (1797-1823; Brehm et al., 2021). Zanchettin
et al. (2013) and Anet et al. (2014) have argued that the coinciding lower solar irradiance is crucial for explaining
the early 19th century cooling, especially the long-lasting cooling after the eruptions, while others have argued
for limited contributions of solar irradiance changes (Fang et al., 2022; Owens et al., 2017; Schurer et al., 2014).
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Even if models correctly represent the cooling from the solar irradiance changes and the two strong eruptions, the
question remains if other natural forcings contributed to the reconstructed early 19th-century cooling.

One possible source is small-to-moderate volcanic eruptions that are commonly not included in climate model
simulations of the 19th century (e.g., Jungclaus et al., 2017) even though their possible impacts have been noticed
one century ago (Humphreys, 1913). Solomon et al. (2011) point out that background stratospheric aerosol was
variable and not constant over the past decades, even when the major volcanic eruptions were absent. Schmidt
et al. (2018) show that small-to-moderate size eruptions occurred frequently over the last 50 years, causing small
but significant temporary surface cooling. It has been suggested that small-to-moderate eruptions should be
included in historical simulations (Mills et al., 2016; Vernier et al., 2011). For example, a faster rate of global
warming was found in simulations of the first 15 years of the 21st century if volcanic eruptions since the year
2000 were excluded (Fyfe et al., 2013; Ridley et al., 2014; Santer et al., 2014; Schmidt et al., 2018). The main
reason why small-to-moderate eruptions are not included in paleoclimate simulations is the difficulty of securely
discriminating volcanic sulfur signals in ice cores which are of comparable strength to the background noise.
Hence, accurate detection and quantification of sulfate aerosol forcing are more challenging for small-to-moderate
volcanic eruptions (Cole-Dai, 2010).

For times before satellite observations, volcanic activity and the associated radiative forcing are traditionally
reconstructed from the polar ice-sheets of Greenland and Antarctica (Gao et al., 2008; Sigl et al., 2015, 2022;
Toohey & Sigl, 2017). Volcanic sulfuric acid aerosols are deposited and archived on these ice sheets. These can
be detected and dated as characteristic signals in glaciochemical measurements of ice-cores as acid or sulfates.
Since there are other sources of sulfate besides volcanic eruptions (e.g., from marine biogenic emissions), outlier
detection algorithms are typically applied to isolate and quantify the volcanic fractions (Cole-Dai, 2010). The
respective thresholds are usually chosen rather conservatively (to minimize false positives) and often applied to
annually averaged data to counteract any negative influence from marine biogenic sulfate emissions, which have
a very pronounced annual cycle. As a result, only very strong sulfate anomalies that are depicted in the ice-core
volcanic proxies over a span of 1-3 years are used in reconstructions (Figures S1-S3 in Supporting Informa-
tion S1, panels a and b). For example, the most recent reconstruction based on a network of ice-cores from
Greenland and Antarctica (Toohey & Sigl, 2017) identifies only 6 eruptions between 1791 and 1830 CE, includ-
ing strong eruptions in 1809, 1815, 1831, and 1835. Within this time window, at least 60 eruptions occurred with
volcanic explosivity index (VEI) >3, including 17 with VEI > 4 (Global Volcanism Program, 2013), a strength
that typically produces measurable climate signals (Schmidt et al., 2018). Here, we adopt a new detection method
of volcanic signals in ice-cores to provide additional information also for smaller volcanic eruptions for which the
detectable sulfate deposition lasted only for months instead of years.

To understand how important these small-to-moderate eruptions are in the early 19th-century climate and whether
they could explain the mismatch between model simulations and temperature reconstructions, we have performed
three large ensemble simulations experiments: with no volcanic forcing; with the volcanic forcing suggested in the
protocol for the past1000 experiment of the Paleoclimate Modeling Intercomparison Project—Phase 4 (PMIP4
past1000, Jungclaus et al., 2017); and with radiative forcing estimates for small-to-moderate eruptions during the
early 19th century that were identified here (for the first time) based on the new ice-core reconstruction.

2. Methods and Data
2.1. New Volcanic Forcing Including Small-To-Moderate Eruptions

We use new high time-resolution measurements (D4i; McConnell, 2016) of the D4 ice-core (McConnell
et al., 2007) in Greenland (71.40°N, 43.08°W; 41 cm ice equivalent year™!), drilled at a site with twice the
snow accumulation rate compared to ice-cores previously used for the PMIP4 volcanic reconstructions (Toohey
& Sigl, 2017). At 2,713 m altitude, the site is well-suited for recording stratospheric volcanic sulfate deposi-
tion since it is only minimally affected by tropospheric marine sulfate emissions. Owing to the high accumu-
lation rate this ice-core dated through annual-layer counting is believed to have no age uncertainty (McConnell
et al., 2007). Details on the used ice-core proxies and methodologies of detection and quantification of volcanic
sulfate deposition from small-to-moderate past volcanic eruptions (1732-1900) and their climate forcing poten-
tial are described in Supporting Information S1 (Figures S1-S6).

Twelve new small-to-moderate eruptions are detected in the D4i record over the experiment period (1791-1830)
and 35 in total over the entire ice-core data period (1733-1895; Figures S1-S3 in Supporting Information S1).
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Figure 1. (a) Non-sea-salt sulfur (NssS) and Volcanic Sulfate from ice-core data of the new D4i ice-core over 1791-1830. (b) Global mean SAOD of the evolv2k with
and without the new D4i volcanic forcing over 1735-1875. (c) Zonal average and (d) Difference in global mean SAOD with and without including the new D4i volcanic
forcing over 1791-1830.

Reconstructed sulfur injections for these events are between 0.3 and 2.6 TgS (Figure S5 in Supporting Infor-
mation S1); comparable in strength to the VEI = 4 eruptions of Kasatochi 2008, Sarychev 2009 or Nabro 2011
(Carn et al., 2016). Some of the detected signals, dated to 1812, 1812, 1813, 1814, 1817, and 1818, are strikingly
consistent with eruption ages of known moderate (VEI = 4) eruptions (i.e., Soufriere St. Vincent, and Awu in
1812; Suwanosejima in 1813; Mayon in 1814; Raung in 1817; Colima 1818) (Figure 1a; Figure S4 in Supporting
Information S1) and we assign these signals to these eruptions (Figure S6 in Supporting Information S1). For
sulfate signals that cannot be matched to a known eruption, since we cannot determine whether the source is
tropical or extratropical, the sulfate deposition is split into components hypothetically associated with potential
tropical and extratropical sources based on the fraction of source regions in the eVolv2k ice core reconstruction.
The new eruptions are merged with eVolv2k (Toohey & Sigl, 2017), and the resulting eruption list is used as
input to the Easy Volcanic Aerosol (EVA) forcing generator (Toohey et al., 2016) to derive an updated estimate
of stratospheric aerosol optical depth (SAOD) over the experiment period (Figures 1b—1d) for the model. Over
the 1791-1830 period, the average SAOD increased from 0.030 to 0.037, an increase of 24%, due to the inclusion
of small-to-moderate events. In the revised reconstruction, the decade between 1809 and 1818 includes eight
moderate (VEI = 4) to very large eruptions (VEI > 6), which toether emitted close to 60 TgS in the stratosphere.

2.2. Model

We use the low-resolution version of the Max-Planck-Institute Earth-System-Model (MPI-ESM1.2-LR, Mauritsen
et al., 2019), one of the two MPI-ESM reference versions used in the Coupled Model Intercomparison Project
Phase 6 (CMIP6; Eyring et al., 2016). The model consists of four components: the atmospheric general circula-
tion model ECHAMG6 (Stevens et al., 2013), the ocean-sea ice model MPIOM (Jungclaus et al., 2013), the land
component JSBACH (Reick et al., 2013) and the marine biogeochemistry model HAMOCC (Ilyina et al., 2013).
The model has an atmospheric horizontal resolution of T63 (~200 km) and uses 47 vertical levels up to 0.01 hPa
(with 13 model levels above 100 hPa). In the ocean, a horizontal GR15 configuration is used with a nominal
resolution of 1.5° around the equator and 40 vertical levels. The MPI-ESM1.2-LR has been successfully used
to study the past climate (Van Dijk et al., 2022) and widely tested in the context of the climate of the early 19th
century (Fang et al., 2021; Timmreck et al., 2021; Zanchettin et al., 2019).
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2.3. Experiments

Three experiments from 1791 to 1830 are conducted in this study: Large-Only, Small-Included, and No-Volcano.
The Large-Only experiment has the same setting as the MPI-ESM CMIP6/PMIP4 past2k simulation (van Dijk
et al., 2022) and uses the EVA forcing for the aerosol optical properties from strong eruptions (Figure 1b). The
Small-Included experiment changes the volcano forcing to eVolv2k plus D4i (Figure 1b), which includes the
small-to-moderate volcanic eruptions as described in Section 2.2 and Supporting Information S1. The No-Volcano
experiment uses the climatological SAOD forcing without volcanoes and is used as a control simulation for calcu-
lating anomalies. All experiments have 20 ensemble members generated from simulations branched at the year
1771 of the MPI-ESM past2k simulation and run for another 20 years (1771-1790) for distinct ocean states (Fang
et al., 2022).

2.4. Data

Besides the model simulations, proxy and station data are used in this study. Three proxy-based reconstructions
(Biintgen et al., 2021; Guillet et al., 2017; Wilson et al., 2016) of northern hemisphere extratropical summer land
surface temperature are used. And one station-based reconstruction (Bronnimann, Allan, et al., 2019) on the
regional climates is also included.

3. Results

As shown in Figure 1a; Figures S1-S4 in Supporting Information S1, twelve small-to-moderate eruptions are
identified from the new volcanic forcing reconstruction over the experiment period (1791-1830). Figures 1b
and Ic illustrate the global mean SAOD of the eVolv2k and the eVolv2k plus D4i forcing reconstructions, as
well as their difference over the 1733—1895 period. The small-to-moderate eruptions spread over the experiment
period and a set of relatively large eruptions is concentrated over 1812—1820. These cumulative eruptions contrib-
ute to the largest amount of SAOD changes within a decade over the entire ice-core period.

The near-surface air temperature (SAT) anomalies from simulations of the Large-Only and Small-Included exper-
iments are shown in Figure 2. As expected, the isolated small-to-moderate eruptions outside 1812-1820 do not
yield significant cooling in the global mean, as their signal is hidden in the internal variability. In contrast, during
1812-1820, the immediate responses from the six nearly consecutive small-to-moderate eruptions (Figure 1)
can be found with the small spikes right after the eruptions (Figure 2a). The 1812—-1820 small-eruption cluster
contributes significantly to the global surface cooling by ~0.07 K for 10 years (averaged over 1814-1824) along
with the large 1809 and 1815 eruptions that induce alone a roughly 5—-10 times larger cooling (Figure 2a). The two
large eruptions alone produce an immediate strong cooling, which rapidly recovers toward the climatology as the
SAOD decreases, and only relatively small cold anomalies remain after the direct forcing influence has vanished.

The four small-to-moderate eruptions after 1809 and before 1815 Tambora provide additional cooling when the
cooling induced by the 1809 eruption weakens. This slower recovery toward climatology sets a significantly
colder climate before the 1815 Tambora eruption. This colder precondition of 1815 eruption, however, does not
maintain at the cooling peak of the 1815 Tambora eruption, which may be due to the direct constraint of its strong
radiative responses. The two small-to-moderate eruptions of Raung in 1817 and Colima in 1818 then again lead to
significantly stronger cooling in the aftermath of the 1815 Tambora eruption. The effect of these small eruptions
largely decreases as the SAOD is dampened and is no longer significant in 1825.

Next, we compare our results with the reconstructions of summer northern extra-tropical land temperature
(Figure 2b). In both reconstructions, the cooling is smoothly developed after 1809, reaches its peak around 1816,
and slowly recovers toward climatology. This smooth development of cooling before 1816 in the reconstructions
is different from the simulations, which show a strong spike due to the 1809 eruption. The 1815 Tambora eruption
is clearly visible in the reconstructions with a peak cooling of more than 1 K. We note that the two reconstructions
show a warmer state before 1808 but have similar strength of maximum cooling at the peak for the 1815 Tambora
eruption, indicating a distinct magnitude of the cooling. The cooling response to the Tambora eruption is much
stronger in the simulations with an even stronger cooling in the Small-Included simulations.

The simulated slower recovery of temperature anomalies after 1816 in the Small-Included simulations is more
consistent with the reconstructions. The small-to-moderate eruptions in 1812—1820 therefore help explain partly
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Figure 2. (a) Global mean surface air temperature anomalies of the Large-Only and Small-Included experiments. The gray
lines are the January of each year and magenta for 1809 and 1815. The orange rectangles indicate the month has a significant
difference between the two experiments by the student-f test with a 5% significance level over 20 ensembles. (b) Northern
extratropical land surface air temperature but with proxy-based reconstructions (green dashed: Guillet et al., 2017; red dotted:
Biintgen et al., 2021) and the shading indicates uncertainties. (c) The difference between the number of ensemble members
having values within the reconstruction spread for the Small-Included and Large-Only experiments. The black line is the
mean of two different reconstructions.
the slow return with additional cooling, though significant responses are only found until 1821. If we count
the ensemble members that have values within the reconstruction spread, we find that, on average over the two
reconstructions, the Small-Included have 5-6 more ensemble members than the Large-Only experiment right
after the two large eruptions (Figure 2c¢). This entails that the small-to-moderate eruptions can help explaining
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Figure 3. (a) Hovmoller plot for zonal mean winter SST anomaly (K) for the Large-Only experiment, (b) Small-Included, and (c) Small-Included minus Large-Only.
(d) Winter composite of SST anomalies over 1815-1817 for the Large-Only experiment, (¢) Small-Included, and (f) Small-Included minus Large-Only. (g—i) are sea
level pressure anomalies (Pa). (j—1) are oceanic barotropic streamfunction anomalies (Sv). The black dots illustrate the significance with respect to the NoVolcano
experiment for the Large-Only and the Small-Included experiment for the two left columns. And #-test significance is considered between the two experiments for the

right most column.

the long-lasting cooling after the two strong eruptions. It should be noted that uncertainty remains in reconstruc-
tions of both surface temperature and forcing data. Due to the biological memory, tree-ring based reconstructions
cause a delayed response to temperature variations (Zhu et al., 2020). Besides small-to-moderate eruptions,
reconstructed solar and volcanic forcing with different methods may also reflect substantial uncertainties (Liicke
et al., 2019, 2023).

Then, we investigate the dynamical interactions between the surface responses of small-to-moderate and large
eruptions since Fang et al. (2022) have shown that the temperature responses to solar irradiance changes and
volcanic forcing may not be additive on the regional scale due to their dynamical interactions. Figures 3a—3c
shows the Hovmoller diagram of the zonal mean sea surface temperature (SST) anomalies over 1808-1830.
After the first two small-to-moderate eruptions in 1812 (Soufriere St. Vincent, and Awu), the SST cooling is
only found in the tropical Pacific, and no apparent cooling occurs in the northern extra-tropics even though a
small signature of cooling remains at around 20°N. The third (1813 Suwanosejima) and fourth (1814 Mayon)
eruptions lead to cooling not only in the tropics but also in the northern extra-tropics since the 1813 eruption is
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identified as a northern extratropical eruption. As a result, the cooling around 20°N from the first two eruptions
is combined with the cooling from the third and fourth eruptions before the 1815 Tambora. The cooling at 20°N,
then, slowly propagates to higher latitudes over about for 10 years. During the propagation, the fifth and sixth
small-to-moderate eruptions (Raung in 1817; Colima 1818) further enhance the cooling and sustain the north-
ward propagation of anomalies. Significant differences between the Large-Only and Small-Included experiments
can be found in the tropics and along the propagation mainly between 1817 and 1820. Compared to the eruptions
before 1815 having significant cooling after the third eruption, significant cooling is found after 1815 until 1824.
As the small-to-moderate eruptions before and after 1815 have similar AOD values, individual events should
not cause significant cooling responses until 1820. This entails that the colder initial conditions for the 1815
Tambora set by the small-to-moderate eruptions before 1815 may lead to a stronger cooling for the eruptions
after Tambora.

To understand why the additional cooling is first found within the tropics and further propagates northward, we inves-
tigate the dynamical influences of the 1815 Tambora eruption on the responses to the cluster of small-to-moderate
eruptions. Figures 3d-31 show the SST, sea level pressure (SLP), and oceanic barotropic streamfunction responses
after the 1815 eruption. The responses indicate a southward shift of the gyres in the northern hemisphere related
to a southward shift of the westerlies (Figures S7g and S7h in Supporting Information S1) for both Large-Only
and Small-Included experiments; however, no significant difference in ocean circulation is found between the two
experiments even though the SLP exhibits significant difference (Figure 3i). Also, due to a southward shift of
western boundary currents (Figures S7a and S7b in Supporting Information S1) by the Tambora, a weakening of
northward heat transport (Figures S7d and S7e in Supporting Information S1) is found at the surface but not for
the entire ocean column (Figures S7j and S7k in Supporting Information S1) for both experiments. As a result,
we interpret that the additional cooling from the cluster of small-to-moderate eruptions remains confined to the
tropics because the Tambora weakens the ocean circulation and the cooling extends to higher latitudes as the gyres
recover (Figure S8 in Supporting Information S1). That is, the distribution over time of additional cooling from the
small-to-moderate eruptions can be influenced by the dynamical responses triggered by the strong 1815 Tambora.

We further investigate the regional responses to the eruptions and compare them with the station-based recon-
struction since the small eruptions may lead to a unique response in each region as the additional cooling is
transported to the north. Figure 4 shows the summer land surface air temperature of the experiments in the east
U.S. and west, east, north, south, and central Europe defined by the reconstruction from Bronnimann, Allan,
et al. (2019). From the simulations, we can see that the regions individually feature only sporadically signifi-
cant responses to the small-to-moderate eruptions, but as a whole reveal a possible signature of the northward
propagating cooling: the east USA has more cooling before 1815 when the cool water remains in the western
Pacific, and western Europe has significant cooling after 1817, when the cooling propagates to the eastern north
Atlantic. On the other hand, the station data have large variability in all regions and do not allow us to conclude
whether the small-to-moderate eruptions can explain the regional difference. Especially the record from western
Europe shows a strong positive overshoot after 1815 while the simulation shows significant cooling for several
years. That is, even though the peak cooling of Tambora in individual regions are comparable to the simula-
tions, the impacts of small-to-moderate eruptions cannot be identified from the station-based reconstruction.
We also investigate the proxy-based reconstruction in eastern and western North America and EuroAsia from
the N-TREND with a larger region concerned (Figure S9 in Supporting Information S1; Wilson et al., 2016).
Similar to the station-based data, large discrepancies are found between reconstructions and simulations outside
the Tambora event. Therefore, even though all regions for the simulations show significant responses after 1814,
we cannot conclude that small volcanoes help explain the long-lasting cooling after Tambora. If we compare
the histogram of summer land surface air temperature over 1808—1820 of the Small-Included and Large-Only
experiments in regions with the station-based data (Figure S10 in Supporting Information S1), we can see that the
small-to-moderate eruptions lower the mean but have limited effects on the tails. That is, the small-to-moderate
eruptions has limited enhancement on the maximum regional cooling by the two large eruptions, but instead
contribute to regional cooling when the impacts of the two large eruptions weaken.

4. Summary and Discussion

In this study, we introduce a new volcanic forcing data set calculated from the new high-time-resolution meas-
urements of the D4 ice-core in Greenland and show that the newly identified small-to-moderate eruptions can
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Figure 4. The summer land surface air temperature anomalies over (a) Central, (b) East, (c) North, (d) South, (e) West Europe, and (f) USA of the Large-Only and
Small-Included experiment with the station-based reconstruction of each region defined by Bronnimann, Allan, et al. (2019). The number of stations and the boxes of
regions are shown in the title of each plot.

significantly contribute to the early 19th century cooling along with the two large eruptions: 1809 unidentified
and 1815 Tambora.

The high altitude and high snow accumulation rates at this ice-core site allow us to identify excess sulfuric
acid deposits in the precisely dated and monthly resolved data, which often closely match dates of historical
moderate eruptions (i.e., VEI = 4) in both the tropics and mid-latitudes of the Northern Hemisphere. We conse-
quently assigned these sulfur anomalies to historical volcanic eruptions (or distributed sulfur injections into
default latitudes if no plausible eruption candidate was apparent) and estimated stratospheric sulfur injections
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and subsequent changes in SAOD. Considerable uncertainties exist in both source attribution and sulfur emission
estimates for these new identified eruptions, but the reconstructed sulfur injections (up to 3 TgS) are well within
the range of those from comparably sized volcanic eruptions obtained by remote sensing (Carn et al., 2016).

Significant additional surface cooling is found not only during the small-to-moderate eruptions but occurs also for
5 years following the volcanic cluster (until 1825). This is because the additional cooling from small-to-moderate
eruptions is distributed by the ocean circulation changes that are determined by the two large eruptions. After the
two large eruptions, the cooling from the small-to-moderate eruptions persists in the tropics due to the weakening
of the Kuroshio and Gulf Stream, and the cooling then propagates to the northern extratropics which results in
a long-lasting cooling response. Similar regional impacts from relatively small forcing during large eruptions
are also found when comparing the additional effect of changes in solar irradiance (Fang et al., 2022). That is,
this novel oceanic mechanism indicates that the responses to relatively small forcing (small eruptions and solar
irradiance) may be influenced by the stronger long-lasting impacts from the large forcing (large eruptions), which
needs to be further understood in different models.

We also investigated the consistency between the reconstructions and our simulations, as small eruptions have
recently been suggested to be included in future climate projections (Chim et al., 2023) but have not been included
in pre-industrial simulations. For the large-scale anomalies, the small-to-moderate eruptions help explaining the
long-lasting cooling after the two strong eruptions found in the reconstructions. For regional scales, the proxy-
and station-based reconstructions exhibit a large variability, which prevents identifying regional impacts found
in simulations. Comparing with the solar forcing, the cooling contribution of small-to-moderate eruptions is
between the two solar forcing considered in Fang et al. (2022). To summarize, from the MPI-ESM simulations,
the cooling contribution to the 19th-century is mainly from the two strong volcanic (1809 and 1815) eruptions
and the small-to-moderate eruptions and solar irradiance may both contribute to the long-lasting cooling after
the strong eruptions.

Data Availability Statement

The Python codes for generating the figures, the processed data of the variables from the simulations, and the
SAOD forcing of eVolv2Zk plus D4i can be accessed at Zenodo (Fang, 2023). Ice-core aerosol records can be
accessed from the NSF Arctic Data Center (D4; McConnell, 2016), at PANGAEA (NEEM-2011-S1; Sigl &
McConnell, 2022) and here: (NGRIP, Plummer, 2012). Reconstructed volcanic sulfate deposition from D4i
can be accessed at PANGAEA (Sigl & McConnell, 2023); the combined eVolv2k plus D4i volcanic eruption
catalog for 1733-1895 CE and reconstructed stratospheric sulfur injection can be accessed at PANGAEA (Sigl
et al., 2023).
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