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Abstract Large volcanic eruptions are one of the dominant perturbations to global and regional
atmospheric temperatures on timescales of years to decades. Discrepancies remain, however, in the
estimated magnitude and persistence of the surface temperature cooling caused by volcanic eruptions,
as characterized by paleoclimatic proxies and climate models. We investigate these discrepancies in the
context of large tropical eruptions over the Last Millennium using two state-of-the-art data assimilation
products, the Paleo Hydrodynamics Data Assimilation product (PHYDA) and the Last Millennium
Reanalysis (LMR), and simulations from the National Center for Atmospheric Research Community
Earth System Model-Last Millennium Ensemble (NCAR CESM-LME). We find that PHYDA and LMR
estimate mean global and hemispheric cooling that is similar in magnitude and persistence once effects
from eruptions occurring in short succession are removed. The estimates also compare well to Northern-
Hemisphere reconstructions based solely or partially on tree-ring density, which have been proposed as
the most accurate proxy estimates of surface cooling due to volcanism. All proxy-based estimates also
agree well with the magnitude of the mean cooling simulated by the CESM-LME. Differences remain,
however, in the spatial patterns of the temperature responses in the PHYDA, LMR, and the CESM-LME.
The duration of cooling anomalies also persists for several years longer in the PHYDA and LMR relative to
the CESM-LME. Our results demonstrate progress in resolving discrepancies between proxy- and model-
based estimates of temperature responses to volcanism, but also indicate these estimates must be further
reconciled to better characterize the risks of future volcanic eruptions.

1. Introduction

Volcanic eruptions are one of the main natural causes of radiatively forced climatic changes over the Com-
mon Era, producing fluctuations on interannual to multi-year timescales. The analysis and interpretation
of such changes has resulted in a wide body of research, especially following the influential work of H.H.
Lamb (Lamb & Stanley, 1970), and expanding into many efforts to characterize and model the climate re-
sponse to volcanism (e.g., Robock, 2000; Sigl et al., 2015; Zanchettin et al., 2016). It is now well understood
that explosive volcanic eruptions can alter climate by injecting large amounts of sulfur-containing gases
into the stratosphere, such as SO, and H,S, leading to the formation of liquid sulfate aerosols (Toohey &
Sigl, 2017). These aerosols consequently scatter incoming solar radiation and absorb infrared radiation,
which in turn leads to a net decrease in radiation reaching the Earth's surface and associated global cooling
(Robock, 2000). The introduction of satellite observations led to rapid advancements in our understanding
of how stratospheric aerosols affect global temperature, particularly since the El Chichon eruption in 1983
(e.g., Robock, 1983; Robock & Matson, 1983). This event served as a natural experiment to test and develop
monitoring instruments and improved representations of atmospheric chemistry in climate models, which
in turn improved simulations of the climate effects due to volcanic aerosols in the stratosphere (Rampino
& Self, 1984). With the exception of the eruption of Mt. Pinatubo in 1991, however, the volcanic events
monitored during the 20th century are of a much smaller magnitude than many of those that have occurred
over the Common Era. Further improvement in our understanding of the impacts and dynamics of large
volcanic eruptions is therefore dependent on high-resolution proxy reconstructions and model simulations
of the larger volcanic events that occurred before the widespread availability of instrumental records. The
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significance of such work is that despite the quiescence of large volcanic eruptions over the last century,
they may occur at any time in the future and could significantly disrupt global society (Papale, 2018; Toohey
et al., 2019) through modifications to hydroclimate (Tejedor et al., 2021) and the impacts on agriculture due
to short-term cooling (Engvild, 2003). It is therefore critical that proxy records of past climate and climate
model simulations are broadly interrogated and used to derive a cohesive picture of the impacts and dynam-
ics associated with past large eruptions. Such investigations are essential for anticipating future volcanic
hazards and risks.

Recent proxy-based studies of the temperature impacts of volcanic eruptions over the last millennium have
focused primarily on paleoclimatic records from the Northern Hemisphere (Anchukaitis et al., 2017, 2012;
D'Arrigo et al., 2009; Esper, et al., 2015; Stoffel et al., 2015) and are predominantly limited to reconstructions
of climate during the growing season (June, July, and August or JJA) (Schneider et al., 2017). Proxy-based
characterizations of the temperature response to volcanic events over the Last Millennium are therefore
limited in the Southern Hemisphere and to a lesser extent in the tropics. Multiple studies have used the
collection of models from the fifth phase of the Coupled Modeling Intercomparison Project (CMIP5, Taylor
et al., 2012), such as the National Center for Atmospheric Research-Community Earth System Model-Last
Millennium Ensemble (NCAR CESM-LME) to partially address these limitations by analyzing the modeled
temperature response to volcanism globally (e.g., Colose et al., 2016; Stevenson et al., 2016). Despite these
advances, there are still unresolved questions about the robustness of large-scale proxy-estimated cooling,
particularly in tree-ring estimates, and the magnitude of cooling simulated by climate models (e.g., An-
chukaitis et al., 2012; Esper et al., 2013, 2015; Mann et al., 2012). It is indeed still unclear whether differ-
ences between the temperature response seen in proxy data, such as in high-resolution maximum latewood
density (MXD) reconstructions, and that which is simulated by climate models like CESM, arise from biases
in the proxy signal, inaccuracies in the volcanic forcing reconstructions, or flaws in the model simulations
of the climate response (Liicke et al., 2019).

In addition to studies of large-scale surface temperature responses to volcanic eruptions, volcanic impacts
on ocean dynamics have also been analyzed. These studies have primarily focused on changes in inter-
annual to multidecadal climate modes, such as the Atlantic Multidecadal Oscillation (AMO, e.g., Knud-
sen et al., 2014; Swingedouw et al., 2017; Zanchettin et al., 2012), or Indo-Pacific variability (e.g., Maher
et al., 2015 and references herein). Characterizations of enhanced probabilities of El Nifio or La Nifia occur-
rences following large volcanic eruptions have been a recurring and important topic of debate, based mostly
on studies that primarily analyze either model experiments (Stevenson et al., 2016) or proxy reconstructions
(Dee et al., 2020; Li et al., 2013; Wahl et al., 2014). These studies have generally produced contradictory
results, with some finding that volcanic eruptions enhance the likelihood of El Nifios, La Nifias, or have no
discernable impact on the state of the tropical Pacific. There is nevertheless some evidence that the state of
the tropical Pacific prior to the eruption may be an important control on its response to volcanic eruptions,
which has not always been a focus of previous studies. Accounting for this preconditioning may therefore
help reconcile the currently contrasting conclusions about how the tropical Pacific responds to eruptions
(e.g., Predybaylo et al., 2017; Wahl et al., 2014). Reconciling these findings, and the more general study of
the dynamical ocean responses to volcanism, is important for characterizing how volcanic impacts, such as
droughts or flooding, may be driven by changes in these ocean modes. But these studies are also important
because alterations in the ocean dynamics may be one mechanism by which volcanic impacts persist in the
climate system after the direct effects of volcanic aerosols have dissipated (e.g., Tejedor et al., 2021).

Given the above-described state of the science, it is crucial to better characterize the magnitude, persis-
tence and spatial extent of climatic changes due to large volcanic eruptions. These efforts will improve our
understanding of the dynamics that cause these changes and their representation in climate models. Such
improvements will thus enhance risk assessment and preparedness for future volcanic eruptions. These
motivations drive the work that we present herein, which uses recently derived paleoclimate data assimila-
tion products that combine high-resolution proxy records with information from last-millennium climate
model simulations. We specifically employ two new data assimilation products to evaluate the global tem-
perature response to large tropical volcanic eruptions. The Paleo Hydrodynamics Data Assimilation product
(PHYDA,; Steiger et al., 2018) is a new, publicly available, and global data set that provides reconstructions
of hydroclimate, temperature and associated dynamic climate variables for the past two thousand years. We
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compare the PHYDA to another new and publicly available data assimilation product, the Last Millenni-
um Reanalysis product (LMR) (Tardif et al., 2019), which was recently used to investigate disagreements
between model and proxy estimates of global temperature responses to volcanism (Zhu et al., 2020). These
two state-of-the-art data assimilation products, which provide global representations of volcanic responses,
are compared to simulations from the NCAR CESM-LME, which served as the prior for the PHYDA. We
also employ the most recent volcanic stratospheric sulfur injection reconstruction (“eVolv2k_v2”; Toohey &
Sigl, 2017), which considerably refines the dating of certain eruptions and improves the estimates of erup-
tion magnitudes over the last millennium.

Equipped with the new and global paleo data assimilation products, the CESM-LME and the most recent
volcanic reconstruction, this study addresses the following questions: 1) What are the large-scale tempera-
ture responses to volcanic events in the two data assimilation products and how do they compare to other
proxy-derived estimates? 2) What do the data assimilation products tell us about past responses in ocean
dynamics to volcanism? and 3) How do the estimated temperature and oceanic responses in the data assim-
ilation products compare to the modeled volcanic responses?

2. Data and Methods

2.1. Data Assimilation Products and Model Data

We use the PHYDA (Steiger et al., 2018), which provides global reconstructions of hydroclimate and temper-
ature along with associated dynamic climate variables over the past two thousand years (Steiger et al., 2018).
PHYDA combines 2,978 global high-resolution paleoclimatic time series with the physical constraints of an
atmosphere-ocean climate model (the CESM-LME simulation number 10 Otto-Bliesner et al., 2015). We use
a 100-member PHYDA ensemble, randomly selected from the full 1,000-member PHYDA ensemble, to pro-
vide robust uncertainty estimates for the derived reconstruction. We limit our analysis to the 1000-1850 CE
interval, as the uncertainties in PHYDA significantly increase prior to 1000 CE in many regions. We select
the PHYDA-reconstructed 2-m surface temperature data during boreal summer (JJA), which is reconstruct-
ed on approximately a 2° latitude-longitude grid. Anomalies of temperature (in °C) were calculated with
respect to 1000-1850 CE. Additionally, we selected two reconstructed sea surface temperature indices from
the boreal winter season (December, January, February or DJF): The El Nifio-Southern Oscillation (ENSO)
index and the AMO index as potential indicators of both rapid (inter-annual) and long-term (decadal) cli-
mate system responses due to volcanic impacts. We also note that the PHYDA includes a filtered selection
of proxies by season, in which only proxies with strong annual, DJF, or JJA signals were used to reconstruct
each season.

We additionally use LMR (Hakim et al., 2016; Tardif et al., 2019), which is also a data assimilation-based
global climate reconstruction of the past two thousand years. Similar to PHYDA, LMR also reconstructs
multiple climate variables, including near-surface air temperature (as used herein and processed the same
as PHYDA). The employed data assimilation methodologies used to derive the LMR and PHYDA products
are similar, both based on the variant of the Kalman filter and “offline” approach described by Hakim
et al. (2016). Specific methodological differences do exist, however, including the formulation of the trans-
fer functions that were used to relate the proxies and climate model output. LMR additionally used the
CCSM4 last-millennium climate simulation as its prior (Landrum et al., 2013), while the PHYDA used the
CESM-LME. The two products both assimilated proxies from the PAGES2k database (Emile-Geay & Con-
sortium, 2017), but LMR did not include the many additional dendroclimatic records that were assimilated
in PHYDA. The selection criteria for which proxies were assimilated and whether they were used to inform
temperature, hydroclimate, or both, were also different between the two datasets. Finally, the CESM-LME
prior was bias-corrected based on instrumental climatology before the assimilation process in PHDYA,
while the LMR did not employ bias correction. These details are important with regard to any differences in
the estimated responses that we characterize for the PHYDA and LMR. To the degree that differences exist,
there are multiple potential reasons tied to methodological and input data choices. While understanding the
impact of these choices is critical for vetting the two data assimilation products, a comprehensive diagnosis
of the causal differences between the two products is beyond the scope of this study.
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Our model analysis employs the CESM-LME (Otto-Bliesner et al., 2015), from which we select the same
climate variables with the same resolution as we use from PHYDA. Ensemble member 10 was used for the
prior in PHYDA, ensuring that any differences in the estimated volcanic responses between CESM and
PHYDA are a result of the proxy information that is assimilated in PHYDA. To assess the robustness of the
CESM-LME results, we additionally analyze all of the LME simulations. While the focus herein is on the
temperature responses in PHYDA and the CESM-LME, the hydroclimate response to volcanism in the two
datasets has also been investigated (Tejedor et al., 2021).

Data assimilation and model products were compared to two state-of-the-art Northern Hemisphere tree-
ring reconstructions that target the boreal summer: 1) the N-TREND reconstruction, which combines
data from tree-ring width (TRW) measurements and Maximum Latewood Density (MXD) (Anchukaitis
et al., 2017); and 2) the NH-MXD, which relies exclusively on MXD data and removes the temporal persis-
tence associated with the biological memory effect (Schneider et al., 2015). The N-Trend reconstruction is a
spatially resolved warm season (May-August) reconstruction that spans 750-1988 CE, which characterizes
a consistent imprint of volcanism in NH temperature anomalies (Anchukaitis et al., 2017). Because it in-
cludes TRW records, it also likely includes a biological memory effect (Esper et al., 2015) in the initial tem-
perature response to volcanic events (Zhu et al., 2020). The NH-MXD reconstruction is derived exclusively
from regional MXD chronologies that were used to target mean boreal summer Northern Hemisphere tem-
peratures from 600 to 2000 CE (Schneider et al., 2015). This reconstruction has been argued to include less
of a biological memory effect relative to tree-ring width reconstructions (Esper et al., 2015). Additionally,
the MXD chronologies have been used to develop an independent estimate of large volcanic events over the
Last Millennium (Schneider et al., 2017).

We use the previously developed dendroclimatic products as a ground truth for our analyses, which allows
for a more impartial comparison between the surface temperature responses to volcanism in different as-
similation products and model simulations. We then choose to focus primarily on the boreal summer season
in the other datasets because it is the target reconstructed by the N-TREND and NH-MXD datasets, which
have been argued to be the most accurate tree-ring reconstructions for assessments of volcanic responses
over the last millennium (Esper et al., 2018). We also note that LMR only targets annual mean climate
fields. The focus on boreal summer thus requires that we compare annual LMR results to the JJA variables
in PHYDA and CESM. Comparisons between the global average time series in the PHYDA and LMR prod-
ucts nevertheless suggest that LMR (Annual) and PHYDA (JJA) (1000-1900 CE; r = 0.75 p < 0.01) actually
agree better than LMR (Annual) and PHYDA (Annual) (1000-1900 CE; r = 0.58 p < 0.01). Additionally,
the results from Zhu et al. (2020), in which the authors specifically reconstruct the JJA season, show a very
similar temperature response to volcanic events when computing the annual LMR or the JJA LMR. Despite
these arguments for choosing JJA as the principal target throughout our study, we additionally analyze the
annual responses in PHYDA and CESM.

A final note is necessary regarding the two data assimilation products. Both the PHYDA and LMR were
constructed as offline data assimilation products. One implication of this approach is that while the model
simulations that are incorporated as the prior have explicit temporal histories tied to their forcing data,
the temporal information is not incorporated in the data assimilation methodology, that is, the timing of
climate events such as volcanic eruptions or trends over specific periods (e.g., 20th-century warming) are
not dictated by the prior. Consequently, all temporal structure in the PHYDA or LMR products is tied spe-
cifically to information contained in the assimilated proxy networks (Steiger et al., 2018; Tardif et al., 2019).

2.2. Volcanic Forcing Index

To identify volcanic events in the PHYDA and LMR, we use the most recent global volcanic forcing recon-
struction, named “eVolv2k_v2” (Toohey & Sigl, 2017), which is based on a suite of ice-core records from
Greenland and Antarctica. This database contains estimates of the magnitudes and approximate source
latitudes of major volcanic stratospheric sulfur injection (VSSI) events from 500 BCE to 1900 CE. The
eVolv2k_v2 reconstruction is a significant improvement over prior estimates, which relied on volcanic forc-
ing reconstructions with greater chronological uncertainty (Crowley & Unterman, 2013; Gao et al., 2008;
Sigl et al., 2015). Accurately selected eruption dates are crucial for resolving sub-annual to annual volcanic
responses in the proxy data and to obtain a precise state of the global climate response to large volcanic
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events, especially when considering both proxy and model data. This is in contrast to stand-alone mod-
el simulations, which, by construction, use the dates of the eruptions as imposed by the adopted forcing
history.

We select those volcanic events located within the tropics (25°N to 25°S) with magnitudes greater than
the Mt. Pinatubo eruption (VSSI > 8.78 Tg S; Toohey & Sigl, 2017) from 1000 CE to 1850 CE. A total of 19
eruptions during the LM satisfy this criterion in the eVolv2k_v2 reconstruction. Because we select these
events exclusively using the eVolv2k_v2 data, they will be referred to herein as the eVolv2k_v2 Tropical
Volcanic Events or TVE,,. The focus on tropical eruptions is motivated by the known climatic signal of large
tropical volcanic events, related to seasonal variations in the ITCZ, which facilitates the transfer of aerosols
between hemispheres (Kravitz & Robock, 2011; Oman et al., 2006). To assess the potential bias induced by
“double-event” occurrences, we also repeat our analyses for a 13-event subset of TVE,, that only selects the
second event when two events occur within 10 years (e.g., we included the event in 1458 but not the one in
1453, see Table S1 in the supporting information). To perform the same analyses using CESM, we select the
19 or 13 equivalent volcanic events in the Gao et al. (2008) reconstruction because it was used to force the
CESM LME. For those cases in which the dates do not align between the two volcanic forcing reconstruc-
tions, we select the Gao et al. (2008) event that is closest to the selected Toohey and Sigl (2017) event in the
data assimilation products. To differentiate between the events selected based exclusively on the eVolv2k_v2
reconstruction, the collection of events selected from the Gao et al. (2008) reconstruction that approximate
the occurrences in the eVolv2k_v2 reconstruction will be noted as TVEg,,. The 19 and 13 selected events
for the TVE,, and TVEg,, collections are listed in Table S1 together with some of the event characteristics.

2.3. Analysis Methods

We use a Superposed Epoch Analysis (SEA; Hegerl et al., 2003) approach to analyze the global temperature
response to tropical volcanic events. SEA is a common approach used to quantify the climatic response to
specific volcanic events (Gao & Gao, 2017; Schneider et al., 2017). Annual and seasonal temperature data
are sorted into categories dependent on the date of volcanic events (Table S1 in the supporting information).
The year of a volcanic eruption is assigned as year 0, and then the temperature data are extracted for the
five years prior to the eruption and for 20 years post-eruption, to obtain a SEA matrix (number of volcanic
events X 26 years). The temperature anomalies for the 20 post-eruption years are calculated as the depar-
tures from the pre-eruption mean (reference period averaged over years —5 to —1) and then averaged across
all 19 or 13 events, thereby obtaining a 26-years composite of temperature anomalies averaged over all of
the events. The reference period of 5 years ensures that our results are not affected by changes in the mean
background state as a result of low-frequency changes during the LM.

Statistical significance testing of the composite anomalies is performed by means of a Monte-Carlo simula-
tion, based on the null hypothesis that there is no association between the eruptions and the temperature re-
sponse (i.e., no significant difference in temperature during the years following eruptions, when compared
to non-eruption years). Pseudo-event years are randomly chosen from all years in which eruptions did not
occur for each approach (TVE,, and TVEg,,, see Table S1 in the supporting information), and temperature
anomalies for years —5 to +20 are calculated in the same way as was done for the years before and after
real eruptions, thus creating 10,000 randomly generated composite matrices. Finally, we create a random
composite distribution for each column in the matrix (i.e., for each year from year —5 to year +20, relative
to the eruption year 0). We used these distributions to test the significance of the actual composites at the
95% confidence level. To assess the global temperature response in space, this method is applied separately
for each grid cell included in the 100-member PHYDA ensemble, that is, each ~2° grid cell is treated as an
independent reconstruction, yielding a total of 13,824 grid cells. The same process is applied to the CESM
simulation, including the same number of grid cells, and the LMR.

The largest volcanic eruptions of the 20th century (Agung 1963, El Chichon 1982, and Mt. Pinatubo 1991)
coincided with prevailing El Nifio conditions (Ménégoz et al., 2018). Some studies analyzing the impacts of
volcanic events on climate have thus suggested the need to remove the ENSO-signal prior to the analysis,
by either detrending the data (D'Arrigo et al., 2009) or considering the residuals after regressing the data
against ENSO (Gao & Gao, 2018; Lehner et al., 2016). We do not remove the ENSO signal from the variables
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Figure 1. (a) Global temperature response, with respect to the 5-years pre-event mean, to Last Millennium large tropical volcanic events in PHYDA (JJA
season), CESM (ensemble member number 10) (JJA season) and LMR (Annual). Bold lines represent the mean and the envelopes represent the uncertainty

of the reconstruction (+10) based on 100 PHYDA ensemble members (see text for details) and 20 LMR ensemble members. Bold lines for CESM represent the
ensemble member 10 response and the blue shading represents the spread in the additional 9 CESM ensemble members. Purple dots represent the eruption
magnitude, expressed by the stratospheric sulfur injection (in Tg S), of each volcanic event as estimated by Toohey and Sigl (2017). For CESM, the volcanic
events from Gao et al. (2008) have been temporally aligned to match eVolv2k_v2 dating from Toohey and Sigl (2017). The magnitude of the stratospheric sulfur
injections estimated by Gao et al. (2008) are not shown. (b) Spearman correlation between the globally averaged near-surface air temperature response in
PHYDA and eVolv2k_v2 magnitude estimates. The events 1458 and 1257 are not included in the analysis, the first because its magnitude is likely shifted by the
event in 1453, and the latter because it is normally considered an outlier. (c) Same as in (b) except using CESM and Gao et al. (2008). 1257 is not included in the
analysis. (d) Same as in (b) except using LMR. Note different scales of y- and x-axis in (c) as compared to (b) and (d). CESM, Community Earth System Model;
JJA, June, July, and August; LMR, Last Millennium Reanalysis; PHYDA, Paleo Hydrodynamics Data Assimilation product; TVE, Tropical Volcanic Events.

studied, as the median value of the PHYDA Nifio 3.4 index indicates neutral ENSO conditions during the
DJF seasons prior to the selected eruption events (Figure S1 in the supporting information).

3. Results

3.1. Temporal Evolution of the Global Temperature Response to TVE,, and TVEg,, Over the Last
Millennium

The global temperature response to each year within the TVE,, and TVEg,, collections for the three ana-
lyzed datasets is shown in Figure 1 and Table 1. Overall, a global cooling response begins in the year of the
volcanic event, with the most pronounced signal occurring in the year following the eruption (year +1).
In general, the cooling following the eruption is coherent across all events, although inconsistencies in
the peak year of cooling are evident in the 1600, 1640, and 1835 events. In the data assimilation products
(PHYDA and LMR), the largest global cooling (mean) with respect to the five previous years is observed
after the Huaynaputina eruption in 1600 CE (—0.63°C and —0.44°C, respectively). Additionally, the Parker
eruption in 1630 CE (—0.61°C and —0.28°C), the unidentified event of 1695 CE (—0.46°C, —0.16°C), and
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Table 1

Peak Global Mean Temperature Anomaly Following TVE,, or TVEg,, in
PHYDA, CESM (Ensemble Member Number 10) (Both JJA), and LMR
(Annual) With Respect to the 5-Years Pre-Event Mean

Year of volcanic Anomaly in Anomaly in Anomaly in
eruption PHYDA (in °C) CESM (in°C) LMR (in °C)
1108 —0.20* —0.11* —0.23*
1171 —0.31* —0.80* —0.24*
1191 —0.10* —0.18 —0.03*
1230 -0.21 —-0.27 —0.20
1257 —0.21* —1.57* —0.29*
1276 0.0 —1.06* —0.05
1286 —0.10* —0.82* —0.13*
1345 —0.08* —0.02 —0.03
1453 —0.46 —0.89* —0.27
1458 —0.05* 0.0 —0.06
1585 —0.20 —0.35 —0.15
1595 —0.15* 0.09* —0.11*
1600 —0.63* —0.60 —0.44*
1640 —0.61* —0.31 —0.28*
1695 —0.46* —0.58* —0.16*
1809 —0.35* —0.78* —0.34*
1815 —0.25* —0.91* —0.15*
1831 —0.23* —0.16 —0.22%
1835 —0.32* —0.58 —0.22%*

Note. Anomalies with an asterisk refer to the year following the volcanic
event. Anomalies that refer to the year of the event have no asterisk.
CESM, Community Earth System Model; JJA, June, July, and August;
LMR, Last Millennium Reanalysis; PHYDA, Paleo Hydrodynamics Data
Assimilation product; TVE,,, eVolv2k_v2 Tropical Volcanic Events.

the Kuwae event in 1453 CE (—0.46°C and —0.27°C) are also associat-
ed with large cooling magnitudes. It is worth noting, however, that as
a result of fewer proxy records available in the earlier part of the PHY-
DA database, the uncertainty of the response is larger in the early part
of the Last Millennium, especially before the volcanic eruption of 1453
CE after which the uncertainty of the 100-member PHYDA ensemble is
considerably reduced. To a lesser extent, this is also true for the LMR. In
the CESM-LME, the largest global JJA cooling (mean) is found during
the summer following the Samalas event (—1.57°C) in 1257 CE, the larg-
est known event of the Last Millennium (Vidal et al., 2016). In general,
the magnitudes of the post-eruption cooling are larger in CESM, as in
the case of the well-known Tambora event in 1815, which led to a global
temperature drop of —0.91°C in CESM, while the mean global cooling
is only —0.25°C in PHYDA and —0.15°C in LMR. The CESM shows a
significant correlation (Figure 1c) between the magnitude of the volcanic
event (expressed by the stratospheric sulfur injection) and the induced
post-eruption cooling, with a negative slope that is significantly different
from zero (F-test; p < 0.01). The correlation between the ice-core strat-
ospheric sulfur injection estimated magnitude and the proxy estimated
cooling, however, is not significant in either PHYDA or LMR (Figures 1b
and 1d) and the slope of the regression is not significantly different from
zero (F-test; p = 0.33 and p = 0.79, respectively).

The SEAs using the 19 TVE,, or TVEg,, (Figures 2a-2d) highlight the
abrupt and significant temperature drop in the three datasets, especial-
ly in year +1 (—0.24°C, —0.28°C, and —0.17°C, in PHYDA, CESM, and
LMR, respectively). In contrast, the duration of significant cooling differs
widely: CESM only shows significant cooling for 2 years after the volcanic
event (Figure 2b), while in PHYDA the cooling remains significant until
year +8 (Figure 2a), and in LMR the significance of the cooling extends
for 15 years (Figure 2c). The magnitude of the cooling is not affected by
the occurrence of double-events, but once these are removed, the persis-
tence of the cooling is reduced (Figures 2e and 2g) in both PHYDA (until
year +6) and LMR (until year +10). CESM, on the other hand, indicates
a similar temperature response regardless of whether we control for the
double events (Figure 2f), which is perhaps expected given that the cool-
ing only remains significant for 2 years in the model.

3.2. The Double-Event Effect and the Tree-Ring Density Response

In order to test for the extended persistence of the data assimilation products, we further explore the vol-

canically induced cooling over the Northern Hemisphere, including the double-event effect, by comparing
our results to the N-TREND and NH-MXD tree-ring reconstructions. Our results (Figures 3a and 3b) high-
light that the cooling is more persistent when 19 events are used for the SEA, as compared to only the 13
non-overlapping events in all data sets. When all 19 events are used, N-TREND and LMR show a persistent
cooling of more than a decade (13 and 16 years, respectively) in the composite using all events. PHYDA por-
trays a weaker, albeit still significant cooling until year +10. In NH-MXD the persistent cooling lasts until
year +6, while CESM only shows significant cooling until year +2. The magnitude of the cooling in year +1
is very similar in all products, being slightly larger in the N-TREND reconstruction.

When the effect of double-events is removed, the persistent significant cooling is reduced to less than
10 years in all reconstructions (Figure 3b). N-TREND and LMR indicate the largest persistence (10 years),
followed by PHYDA (6 years), while 4 years of significant cooling are shown in NH-MXD and only 2 years
in CESM. N-TREND and NH-MXD estimate similar magnitudes of post-eruption cooling in the Northern
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Figure 2. (a)-(d) Superposed Epoch Analysis of the globally averaged temperature anomaly (near-surface air temperature, TAS) following 19 TVE,, (in JJA-
PHYDA-ensemble mean and in Annual-LMR-ensemble mean) and TVEg,, (in JJA-CESM) over the Last Millennium. Results shown in (b) and the bold blue
lines in (d) represent the response of the CESM ensemble member number 10. The spread of the additional 9 CESM ensemble members' response is shown

in gray in (d). (e)—-(h) As in (a)-(d) except using only 13 events (not including the double-events). Color bars represent values that are significant at the 95%
confidence-level. CESM, Community Earth System Model; JJA, June, July, and August; LMR, Last Millennium Reanalysis; PHYDA, Paleo Hydrodynamics Data
Assimilation product; TVE, Tropical Volcanic Events.

Hemisphere (~—0.5°C) followed by PHYDA (—0.4°C) and CESM (—0.35°C), with LMR estimating the
smallest magnitude (—0.32°C).

When the first of the double-events is selected (Figure 3c), the post-eruption cooling magnitude is larger in
year 4 in N-TREND and PHYDA. LMR, NH-MXD, and CESM still show the larger magnitude of cooling in
year +1, although persistence is increased to 16 years after the volcanic event in the LMR. N-TREND also
displays an extended persistence of 13 years, while PHYDA, NH-MXD and CESM show the same persis-

tence as when the second events are selected.
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Figure 3. NH (>25°N) JJA temperature (near-surface air temperature, TAS) response to the TVE,, and TVEg,, in PHYDA, CESM (ensemble member number
10), N-TREND (Anchukaitis et al., 2017) and NH-MXD (Schneider et al., 2015); LMR (Annual) responses over the same domain are also shown. The spread of
the additional 9 CESM ensemble members' responses is shown in gray. (a) SEA including 19 events. (b) SEA based on only 13 events, including only the second
event whenever double-events occurred. (c) as in (b) but including only the first event from double-events. Horizontal lines represent the significance at the
95% confidence-level for each estimate. CESM, Community Earth System Model; JJA, June, July, and August; LMR, Last Millennium Reanalysis; PHYDA,
Paleo Hydrodynamics Data Assimilation product; SEA, Superposed Epoch Analysis; TVE, Tropical Volcanic Events.
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Figure 4. (a) Superposed Epoch Analysis of the spatial temperature (near-surface air temperature, TAS) anomaly response to the 13-event subset in the
TVE,, in the JJA-PHYDA-ensemble mean from year —1 to +8 after the volcanic event (0). (b) As in (a) except for JJA-CESM (ensemble member number 10)
over the 13-event subset in the TVEg,,. (¢) as in (a) except for Annual-LMR-ensemble mean over the 13-event subset in the TVE,,. Only values significant at
the 95%-confidence level are shown. CESM, Community Earth System Model; JJA, June, July, and August; LMR, Last Millennium Reanalysis; PHYDA, Paleo
Hydrodynamics Data Assimilation product; TVE, Tropical Volcanic Events.

3.3. Spatial Analysis of the Global Temperature Response to TVE,,

Based on the above results, we perform the subsequent analysis using the 13-event subsets of TVE,, or
TVEGg,,, assuming that double-events in the SEA induce an extended cooling signal in PHYDA and LMR,
but not CESM. In PHYDA, substantial cooling occurs globally in year +1 following tropical volcanic erup-
tions (Figure 4a, and Figure S2 in the supporting information), including a temperature drop larger than
1°C overs some areas of the Northern Hemisphere and Antarctica. The tropics and the Southern Hemi-
sphere show a slightly smaller cooling (~—0.5°C) although cold anomalies still persist until year +6 after
the volcanic event. We compute a weighted zonal-mean temperature response (Figures 5a and 5d), in which
grid cells that contain non-significant temperature anomalies (p < 0.05) are not included in the mean esti-
mate. These results confirm the larger magnitude of the cooling in the Northern Hemisphere and from 70°S
to 90°S (Antarctica). This analysis also highlights that the persistence of the cooling is reduced to 3-4 years
once the double-events are removed (Figure 5d).
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Figure 5. (a-c) Hovmoller diagram showing the weighted zonal-mean temperature (near-surface air temperature, TAS) response to 19 TVE,, in PHYDA and
LMR and 19 TVEg,, in CESM (ensemble member number 10). (d-f) as in (a-c) except using only 13 TVE,, and TVEg,, (without the double-events). Non-
significant values (p < 0.05) are given a weight of zero. Vertical black line indicates the onset of the volcanic event. CESM, Community Earth System Model;
JJA, June, July, and August; LMR, Last Millennium Reanalysis; PHYDA, Paleo Hydrodynamics Data Assimilation product; TVE, Tropical Volcanic Events.

In CESM, extensive post-eruption cooling is already evident globally during the year of the eruption (year
0) (Figures 4b and S3 in the supporting information), including a temperature drop of more than 1°C overs
South America, Australia, and the circumpolar areas of the Northern Hemisphere. The significant cooling
is more evident over North America and the tropics in year +1, with few regions of cooling over Eurasia that
are significant. Some areas still indicate a significant cooling in year +2, but this cooling dissipates by year
+3. These characteristics become more apparent when the weighted zonal-mean temperature is computed
(Figures 5b and 5d), showing that the largest cooling occurs over the tropics in year +1 for both the 13 and
19 TVE,, selections.

In LMR, a widespread post-eruption cooling is evident in the Northern Hemisphere from years +1 to +8
(Figures 4c and S4 in the supporting information), with some cooling also apparent over the tropics and
South America. The Hovmoller plot (Figures 5c and 5f) indicates a significant and persistent cooling north
of 60°N, especially when using the full 19 TVE,, selection, and a rather muted cooling response for the
Southern Hemisphere.

3.4. Impacts on ENSO and AMO

The impact of the 13 TVE,, on oceanic modes is further explored by analyzing the response of two sea
surface temperature indices (Nifio 3.4 and AMO). In the case of Nifio 3.4 (Figure 6a) results vary widely,
with only PHYDA revealing a significant La Nifia occurring in year +4 of the SEA. The SEA for the AMO
(Figure 6b) indicates more consistent results across datasets, highlighting a significant post-eruption cool-
ing in all products. CESM shows the largest cooling, which extends from years 0 to +4. PHYDA also reveals
significant cooling in years 1, 2, and 4, while LMR displays a significant cooling starting in year +1 and
lasting over a decade. Results using the annual PHYDA and CESM AMO indices are very similar to those
derived for the boreal winter means (see Figure S5 in the supporting information), while annual results for
Nifio 3.4 indicate no significant response in any product.
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Figure 6. (a) Temperature response in the Nifio 3.4 region (5°N—5°S, 170°W—120°W) to 13 TVE,, in DJF PHYDA and Annual LMR, and TVEg,, in DJF CESM
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Multidecadal Oscillation region (AMO, 0°N-60°N, 25°W-80°W). Horizontal lines represent the significance at the 95%-confidence level. CESM, Community

Earth System Model; JJA, June, July, and August; LMR, Last Millennium Reanalysis; PHYDA, Paleo Hydrodynamics Data Assimilation product; TVE, Tropical

Volcanic Events.

4. Discussion
4.1. Magnitude of the Cooling

The global impact of volcanic eruptions on temperature is confirmed and further analyzed in this study
using two paleoclimate data assimilation products (PHYDA and LMR) and the CESM LME climate model
simulations. We note that the NCAR models (CESM LME and CCSM4) form the priors for PHYDA and
LMR, implying that the proxies are adding information beyond what the prior is alone providing (this is
explicitly the case for PHYDA given its use of the CESM LME member 10 as its prior).

The global temperature response post-eruption (year +1) in these datasets is consistent with previous stud-
ies showing significant global (land and ocean) cooling in response to large tropical eruptions (e.g., Rob-
ock, 2000). There are, however, evident differences between the estimated responses in the PHYDA, LMR,
and CESM datasets, such as the magnitude of the induced-cooling and the persistence of the temperature
response in general.

In the case of magnitude, the two paleoclimate data assimilation products are consistent with the decreases
in temperature estimated from MXD-based temperature reconstructions for the Northern Hemisphere (e.g.,
Esper et al., 2015; Schneider et al., 2017). There are, however, differences in the response in the tropics and
the Southern Hemisphere between PHYDA and LMR; PHYDA estimates a response that is more similar
to CESM, while the LMR response is more muted. On the other hand, the CESM results show a significant
relationship between the magnitude of the volcanic forcing and the induced cooling, which is in contrast
to the two paleo data assimilation products (Figure 1c). In the PHYDA and LMR, the magnitude of the
cooling does not depend linearly on the magnitude of the eruption as estimated by the eVolv2k_v2 recon-
struction. There are three potential reasons for this discrepancy: 1) The uncertainty in both PHYDA and
LMR increases back in time due to decreasing proxy availability. Hence, the gradual reduction of variance
in the ensemble mean over time (Figure 1a) should not be interpreted as a reduction in the variance of the
historical climate, but as an indication of the decreasing amount of information from proxies. The limited
proxy availability during the first half of the Last Millennium could affect the sensitivity of the relationship
between volcanic forcing and the magnitude of the cooling. In the case of LMR, the targeted annual season
could also contribute to the lower magnitude of the cooling when compared to PHYDA and CESM.

2) CESM may overestimate the climate sensitivity to volcanic forcing (e.g., Chylek et al., 2020; LeGran-
de et al., 2016; Stoffel et al., 2015). The fact that most of the eruptions in CESM are imposed in January
would explain the larger magnitude and the significance of the cooling in year 0 (see discussion in Colose
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et al., 2016). Additionally, the imposed aerosol optical depth in the model, which determines the spatial
distribution of the radiative forcing, is based on an aerosol transport model (Gao et al., 2008), which is likely
not a realistic representation of the actual dispersion and transport of individual events. Although this is
not an error of the model itself, it may contribute to the existing differences between models, proxy records,
and data assimilation products.

3) Uncertainties in the volcanic forcing reconstruction. The use of the most recent volcanic reconstruction
“eVolv2k_v2” (Toohey & Sigl, 2017) increases the quality of our SEA because of its refined estimates for
event dates and the magnitude of the stratospheric sulfur injections, relative to previous reconstructions
(Crowley & Unterman, 2013; Gao et al., 2008; Sigl et al., 2015). There are still uncertainties, however, which
are associated with both the dating of certain events, such as 1108 CE (+1), 1171 CE (1), 1230 CE (+1),
1286 CE (#1), 1453 CE (x1), or 1458 CE (1), and the stratospheric sulfur injection amounts, such as in
the case of Mt Samalas (1257 CE, 59.42 Tg/s + 10.86) or Huaynaputina (1600 CE, 18.95 Tg/s + 4.03). Based
on our results, and consistent with suggestions by Schneider et al. (2017), it is likely that the magnitude
estimates for the 1453 and 1458 events might have been shifted in eVolv2k_v2, namely the event in 1453 or
1452 was larger than 1458, despite the opposite estimate in eVolv2k_v2. Additionally, further analyses of
the Huaynaputina event in 1600 CE are required, which has recently been upgraded to a stronger eruption
than previously estimated (Prival et al., 2019). Consistent with the findings of Prival et al. (2019), the Huay-
naputina eruption induced the largest global cooling anomaly over the Last Millennium in both PHYDA
(—0.63°C) and LMR (—0.44°C).

Overall, estimates of the global temperature response magnitude agree well in PHYDA and CESM. LMR,
on the other hand, displays a more muted temperature response in the tropics and Southern Hemisphere
that is reflected in a more muted estimate of the global temperature response. Despite these uncertainties,
the robustness of the analysis is documented across the three datasets by the abrupt climatic response in
the year of the event and especially in the first year after the eruption (Figures 1 and 2)—a response that
includes significant temperature anomalies over a vast portion of the globe (Figures 4 and 5).

4.2. Persistence of the Cooling

Several studies have suggested that TRW temperature reconstructions underestimate and temporally extend
the response to volcanic eruptions when compared to MXD reconstructions (e.g., Anchukaitis et al., 2012;
D'Arrigo et al., 2013; Esper et al., 2015). PHYDA and LMR, while capturing a cooling magnitude that is
consistent with MXD reconstructions, also show a more persistent response to volcanic forcing than the
MXD reconstruction (+2 years). CESM on the other hand simulates a response that is more short-lived
than what is reconstructed from MXD data. We also note that even though we compare PHYDA to the same
ensemble member used as the data assimilation prior, the results of our comparisons are not dependent on
the employed CESM LME member. The temperature response to volcanic eruptions is equally short in the
nine other available ensemble members of the CESM LME (see Figure S6 in the supporting information).
Our results therefore are not dependent on a single ensemble member of CESM.

The life cycle of the effective radiative forcing after large tropical volcanic events (Toohey et al., 2019),
which persists for ~24 months, determines the abrupt climate response seen in our study, lasting until ap-
proximately year +3. CESM seems to be capturing only these direct radiative effects (Figures 4b, 5b, and 5e),
which cause direct cooling of the Earth's surface. But the radiative forcing effects of stratospheric aerosols
also invoke multiple feedbacks that further modify the atmospheric and oceanic response, thereby inducing
significant decadal-scale climate variations (Church et al., 2005; Miller et al., 2012; Zanchettin et al., 2012).
These feedbacks likely serve as mechanisms to extend the responses to volcanic forcing as seen in the data
assimilation products, although analyzing the true nature of these feedbacks and how they are embedded
in the reanalysis products is beyond the scope of this study.

Whether the differences between the proxy estimates of persistence and the CESM response arise from a
bias in the proxy data, or indicate a problem in the CESM model, is an open question (Liicke et al., 2019).
Zhu et al. (2020) recently stated that discrepancies between volcanic forcing signals in iCESM (the prior
used in Zhu et al., 2020) and tree-ring reconstructions (or data assimilation products including tree-ring
records) since 1600 CE can largely be resolved by assimilating tree-ring density records only (MXD-based),
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targeting the growing season instead of annual temperature, and by performing the comparison only at
locations with sufficient proxy records. They also hypothesize that discrepancies during the early part of the
Last Millennium may reflect uncertainties in forcing and modeled aerosol microphysics. In fact, they chose
CESM as their reconstruction target for capturing the temperature response to large volcanic eruptions.
Chylek et al. (2020) have nevertheless noted that CMIP5 models (including CESM) generally overestimate
the volcanically induced cooling, and that this overestimation is caused by the model's response to volcanic
forcing, not by the error in the forcing itself. They further hypothesize that the model's parameterization of
aerosol-cloud interactions within ice and mixed-phase clouds is a likely source of such a discrepancy (Chyl-
ek et al., 2020). Furthermore, Esper et al. (2015) showed that MXD reconstructions over the NH correctly
capture the post-eruption cooling and its persistence through comparisons to JJA instrumental observa-
tions using 13 volcanic events since 1850 (smaller in magnitude than the TVEP used in this study, with the
exception of Krakatoa in 1883). Based on our results and the existing literature, we therefore suggest that
MXD reconstructions are closer to the true temperature impact of TVE,, than CESM. Particularly when
the double-event effect is taken into account, data assimilation products, and especially PHYDA, show a
response similar to the MXD reconstructions and thus are able to reproduce both the immediate temper-
ature effect through direct radiative forcing, as well as the longer-term persistence of the signal mediated
through feedbacks.

The AMO and ENSO could both potentially serve as oceanic feedbacks, capable of prolonging the initial
radiatively forced cooling following volcanic eruptions (Knudsen et al., 2014; Swingedouw et al., 2017; Zan-
chettin et al., 2012). A significant cooling is observed in the region that defines the AMO starting in year
+0 (in CESM), and in year +1 (in PHYDA and LMR). This result is in agreement with Birkel et al. (2018),
suggesting a persistent multidecadal cooling in this region following large volcanic eruptions, although
our results indicate that cooling is only significant until year +5 in CESM and PHYDA. LMR shows a very
low-magnitude, albeit significant, AMO cooling that lasts until year +16.

Whether or not volcanic eruptions trigger ENSO events remains a continued topic of debate, although a
recent study by Dee et al. (2020) found no evidence for a consistent ENSO response in the year following
volcanic eruptions over the Last Millennium. Some studies, however, have suggested that an El Nifio-like
response is more likely to happen 1-2 years after large volcanic events (e.g., Adams et al., 2003; Emile-Geay
et al., 2008; Mann et al., 2005). Regardless, no significant El Nifio develops in either PHYDA or CESM in the
DJF season, which is when El Nifio typically reaches its peak phase. Instead, results from PHYDA suggest
that a volcanically induced La Nifia response is more likely to develop in DJF of year +4, characterized by
a cooling in the eastern equatorial Pacific, in agreement with McGregor and Timmermann (2011), Sun
et al. (2019), Wahl et al. (2014) (although the latter indicating a La Nifia-like response in year +2), and con-
trary to some studies using only proxies (Adams et al., 2003; Mann et al., 2005) or those using CESM with
a different selection of volcanic events (Stevenson et al., 2016). Additional implications of a La Nifa-like
state would include a La Nifia-like pattern of the Antarctic Dipole, shown in our study (Figure 3a), which
is a part of the Southern Hemisphere ENSO wave train response and represents the largest ENSO-related
temperature anomaly outside of the tropical Pacific (Yuan & Martinson, 2001). Nevertheless, further studies
analyzing the individual background state of ENSO for each particular event are needed to better under-
stand the volcanically induced effects.

Finally, the mismatch that was shown by the IPCC AR5 (Intergovernmental Panel on Climate Change, 2014)
between the response in CESM and tree-ring width (similar to Figure 3c) reconstructions can to a large ex-
tent be reconciled by avoiding overlapping events (i.e., removing the first event when there is a second event
within the next 10 years) (Figure 3b).

4.3. Spatial Cooling Response

The global PHYDA temperature response also shows significant and widespread cooling, consistent with
the CESM initial response (years 0 and + 1) and with other studies using model simulations (CESM-LME,
e.g., Stevenson et al., 2017). Such cooling is attributed to more efficient backscatter of shortwave radiation
due to the enhanced sulfate aerosol load, increasing the planetary albedo for the lifetime of the aerosols
(Kravitz & Robock, 2011; Robock, 2000). On the other hand, the response in both PHYDA and LMR is to
some extent proxy-dependent. Therefore, both data assimilation products might be underestimating the
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true impact on temperature over land in the tropics, where there is an evident lack of annually resolved and
temperature-sensitive proxy records. This is especially evident in the case of LMR, where the signal is rather
muted away from the high northern latitudes (Figure 5f).

The spatial response in both PHYDA and LMR should therefore be interpreted with caution where the
number of proxy records is limited. In PHYDA, this is the case for tropical and West Africa, and eastern
South America. In contrast, the Arctic and Antarctica, the Northern Hemisphere in general, as well as the
tropical oceans have a fairly dense proxy representation in space and time, hence results tend to be more
robust and reliable over those regions. In LMR, results over the Southern Hemisphere should be interpret-
ed with caution until more proxies are included in future versions. Differences in the persistence and the
spatial cooling response between PHYDA and LMR may also arise from differences in the adopted model
prior (CESM LME and CCSM4).

5. Conclusions

By analyzing the temperature response to large tropical volcanic eruptions over the Last Millennium in two
state-of-the art data assimilation products, PHYDA and LMR, and simulations from the CESM-LME, we
have shown:

* There is a robust agreement in the magnitude of the cooling responses to TVE,, or TVEg,, between the
data assimilation products (PHYDA and LMR) and the CESM-LME

* The magnitude estimates of PHYDA and LMR are consistent with other proxy-informed responses, that
is, they capture the magnitude of the post-eruption cooling in the NH, even though they assimilate TRW
proxies

* The spatial response of the cooling seen in PHYDA and LMR should be treated with caution over certain
regions where proxy availability is reduced back in time. One place where there is disagreement is in the
Southern Hemisphere, where the LMR signal is very muted, suggesting the need to further isolate the
causes of the differences

» Data assimilation products, such as PHYDA and LMR, effectively reduce the TRW cooling persistence by
4 years (Figure 3b), although there seems to remain a small extended persistence that may be associated
with the potential memory effect from TRW

* The agreement in the persistence and magnitude of the cooling seen in both the PHYDA and the NH-
MXD is particularly encouraging, given the fact that the PHYDA assimilates many TRW records

* Large tropical volcanic events induce an extended persistence of the temperature signal in reconstruc-
tions that include TRW measurements (Figure 3c) because of the so-called “double-event” effect. The
biological persistence inherent to the TRW and MXD data or the potential failure of CESM to capture the
full extent of ocean-atmosphere feedbacks might be potential causes of such model-proxy disagreements.
If the origins of these differences are associated with modeling choices, our findings would suggest that
adaptation measures to volcanic eruptions that are based solely on climate models may be subject to
biases. However, we stress that a more comprehensive analysis over an ensemble of models, particularly
with the CMIP6 generation of climate models, is required before larger conclusions can be drawn

* Finally, the estimated response of the AMO to volcanic eruptions is consistent in PHYDA and CESM,
and suggests a shift toward the negative phase of the AMO for at least five years after an eruption. The
estimates with respect to the Nifio 3.4 index agree in the sign of the response (inducing negative anom-
alies), although the magnitude and the persistence vary across products

Collectively, the above conclusions demonstrate that paleoclimate data assimilation products are an emerg-
ing and important tool for assessing the impacts of volcanism. We nevertheless have also shown that large
spatial inconsistencies exist in the estimated temperature response to volcanism in the PHYDA and LMR.
Multiple differences exist in the methods and input data used to construct the two data assimilation prod-
ucts, indicating that a larger and more controlled assessment of the differences and their causes is necessary
in future work. Further refining the estimates from the paleo data assimilation products, in addition to
fully characterizing the uncertainties associated with the model estimates, is ultimately critical for accu-
rately characterizing the risks associated with future volcanic eruptions. If historical evidence is indeed a
guide to the future, large tropical eruptions are very likely to occur this century. Accurately constraining the
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likely impacts of such eruptions, particularly in terms of how they will combine with those of persistent
greenhouse gas forcing in the future, is thus a fundamental step toward preparing for the agricultural and
socioeconomic impacts of these unavoidable events.
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