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Abstract.

Explosive volcanic sulfur emissions into the stratosphere form sulfate aerosol particles which are an important driver of climate
variability. Volcanic sulfur emissions are required both by climate models using interactive stratospheric aerosol schemes, as
well as simpler volcanic aerosol models typically used to provide stratospheric aerosol optical properties for climate models
which cannot simulate stratospheric aerosols interactively from precursor emissions. Here we present an upper-tropospheric
and stratospheric volcanic sulfur emission inventory covering the period 1750 to 2023, made for phase 7 of the Coupled Model
Intercomparison Project (CMIP7). CMIP7 stratospheric aerosol optical properties, presented in a companion paper, are directly
derived from this emission inventory for the 1750-1978 pre-satellite period. For the satellite era, the emission inventory is
primarily derived from satellite observations. For the pre-satellite period, the inventory is derived from a bipolar ice-core
dataset, which captures well eruptions injecting on the order of 10 Tg SO, or more, complemented by a high-resolution
Greenland ice-core and the geological record, which support the inclusion of eruptions injecting on the order of 0.1-1 Tg SO,.
We use satellite-era eruptions and older eruptions confidently matched to sulfate deposition records in ice-cores to derive
empirical relationships to attribute injection height from SO, mass and injection latitude from polar deposition asymmetry
when these parameters are missing. The final CMIP7 emission inventory includes 463 eruptive eruptions injecting a total of
428.2 Tg SO, into the upper troposphere-stratosphere over 1750-2023, corresponding to a mean flux of 1.56 Tg SO, yr!. For
the pre-satellite era, around 25% of CMIP7 volcanic sulfur emissions originate from small-to-moderate magnitude eruptions,
defined here as injecting < 3 Tg SO», which not captured in many available ice core arrays. Comparing the CMIP7 inventory
with other inventories available for specific time periods, we highlight the large uncertainties characterizing volcanic emissions

over the historical period. However, we show that CMIP7 is less biased in terms of the frequency-magnitude distribution of

1



40

45

50

55

60

65

https://doi.org/10.5194/egusphere-2026-546
Preprint. Discussion started: 11 February 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

small-to-moderate magnitude eruptions which are largely underestimated in other pre-satellite era inventories. Although the
long-term mean emissions associated with these eruptions is consistent with the satellite era in CMIP7, we show that their
frequency-magnitude distribution likely remains biased with a lack of small-magnitude eruptions injecting on the order of 0.1
Tg SO,, and potentially too many moderate-magnitude eruptions injecting on the order of 1 Tg SO,. We discuss other key
sources of uncertainties and directions for improvements for the dataset, including the addition of non-sulfur and non-volcanic
stratospheric aerosol precursors, as well as needs for operationalizing the dataset production. To support consistent
implementation of the dataset in stratospheric aerosol models, we also provide recommendations for the temporal, horizontal,

and vertical distribution of emissions associated with each eruption.

I — Introduction

Stratospheric aerosols, which are mostly formed from explosive volcanic sulfur emissions into the upper atmosphere (Kremser
et al., 2016) are one of the most important natural drivers of climate variability (e.g. Sigl et al., 2015). Most climate models
require direct prescription of aerosol optical properties to represent stratospheric aerosol forcing. Consequently, for the
Assessment Fast Track (AFT) of Phase 7 of the Coupled Model Intercomparison Project (CMIP7), delivering benchmark
climate model simulations for the climate community, a stratospheric aerosol optical properties dataset was provided. This
dataset is documented in the companion paper Aubry et al. (2025) in the same special issue. However, in addition to this
dataset, we decided to provide an upper tropospheric-stratospheric volcanic sulfur emission dataset for two primary reasons:
1. We have very limited direct constraints on stratospheric aerosol optical properties before the satellite era. In contrast,
ice-cores provide us with relatively direct constraints on the amount of stratospheric volcanic sulfur emitted by past
eruptions. Consequently, the aerosol optical property dataset provided in the companion paper is emission-derived
before the satellite era. Figure 1 gives an overview of both our emission and aerosol optical property datasets
produced, and their interdependence.

il. An increasing number of models interactively simulate stratospheric aerosol from precursor emissions (e.g. Clyne et
al., 2021; Quaglia et al., 2023). These models integrate our understanding of aerosol and atmospheric processes
allowing us to explore key controls on volcanic radiative forcing (e.g. Marshall et al., 2022), assess potential solar
radiation modification through stratospheric aerosol injection (e.g. Visioni et al., 2021), and predict the impacts of
increasingly intense wildfire and associated pyrocumulonimbus on stratospheric composition and Earth’s radiative

balance (e.g. Yu et al., 2023).

Since 1979, volcanic sulfur emissions into the stratosphere have been quantified by satellites using various ultraviolet (UV)
and infrared (IR) sensors (e.g. Carn et al., 2016). Before 1979, i.e. pre-satellite era, volcanic stratospheric sulfur emissions are
most commonly estimated using ice cores from the polar icesheets in both hemispheres (e.g. Gao et al., 2008; Crowley et al.,

2013; Toohey and Sigl, 2017). IVI2 (Gao et al., 2008) and Sigl et al. (2014; 2015), used in eVolv2k (Toohey and Sigl, 2017),
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use stacked ice-core records of sulfate from Greenland and Antarctica to constrain volcanic sulfur emissions. While detection,
quantification and calibration methods broadly agree between these different datasets (see Gao et al., 2007 and Sigl et al., 2014
for details), IVI2 is based on more ice cores in Greenland whereas Sigl et al. (2015) is based on a more comprehensive well
synchronized array from Antarctica, including many new ice cores analyzed in high time resolution using state-of-the art
analytical methods (Sigl et al., 2013; Fang et al., 2023). Note that Crowley and Unterman (2013) also provided a reconstruction
of volcanic forcing largely sharing ice-core records with IVI2, which generally are in good agreement with IVI2 and evolv2k
(Sigl et al., 2014; Toohey and Sigl, 2017). Unlike these ice-core inventories which stop in the 20" century, the VolcanEESM
inventory (Neely and Schmidt, 2016) combines information from ice-core, satellite and geological records and covers the 850-
2016 period. VolcanEESM was applied to run CMIP6-era historical simulations in climate models with an interactive
stratospheric aerosol component (Danabasoglu et al., 2020; Davis et al., 2023). However, no detailed documentation of the

dataset exists, and it has not been extended to 2021.

The CMIP7 emssion dataset builds on the latest products and scientific advances from the ice core, remote sensing and
volcanology communities to deliver a consistent emission inventory covering 1750-2023, including the CMIP7 historical
period (1850-2021, Dunne et al., 2025). One of our priorities in building this dataset is to minimize biases in the representation
of small-to-moderate magnitude eruptions (defined here as injecting < 3 Tg SO,), whose forcing was likely strongly
underestimated before the satellite era in CMIP6 (Chim et al., 2023; Aubry et al., 2025). Such bias in turn affects pre-industrial
and scenario simulations (Chim et al., 2023; 2025) because for both CMIP6 and CMIP7, the stratospheric aerosol forcing in
these simulations is a climatology derived from the average over the historical period. In CMIP6 (Luo et al., 2018), the
underrepresentation of these eruptions was likely caused by the challenge of detecting them in sparse and highly uncertain
pyrheliometer records of the optical thickness of the atmosphere (Aubry et al., 2025). However, the emissions of small-to-
moderate magnitude eruptions are also largely undetected in ice-core datasets (e.g. Aubry et al., 2016; Chim et al., 2023). To
produce the CMIP7 emission inventory for the pre-satellite era, we thus complemented existing ice-core datasets (Sigl et al.,
2015; Toohey and Sigl, 2017) with a new high-resolution ice-core dataset (Fang et al., 2023) and added information from the
geological record (GVP, 2025). Section II introduces the key source datasets used to produce the CMIP7 emission dataset.
Section III explains how these datasets were merged, and section IV describes how missing parameters, e.g. unknown SO,
injection heights, were determined. Section V presents the full dataset and makes recommendations for implementation in
aerosol forcing and climate models. Dataset uncertainties, opportunities for improvement, and production operationalization

are discussed in section VI.
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CMIP7 UTS VOLCANIC SO, EMISSIONS v2.2.1 (this paper)

Bipolar ice-core arrays (eVolvZk & Sigl et al., 2015) + high-resolution Greenland ice-core (D41) + VEI 4-5 eruptions not in ice-cores (GVP).
Above key datasets complemented by IVESPA and literature search for eruption source parameters.

Satellite (MSVOLS02L4)

calibration

Satellite (GloSSAC)

CMIP7 STRATOSPHERIC AEROSOL OPTICAL PROPERTIES v2.2.1 (companion part 1 paper)

Figure 1 (modified from Aubry et al., 2025): Graphical depiction of the CMIP7 stratospheric aerosol forcing datasets, i.e. the upper
tropospheric-stratospheric (UTS) volcanic SOz emission dataset (documented in this paper) and the stratospheric aerosol optical
property dataset (documented in Aubry et al., 2025). Key source datasets for pre-satellite (1750-1978) and satellite (1979-2023) era
emissions as well as satellite-era aerosol optical properties are indicated. Version 2 of the EVA_H volcanic aerosol model used to
derive pre-satellite era aerosol optical properties is calibrated against satellite-era emission and optical property datasets.

II — Source datasets

Eruption Volcanic
Period Period | SO: Volcano Eruption Injection
Dataset month or Explosivity
covered | used mass | location year height
specific date Index (VEI)
msvoLsoats | T [P 1
es es es es mostly yes es
2025 2023 Y Y Y Y Y Y
Sigl et al. -500 - 1901- SH/TR/NH | yes
yes - no no no
(2015) 1991 1978 * (deposition)
-500 - 1750- SH/TR/NH | yes
eVolv2k yes i no no no
1900 1900 * (deposition)
1730- 1750- yes yes
D4i no No** no no
1900 1900 (deposition) | (deposition)
1750- ) )
GVP 1978 no yes yes sometimes sometimes | yes

Table 1: Overview of the parameters provided by each of our source datasets, the period they cover, and the period for which they
were used. For each column associated with a parameter, we either enter yes if the parameter is systematically provided, no if it is
not provided, and commented in any other case. *Deposition asymmetry between Greenland and Antarctica provides constraint on
whether the volcano was likely located in the extratropical Northern hemisphere (NH), tropics (TR) or extratropical Southern
hemisphere (SH). **This dataset is purely based on a Greenland ice core, making it unplausible to detect extratropical Southern
hemisphere eruptions.

1.1 - MSVOLSO2L4 (satellite)

CMIP7 uses the Multi-Satellite Volcanic Sulfur Dioxide L4 Long-Term Global Database (MSVOLSO2L4; Carn, 2021), which

is a comprehensive inventory of SO, emissions by volcanic eruptions in the satellite era. In this context, the satellite era began
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at the onset of NASA’s Nimbus-7 Total Ozone Mapping Spectrometer (TOMS) mission in October 1978, when daily UV
satellite measurements of volcanic SO, emissions first became available. Other satellite-based inventories exist (e.g. Carboni
et al., 2016; Neely and Schmidt, 2016; Bingen et al., 2017; Schallock et al., 2023), but they do not cover the full satellite era
(1978-present), and most of them are not extended as recent measurements become available. UV satellite observations are
the primary source of SO, data for MSVOLSOLA4, beginning with the TOMS missions (1978 —2005; e.g. Fisher et al., 2019)
and followed by the Ozone Monitoring Instrument (OMI; 2004 — present; e.g. Li et al., 2017), the Ozone Mapping and Profiler
Suite (OMPS; 2011 — present; e.g. Li et al., 2024), and the Tropospheric Monitoring Instrument (TROPOMI; 2017 — present;
e.g. Theys et al., 2021). IR satellite measurements of SO, are also used for high-latitude volcanic eruptions during the winter
months, when UV data are not available (e.g. Clarisse et al., 2012; Taylor et al., 2018). MSVOLSO2L4 provides an estimate
of the SO, mass loading and injection altitude for all eruptions that emit SO, detectable by UV or IR satellites. Each entry
includes the source volcano and location (latitude and longitude), the eruption date, and the Volcanic Explosivity Index (VEI;
Newhall and Self, 1982). Eruptions are categorized as either ‘effusive’ (where lava flow effusion is the dominant eruption
style) or ‘explosive’ (where injection of volcanic gas and ash clouds dominates). For each eruption, a single SO> injection
altitude is provided and labeled as either ‘observed’ or ‘estimated’. Observed injection altitudes are derived from a variety of
sources including direct UV or IR satellite retrievals of SO, altitude, IR satellite measurements of cloud-top temperatures,
volcanic ash advisories (VAAS), or aircraft pilot reports. In the absence of altitude observations (which is mainly an issue for
older eruptions in the database) an estimated injection altitude is given, which by default is 5 km above the volcanic vent for
effusive eruptions, and 10 km above the vent for explosive eruptions. Although SO, emissions are distributed over a range of
altitudes in most volcanic eruptions, the single injection altitude in MSVOLSOL4 attempts to capture the dominant level of
SO; injection (e.g., the umbrella cloud altitude for an explosive eruption).

Before implementation in CMIP7, the following pre-processing steps were applied:

e  We excluded effusive eruptions and explosive eruptions with a VEI strictly smaller than 3, as these eruptions were
deemed to be unlikely to have resulted in upper-tropospheric or stratospheric injections.

e  We excluded any eruption for which the observed height above sea level (a.s.l.) is smaller than 5 + 5 exp(-(A/35)®)
(where A is the eruption latitude), which ensures that we retain any eruptive plume that reached the mid-troposphere
or above. We retain these eruptions because: i) error on plume height measurement means that plumes with estimated
mid-upper tropospheric heights could have injected sulfur directly into the stratosphere; and ii) stratosphere-
troposphere exchange, e.g. driven by Monsoon systems (e.g. Bourassa et al., 2012), or self-lofting of volcanic clouds,
e.g. driven by absorption of infrared radiation (e.g. Muser et al., 2020), could result in significant stratospheric
injections even in cases where the initial sulfur is injected into the upper troposphere.

e  We considered any height labelled “estimated”, i.e. with a default value of 10 km above vent level (a.v.l.) for explosive
eruptions, as missing. Section IV details how we attributed them in such cases.

Although the latest version of MSVOLSO2L4 documents eruptions up to 2025, we used eruptions up to 2023 in version 2.2.1

of the CMIP7 emission inventory. We acknowledge that by considering upper tropospheric volcanic injections, some of the
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aerosol-chemistry-climate models might double-count some of the tropospheric volcanic sulfur emissions if tropospheric
volcanic emissions are specified separately in climate models. However, the tropospheric injections associated with our dataset
are in the order of 0.1 Tg SO»/year, two orders of magnitude smaller than total tropospheric volcanic sulfur emissions (order
20 Tg SOy/year, e.g. Carn et al., 2017) which are dominated by passive volcanic degassing. This double-counting is thus
negligible.

I1.2 — Sigl et al. (2015) (ice-core, bipolar)

Since the pioneering work introduced in the 1980s which used the content of sulfate in polar ice cores to reconstruct past
volcanic activity and related changes of stratospheric aerosol burden (Hammer et al., 1980), several datasets have been
compiled to quantify volcanic sulfate depositions across the polar ice sheets of Greenland and Antarctica (Crowley and
Unterman, 2013; Gao et al.,, 2007; Robock and Free, 1995; Sigl et al., 2014). These ice-core arrays form the basis for
reconstructions of stratospheric sulfur injections from volcanic eruptions back in time (Gao et al., 2008; Sigl et al., 2022;
Toohey and Sigl, 2017). They include ice cores from sites of varying elevation and snow-accumulation rates, including
different species (sulfate, sulfur), analyzed with different analytical instrumentation of varying precision. Site selection further
dictates the susceptibility of the ice-core records towards postdepositional effects such as wind-drift, melting or diffusion and
the relative importance of dry versus wet deposition of aerosols, all of which contribute to the overall uncertainty of the
reconstruction (Gautier et al., 2016; Sigl et al., 2014) next to methodological choices regarding detection, quantification and
calibration (Fuglestvedst et al., 2024; Gao et al., 2007; Toohey and Sigl, 2017).

Sigl et al. (2015) provided a chronological framework for ice-cores from Greenland and Antarctica based on annual-layer
counting of multi-parameter high-resolution aerosol records from both polar ice sheets over the past 2,500 years. Within the
lattice of synchronized ice cores, a total of 283 volcanic eruption signals has been detected, 81 of which were detected
simultaneously in both polar ice sheets, which has traditionally been interpreted as an indication of tropical volcanic eruptions.
Between 1750 and 2010 CE, 38 volcanic eruptions have been detected in the ice-core records from NGRIP (Plummer et al.,
2012), NEEM (Sigl et al., 2013) and within a multi-ice-core composite record across Antarctica (AVS-2k; Sigl et al., 2014)
(Figure 2). Pinatubo 1991 is the youngest detected eruption in the AVS-2k stack. With SO, emissions from industrial emissions
strongly increasing over the 20th century (Hoesly et al., 2018), estimates of volcanic sulfate depositions are highly uncertain
for Greenland ice cores from 1920 onwards, including volcanic eruptions such as Agung (1963) and Pinatubo (1991) which
coincide with the peak of anthropogenic sulfate pollution over Greenland (Sigl et al., 2018; Sigl et al., 2013) (Figure 2). In
CMIP7, we used the lower bound (estimated at -50%) for volcanic sulfate deposition over Greenland for all eruptions (N=9)
in the 20th century of the Sigl et al. (2015) dataset. This choice ensured more consistency between CMIP6 and CMIP7 aerosol

optical properties for periods where pyrheliometer measurements are used in CMIP6.
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180 Figure 2: Equivalent sulfur concentrations from ice cores in Greenland and Antarctica between 1750 and 2010 used for
reconstructions of volcanic activity and stratospheric sulfur injection. Triangles mark eruptions reconstructed by Sigl et al. (2015)
(S15); Toohey and Sigl (2017) (T17, eVolv2k) and Fang et al., (2023) (F23, D4i). Source volcano and eruptions years are provided
for major eruptions. Ice cores have been analysed for sulfur using inductively coupled plasma mass spectrometry or for sulfate using
ion-chromatography (using the molar mass ratio of sulfate to sulfur of three for conversion). Annual mean concentrations are shown

185 for all ice cores except for GISP2 analysed at bi-annual resolution (Zielinski, 1995). Details on ice-core sites and analytical setup can
be found elsewhere (Plummer et al., 2012; Sigl et al., 2013; Sigl et al., 2014).
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I1.3 — eVolv2k (ice-core, bipolar)

The eVolv2k data product (Toohey and Sigl, 2017) includes estimates of the magnitudes and approximate source latitudes of
major volcanic stratospheric sulfur injection from 500 BCE to 1900 CE. The products are based on ice cores from three sites
in Greenland (NEEM, NGRIP and GISP2) and between 8 and 17 individual ice cores from Antarctica included in the AVS-2k
composite over the Common Era (Sigl et al., 2014) (Figure 2). Except for the addition of the GISP2 ice-core record (Zielinski,
1995) the underlying ice-core records are identical to those from Sigl et al. (2015).

For selected eruptions (14 between 1750-1900), emission locations and dates in eVolv2k were based on matching ice-core
volcanic sulfate signals with historic eruptions included in the GVP database. Eruption dates for unidentified eruptions are
based on ice-core chronologies for Greenland and Antarctica (Sigl et al., 2015) and represent the first year in which a sulfate
anomaly was detected in the glacio-chemical records. Absolute age uncertainties in the ice-core records used in eVolv2k are
believed to be on average better than +2 years during the past 1,500 years. Broad injection regions are estimated from the ice
cores; signals occurring synchronously (given small possible dating uncertainties) in both Greenland and Antarctic composites
are attributed to tropical (25°S - 25°N) eruptions, while those with signals in only one hemisphere are assumed to be
extratropical (90°S - 25°S and 25°N - 90°N) in origin. Stratospheric sulfate injections are estimated by linearly scaling the
Greenland and Antarctic ice-sheet sulfate mass deposition (often referred to as “flux”) derived from the polar composites to
hemispheric sulfur loadings, based on a technique pioneered by Gao et al. (2007). Uncertainties in VSSI are provided, based
on both spread in the ice-core flux values and model-based estimates of the imperfect correlation between ice-sheet deposition
and hemispheric loading (Toohey et al., 2013, see also Marshall et al., 2021; Fuglestvedt et al., 2024). For CMIP7, matches
between ice-core sulfate deposition events and historical eruptions were all re-assessed (see section III). When specific
eruptions date and latitude are provided in eVolv2k, we thus instead use the ice-core based year and latitudinal band obtained

by Toohey and Sigl (2017) before attribution to a historical eruption.

I1.4 — D4i (ice-core, Greenland)

With a snow accumulation rate of > 40 ¢cm year! the D4 ice core from central Greenland provides high time-resolution
information on past accumulation rates and atmospheric composition, including volcanic emissions and anthropogenic
pollution between 1733 and 2002 CE (Banta and McConnell, 2007; McConnell and Edwards, 2008; McConnell et al., 2007).
The ice core has been dated using multi-parameter annual-layer counting including hydrogen peroxide (H,0») with minimum
concentrations consistently occurring during midwinter with maximum dating uncertainties of £1 year. A core segment of the
core (D4i) was reanalyzed in 2014 at the Desert Research Institute to derive a timeseries of sulfur (and other impurity)
concentrations with a nominal (i.e. assuming constant snow accumulation between the winter markers) monthly resolution

between 1733-1906 CE (Fang et al., 2023; Rhodes et al., 2016). After subtracting a mean annual cycle (representative of
8
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marine and volcanic background sulfur emissions), Fang et al. (2023) compared excess sulfur concentrations against the timing
of major volcanic eruptions (VEI>3) from the GVP database, revealing a close temporal correspondence of excess sulfur
following several known explosive eruptions (VEI=4), suggesting a volcanic source for the excess sulfur. Fang et al. (2023)
have therefore adapted the detection thresholds and reconstructed a total of 35 additional volcanic eruptions between 1733 and
1895 CE using the D4i dataset (Figure 2). These volcanic eruptions resulted in ice-core sulfate depositions in the range of 5 to
10 kg km™ which for attributed eruptions (e.g. Awu 1812, Suwanosejima 1813, Fuego 1857) equate to stratospheric sulfur
injections between 0.5 and 1.5 Tg SO,. These estimated values are in close agreement with typical sulfur injections obtained
by satellites (Carn et al., 2016) for eruptions of comparable magnitudes (VEI=4) such as Kasatochi 2008, Sarychev 2009 or
Nabro 2011 (Fang et al., 2023). As with eVolv2k, multiple deposition events in D4i were matched to specific historical
eruptions. However, as with eVolv2k, we re-assessed all matches between ice core sulfate deposition events and historical
eruptions (section III). We thus use as source data the ice-core-based eruption date and latitudinal band (one band
encompassing the tropics and northern hemisphere for D4i) when Fang et al. (2023) provide latitudes and dates associated

with a historical eruption match.

I1.5 — Global Volcanism Program Volcanoes of the World database (geological)

The Volcanoes of the World (VOTW) database of the Smithsonian Global Volcanism Program (GVP, 2025) is the reference
volcanological database for the Holocene and is well-maintained by the Smithsonian Institution. We only use confirmed
eruptions in this database with a VEI greater than 3 as smaller VEI values do not correspond to eruptions explosive enough to
result in stratospheric injections. In addition to the confirmed nature of the eruption and the VEI, the eruption start date, end
date and latitude from VOTW are used to inform the matching procedure to ice-core sulfate deposition peaks. We also used
the volcano longitude and, when eruption-specific vent altitude could not be found in the literature, the reported vent altitude.

Note that the VOTW database does not provide emitted SO, mass.

One of the most important limitations of VOTW, and indeed all geological and ice-core volcanic records, is eruption under-
recording, with under-recording rates increasing back in time as well as for smaller VEIs (Fig. 3). Numerous eruptions are
simply not known, and many eruptions have not been characterized sufficiently to attribute an accurate VEI (most often
underestimated) (e.g. Brown et al. 2014; Rougier et al., 2016; Papale et al., 2022). These issues disproportionally affect regions
in which volcanic deposits have been less systematically documented, or where deposits erode faster (e.g. in a wet tropical
climate) (Rougier et al, 2016). Characterizing under-recording rates is important to assess the robustness of matches made in
the CMIP7 dataset. We assume that global eruption rates are constant and that in the absence of eruption under-recording, the
cumulative number of eruptions would thus follow a linear trend in time. For each VEI between 3 and 6, we perform a linear
fit of the cumulative eruption number since 10,000 BCE for a period for which we are very confident that the global record is
robust. Going forward in time from 10,000 BCE, we then find the first data point within the prediction interval of that fit (at

the 95% confidence level) and consider that there is significant under-recording before. For VEI 3 eruptions, we assume that
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the record is robust for the satellite era and thus use 1980-2022 for the linear fit. For other VEIs, we assume that there is no
under-recording for the period for which we determined no under-recording for the VEI value immediately below. For
example, for VEI 3, our procedure suggests no under-recording since 1951 (Fig 3.a), and we thus use 1951-2022 to constrain
the linear fit for VEI 4 eruptions (Fig 3.b). Following this procedure, we find that significant under-recording occurs before
1951, 1853, 1450 and 2040 BCE for eruptions of VEI 3, 4, 5 and 6, respectively. Using each fit period, we also find return
periods of 0.2, 1.7, 16 and 106 years for these respective VEIs. Both our suggested time threshold for significant under
recording and eruption return period are in good agreement with other studies (e.g. Papale, 2018; Papale et al., 2022).
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Figure 3: Cumulative number of eruptions since 10,000 BCE in the VOTW database, for VEI 3-6 eruptions. For each VEI, a linear
fit is performed for a period for which we are confident no under-recording occurs (see text for explanation). The year from which
significant under-recording occurs (vertical dashed line) is then the last point in time within the fit 95% prediction interval.

IIT — Merging source datasets and deposition-eruption matching

The satellite era dataset (MSVOLSO2L4) and pre-satellite era dataset (obtained from all other source datasets) are simply
concatenated to obtain the full historical emission dataset. For the pre-satellite era, the 1750-1900 portion of the eVolv2k and
the 1901-1978 portion of the Sigl et al. (2015) bipolar ice-core datasets are concatenated. As explained in section 1.2, we

assumed that all 20" century eruptions for the Sigl et al. (2015) dataset had Greenland deposition corresponding to the lower
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bound given in the dataset. For 1750-1900, we also add all events from the D4i dataset that have not been identified already
in the eVolv2k dataset in Fang et al. (2023). This results in a total of 67 eruptions over 1750-1978. The last step is to add GVP
eruptions for 1750-1978, without adding eruptions detected in ice-core datasets. To do so, we have to match sulfur deposition
events recorded in ice-core datasets to historical eruptions recorded in GVP. This matching procedure is subject to
uncertainties, with matches considered high confidence only when tephra shards found in the core could be geochemically
fingerprinted to the tephra deposit from the proposed matched eruption or volcano (Plunkett et al., 2023). However, attributing
sulfate deposition to a specific eruption can further be complicated by the presence of co-deposited fallout from other eruptions.
High-resolution tephra and sulfur (*3S and 3*S) isotope analyses are emerging as a powerful technique for distinguishing the
contributions of several contemporary eruptions in ice stratigraphy (Lee et al., 2024; Hutchison et al., 2024) though applications
in the period 1750-2021 remain sparse (Burke et al., 2019; Hutchison et al., 2025). In the absence of geochemical
fingerprinting, the confidence in a given match depends on:

e  The historical eruption VEI, location and date which altogether are key controls on the under-recording of eruptions.

e The consistency between the timing of deposition and the proposed eruption date. with the deposition expected to
primarily occur during the year of eruption or the following year.

e The consistency between the location of the proposed matched eruption and the location of sulfur deposition. Tropical
eruptions are expected to lead to bipolar deposition, whereas extratropical eruptions are generally expected to result
in polar deposition only in the hemisphere where the eruption occurred.

e The existence of multiple plausible eruption matches for a given deposition event.

Even though the above considerations can make the attribution of a match very uncertain, we strived to attribute a match to as
many sulfate deposition events as possible in CMIP7. This approach enables us to minimize the risk of double-counting an
eruption in the dataset, i.e. to have distinct GVP and ice-core derived eruptions that are the same eruption. To inform dataset
users on the confidence of proposed matches, we systematically attribute a match confidence flag taking the following values:

e Flag 4 (very high confidence match): geochemical fingerprinting links the proposed eruption match to tephra found
within the deposited sulfur layer. The Zavaritskii 1831 eruption (Hutchison et al., 2025) is an example of match
confidence flag 4 (Table 2).

e Flag 3 (high confidence match): the proposed eruption match has a VEI > 5, no other VEI > 5 eruption is a low
confidence match, the eruption year is the same year the deposition year or on the year before, and the eruption
latitude band is consistent with the presence/absence of sulfur deposition at both poles. Flag 3 was never attributed to
proposed eruption matches for D41 deposition events because of the absence of information on Southern Hemisphere
polar deposition. We chose VEI 5 as a threshold because at global scale, such eruptions are seemingly well recorded
throughout the full period considered (from 1450 for VEI 5 and -2040 for VEI 6, see Figure 3). They are also
sufficiently rare (return period of 15.9 years for VEI 5) to be confident that other potential eruption matches with
smaller VEI recorded in close time proximity were unlikely of the same VEI as the selected match, despite large
uncertainty in VEI attribution. The Ksudach 1907 eruption is an example of match confidence flag 3 (Table 2).
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e Flag 2 (medium confidence match): Flag 2 criteria are similar to flag 3, but with two exceptions: i) we allow the VEI
to be 4 for eruptions after 1850, from when VEI 4 eruptions are relatively well recorded (Figure 3); ii) we allow flag
2 for D4i events if the eruption is tropical or extratropical northern hemisphere. The Katla 1918 eruption is an example
of match confidence flag 2 (Table 2).

o Flag 1 (low confidence match): For any other case, we attribute a match flag value of 1. We did not propose a match
if no historical eruption was occurring within -2 years to +1 year relative to the deposition year, nor for extratropical
eruptions for which deposition was recorded only in the pole of the other hemisphere. We only considered eruptions
of VEI 3 or more as match candidates. The Tungurahua 1886 eruption is an example of match confidence flag 1
(Table 2)

Following the matching procedure, we added to the CMIP7 dataset any GVP eruption not suggested as match to an ice-core
sulfate deposition event, with an estimated eruption year between 1750 and 1978, and with a VEI >4. This results in the
addition of 4 eruptions with a VEI of 5 and 64 eruptions with a VEI of 4. We did not add VEI 3 eruptions from the GVP

database unmatched to ice-core events.

Following the process described above, we obtain 146 pre-satellite eruptions in the CMIP7 dataset over 1750-1978, with 77
eruptions originating from an ice-core source dataset (eVolv2k, Sigl et al. 2015 or D41i), out of which we proposed a specific
historical eruption match for 67 events. Among these eruption matches, 34, 9, 13 and 11 have match confidence flag values of
1 (low confidence), 2, 3 and 4 (very high confidence), respectively. The 11 eruptions with flag 4 value (geochemical
fingerprinting) correspond to two actual eruptions only, as Laki 1783-1784 was split in 10 phases (section IV.6). Table 2 shows
select eruption matches, including any eruption for which match attribution differs from the source ice-core dataset. For
example, a D4i-based eruption injecting 0.8 Tg SO, mid-1825 was attributed to an 1825, VEI 2 eruption of Shishaldin by Fang
et al. (2023). Although a VEI 2 eruption would not have potential to inject sulfur into the stratosphere, the VEI could have
been misattributed in the GVP database. However, three VEI 3 eruptions are recorded in 1824 (Shishaldin and Vesuvius) and
1825 (Fernandina) in the GVP, and we deem these eruptions to be better candidates. The Fernandina eruption occurred
relatively late in 1825, making it implausible for a mid-2025 deposition in Greenland. Historical accounts suggest that the
1824 Vesuvius eruption was relatively moderate in magnitude, making it unlikely that it was the primary contributor to a 0.8
Tg SO, injection. Consequently, we retained the 1824, VEI 4 eruption of Shishaldin as a match. We could find no specific
timing constraint for this eruption, and given the high latitude, we acknowledge that it would be a poor match should it have
occurred in early 1824. We attribute a confidence match flag of 1 to this eruption. Although the date and latitude are consistent
with deposition parameters, low confidence matches with the same VEI exist, meaning we can only give a match flag of 1 as
per our criteria above. Furthermore, the VEI 3 (high frequency eruption with significant under-recording) also means we can
only give a match flag of 1 as per the same criteria. As a second example, in eVolv2k, following prior reconstructions (e.g.,
Zielinksi et al., 1995, Sigl et al., 2013) an eruption of 25.9 Tg SO, in 1831, with 6 times more sulfate deposited in Greenland

than Antarctica, was attributed to the Babuyan Claro tropical eruption in 1831. However, Garrison et al. (2018) provide
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evidence that there was no eruption of Babuyan Claro in 1831, and Hutchinson et al. (2025) geochemically matched tephra
found in several ice cores to the VEI 6 Zavaritskii 1831 eruption in the Kurile islands. We thus use this eruption as a match
with a match confidence flag of 4.

Previous CMIP7 CMIP7

SO: mass match match match CMIP7
Ice core
Source (deposition volcano volcano GVP match
deposition Comment on match

dataset asymmetry (latitude, (latitude, | eruption confidence
year

factor) eruption eruption number flag

year) year) (VED

D4i matched this event with
a VEI 2 eruption of
Shishaldin in 1825. VEI 3
eruptions in 1824
(Shishaldin and Vesuvius)

and 1825 (Fernandina)
Shishaldin Shishaldin

0.8 Tg SO, 20058 exist. Fernandina likely
D4i 1825.5 (55°N, (55°N, 1 )
(NA) (VEL3) occurred too late for mid-
1825) 1824) -
1825 deposition, and
description of the Vesuvius
eruption point to a
relatively minor event for a
SO, mass on the order of

1Tg.

Attributed to Babuyan-
Claro in eVolv2k.

Geochemical fingerprint
Babuyan

259 Tg Claro
eVolv2k 1831 (47°N, NA 4 (2024) points to Zavaritzki

SO, (0.78) (19.5°N,
1831) 1831 as source. We
1831)

Zavaritzki from Hutchison et al.

attribute a match confidence
flag of 4 owing to matching

method.
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EGUsphere\

Hekla
3.2 Tg SO,
D4i 1845.5 (64°N,

(NA) 1845)

Recorded as Hekla VEI 4
eruption in D41, but the
eruption seems to happen
after the recorded
deposition. Several VEI 3
recorded in 1845, but with
low plume heights. We do

not suggest a match.

3.0 Tg SO,
(NA)

D4i 1886.5

Tungurahua

(1°S, 1886)

11638
(VEI 4)

Two VEI 4 tropical
eruptions in 1886, but
Niuafo’ou is late 1886. We
suggest Tungurahua as

match.

Bardabunga
(64.6°N,
1862-)

1.7 Tg SO,
(NA)

D4i 1868.4

Recorded as Trollahraun
fires in D41, but this
eruption stopped in 1864.
Other potential matches are
VEI 3 with low explosive
activity. We do not suggest

a match.

Sigl et
al. 1908
(2015)

1.1 Tg SO,
(1)

Ksudach
(52°N,
1807)

18941
(VEI 5)

The suggested match is
consistent with deposition
in terms of timing and
latitude, and there is no
other candidate eruption
with such consistency.
Given the VEI 5, we assign

a match confidence flag 3.
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The suggested match is
consistent with deposition

in terms of timing and

Sigl et Katla latitude, and there is no
1.5 Tg SO; 12677
al. 1919 (55°N, 2 other candidate eruption
@) (VEI 4)
(2015) 1918) with such consistency.
Given the VEI 4 and the

year, we assign a match

confidence flag 2.

Table 2: Select examples of ice-core deposition - eruption matching in CMIP7. We show all cases for which the attribution
in the CMIP7 dataset is different from the source ice-core dataset, complemented by select examples to cover cases for each
value of our match confidence flag. Matches, including comments justifying our choices and match confidence flags, are
comprehensively informed in the CMIP7 dataset (see data availability section). The deposition asymmetry factor is defined
as (FNH-FSH)/(FNH+FSH) (equation 2) where FNH and FSH are the sulfur flux recorded in Greenland and Antarctica.

IV — Attribution of eruption source parameters
IV.1 — Parameter search for known and matched eruptions

For any pre-satellite eruption with a proposed historical eruption match, we conducted a literature review to constrain the
eruption year, month, day, vent altitude and altitude of SO, injection. For satellite-era eruptions for which a default SO,
injection altitude was used in MSVOLSO2L4, we also conducted a search for the altitude of SO injection (all other parameters
are systematically informed in MSVOLSO2L4). Firstly, for eruptions from 1900 onwards, we verified if the eruption was
informed in the Independent Volcanic Eruption Source Parameter Archive (IVESPA, Aubry et al., 2021). IVESPA is a
compilation of eruption source parameters conducted by a working group of the International Association of Volcanology and
Chemistry of the Earth Interior (IAVCEI) using information from published literature. We prioritized using information from
IVESPA because: i) all information provided in the database originates from a comprehensive literature search; ii) key source
parameter values, including heights, were vetted independently by two members of the IVESPA working group; iii) IVESPA
distinguishes three types of height: the top and spreading heights of the tephra cloud, and the SO, injection height. If the
eruption of interest is not informed in IVESPA, we started our parameter search from the GVP database (GVP, 2025). The
volcano and eruption pages might contain general information about the eruption, including the eruption year, month, day, and
vent altitude. Bulletin reports about the eruptive history of the volcano might refine this information and also provide data on
eruptive plume heights. After collecting parameter values from the GVP pages, we searched for parameters using source
references mentioned in the GVP database for each eruption, as well as references found through targeted Google Scholar

searches using the volcano name and eruption year. We sometimes refined these searches with key words such as “height” or
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“isopleth” for eruptions with a large number of associated papers. Whenever parameters values found both in the peer-review
literature and in the GVP database differed, we used information from the peer reviewed literature. Last, when finding eruptive
plume height in the literature, we did our best to interpret whether the height corresponded to the observed SO; height (Hsoz),
to the observed spreading height of the ash cloud (Hgp:), to the observed top height of the plume overshoot (Hop), or to the top
height reconstructed from isopleth (His), i.e. from the mapped distribution of clast size in the eruption deposit. Following

Engwell et al. (2023), we then applied the following correction to obtain an estimate of the SO injection height (Hso2):

1.28 Hgp,
Hgop = Heop (1)

0.67 Hi,,
with all heights expressed a.v.l., not a.s.l.. These corrections were derived from well observed eruptions in the IVESPA
database. Note that for most pre-satellite era eruptions, plume heights found in the literature are derived from isopleth maps.
In the absence of correction, the SO, injection height would likely be overestimated by 49% on average. The CMIP7 dataset
(see Data Availability section) provides all parameters found through our literature search, as well as comments containing

references used and explanations on the parameter values provided.

IV.2 — Attribution of missing eruption location parameters

Pre-satellite era volcanic sulfur injections with no eruption match have no exact information on the eruption location. The
dataset includes a flag indicating if a fill value was used for the longitude and latitude. For longitude, we assign a default value
of 0°E for unidentified eruptions, and note that injection longitude has little influence on the stratospheric aerosol forcing
generated by models (Toohey et al., 2011).

For eruptions with no match, the only information we can use to infer a latitude is the deposition asymmetry, which we here

define following Toohey et al. (2016) as

_ FNH-FSH
~ FNH+FSH’

2

where FNH and FSH are the sulfur flux recorded in Greenland and Antarctica, respectively. a has a value of 1 for pure
Greenland deposition, -1 for pure Antarctica deposition, and varies linearly with the difference in polar deposition. Figure 4
shows the relationship between a and the eruption latitude (A) for satellite-era eruptions, flag 3 and 4 eruptions from our
emission dataset, and eruptions before 1750 which were geochemically matched to an ice-core sulfate deposition event. This

relationship is well-captured (R? = 0.75) by the linear fit:

A1=72+48a. 3)
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We thus use Equation 3 to attribute a latitude to all eruptions for which it is unknown. The fit prediction uncertainty (at 95%
confidence level) is nearly constant with a value of 40°, which we use as an uncertainty on the value inferred from Equation
3. We excluded the tropical northern hemisphere eruptions of El Chichén (1982, three phases) and Santa Maria (1902) before
fitting. These eruptions are clear outliers with a=-1, but this is unsurprising as anthropogenic sulfate complicates the detection
of volcanic sulfate deposition peaks in Greenland in the 20% century. Low-medium confidence (match flag 1-2) matches are

all in good agreement with Equation 3, providing circumstantial evidence to support the proposed matches.

We acknowledge that numerous other parameters such as injection height, season and mass also govern the value of o (Marshall
etal., 2021). However, the influence of these other controls is reflected in the important prediction uncertainty of our proposed
relationship between a and A. Although Equation 3 is simplistic, using a non-linear relationship between a and X is not justified
by the available data nor its uncertainty. Interactive stratospheric aerosol model simulations from Marshall et al. (2021) are
also consistent with a linear relationship (Fig. 4) (A =-9.9 + 55.a, R?=0.79). Their use of polar eruption latitudes might explain
the larger slope, and the far south intercept could be caused by strong stratospheric transport towards the Northern Hemisphere
in the UM-UKCA model they use (e.g. Dhomse et al., 2020). Last, most ice-core datasets currently prescribe a tropical latitude
(e.g. 0°) for eruptions for which |a| < 1, and a mid-latitude (e.g. +/-45°) otherwise (Toohey and Sigl., 2017; Sigl et al., 2022)
based on seminal previous work (Lamb, 1970; Cole-Dai, 2010). Although such relationships are outside the prediction
uncertainty of our fit only for |a > ~0.7, they poorly capture the correlation between o and A seen in observational datasets and
simulations compared to Equation 3, and they also result in relatively low latitude attribution for eruptions with very high
deposition asymmetry. Following a similar rational, more recent studies have already reattributed approximated latitudes based

on the bipolar depositions (Toohey et al., 2016; Pearson et al., 2022; Abbott et al., 2021; Lin et al., 2022; Verkerk et al., 2025).
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Figure 4: Eruption latitude vs deposition asymmetry (Equation 2) for ice-core sulfate deposition events with a proposed match
(coloured symbols), and interactive stratospheric aerosol model simulations (black circles, Marshall et al., 2021). Symbol size is
proportional to the logarithm of the SOz mass for ice-core data. Dark blue lines show the best linear fit (Equation 3) and its prediction
uncertainty (95% confidence level) and the purple dotted line shows the relationship used in eVolv2k. In addition to 1750-1978
eruptions with a flag 3-4 from our dataset, “high confidence matches” include the El Chichon 1982 and Pinatubo 1991 eruptions («
from Sigl et al., 2015), as well as any pre-1750 eruption from Sigl et al. (2022) for which tephra found in ice cores enabled a
geochemical match between the sulfate peak and a known eruption.

IV.3 — Attribution of missing eruption dates

Pre-satellite era volcanic sulfur injections with no eruption match or with poorly documented eruption match might not have
exact information on the eruption date. If no eruption year is known, we assume that the eruption occurred in the year when
volcanic sulfate deposition started in the ice cores. We aimed to follow the convention adopted in Toohey and Sigl (2017) and
Sigl et al. (2022) and assume that default values of January when the eruption month is unknown, and first day of the month
when the eruption day is unknown. This was correctly done for three eruptions derived from the eVolv2k dataset (1795,
injecting 0.6 Tg SO, 1809, injecting 7.1 Tg SO, and 1821, injecting 0.6 Tg SO»). However, for the D4i dataset, an error
means that unknown eruption dates were set to December 1. This error, which was not corrected for CMIP7 Fast Track because

it was detected too late, affects 13 eruptions injecting 1.6-6.5 Tg SO, between 1750 and 1849, as well as eruptions in 1868
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(2.9 Tg SO», deposition starts in May 1868), 1885 (4.2 Tg SO,, deposition starts in July 1885) and 1894 (1.9 Tg SO», deposition
starts in April 1894). Overall, for the 1850-2021 period, default eruption dates do not affect generated aerosol optical
properties, except for three 1.9-4.2 Tg SO, D4i-derived eruptions in Dec 1868, Dec 1885 and Dec 1894 which are likely ~1
year too late. However, for the 1750-1849 period, the default eruption date affects 16 eruptions, with the December 1% date for
the 13 D4i-derived event occurring 11 months later than intended (December 1% instead of January 1%) and thus likely having
dates ~1 year too late compared to actual eruptions. Note that the ice-core age uncertainties since 1750 CE can be up to +1
year (see section II. 2.-4. for details). Our dataset includes a flag indicating if a fill value was used for the month and day. No

uncertainty is included on the eruption date as part of the dataset.

IV.4 — Attribution of missing SO: injection heights

The SO, injection height is unknown for numerous eruptions in our dataset including: i) ice-core sulfate peaks with no eruption
match; ii) ice-core sulfate peaks with an eruption match for which the plume height has not been characterized; iii) satellite-
era eruptions for which no height observations are available. For the latter, Carn (2021) uses 10 km and 5 km a.v.1. for explosive
and effusive eruptions in MSVOLSO2L4. Instead of using this convention, we treat in a consistent way all eruptions with
unknown heights. Figure 5 shows how the SO; injection height (Hso2, in km a.v.1.) relates to the mass of SO, (Msog, in Tg of
SO;) the only parameter reliably known for all eruptions in our dataset. The relationship between two parameters is reasonably

characterized (R?=0.43) by a power-law model:
Hgpp = 17.3 x M2 . “4)

A power-law relationship between SO, height and mass is expected. The mass of SO, is equal to the mass eruption rate of
tephra, multiplied by eruption duration and sulfur content (kg S/kg tephra). The mass eruption rate is in turn a power-law
function of plume height (e.g. Wilson et al., 1978; Mastin et al., 2009; Engwell, et al., 2023), with this relationship modulated
by e.g. atmospheric and vent conditions (e.g. Woodhouse et al., 2013). The large spread in Figure 5 is thus likely simply
explained by variability of eruption duration, sulfur content, syneruptive atmospheric conditions and other factors affecting
the height-mass eruption rate relationship. The fact that the exponent of 0.12 is much smaller than values expected for the
relationship between mass eruption rate and tephra height from buoyant plume theory (0.25-0.33, Morton et al., 1956; Hewett
etal., 1971) might be caused by interdependence between the SO, mass and the sulfur content, and/or eruption duration, and/or
the tephra to SO, height ratio. For well observed eruptions in the IVESPA database, Engwell et al. (2023) find that the SO»
height relates to the mass eruption rate of tephra raised by an exponent 0.169, a value already lower than the expected
theoretical range giving confidence in the empirical value used in Equation 4.

Given the above considerations, we use Equation 4 to attribute a SO» injection height in km a.v.l. when it is unknown. To
obtain a height in km a.s.l., the vent altitude is added when known. When unknown (i.e., pre-satellite era eruption with no
historical eruption match), we assume a vent altitude of 2.15 km, the mean across all the volcanoes in the CMIP7 dataset. The

prediction uncertainty associated with Equation 4 is asymmetric and a complex function of the SO, mass, but we find that a
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relative uncertainty of 66% on height captures 95% of the data for eruptions injecting more than 0.1 Tg SO,. We thus prescribe
a 66% uncertainty for all heights a.v.l. inferred from equation 4. If the vent altitude is known, we neglect the associated
uncertainty whereas if it is unknown, we assume a 100% uncertainty when the vent altitude is unknown and prescribed to 2.15
km. This uncertainty captures 95% of the known vent altitudes in our dataset. For known eruption heights (i.e. those not
inferred from Equation 4), we arbitrarily set relative uncertainties of 50% and 38% on the height a.v.l. of pre-satellite and
satellite-era eruptions, respectively. The latter two uncertainty levels represent our expert guess and require further
investigation. Last, for eruptions for which the source dataset is the GVP database, no SO, mass is constrained and Equation
4 can thus not be applied prior to assigning a SO, mass. Consequently, we arbitrarily assigned heights near the tropopause for
VEI 4 eruptions with no constrained SO, mass, namely 16 km a.s.l. for tropical eruptions and 11 km a.s.l. for extratropical

eruptions. We assigned a height of 18 km a.s.1. to VEI 5 eruptions with no constrained SO, mass.
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Figure 5: SOz injection height vs mass of SO: for satellite data (MSVOLSO2L4) and ice-core data (sulfate deposition peak matched
to eruptions with known height). Eruption matches are either from the CMIP7 dataset or pre-1750 matches identified through
geochemical fingerprinting of tephra found in ice. Marker size is proportional to the log of the SO: mass. The best power-law fit
(weighted by SO2 mass owing to the large number of small-magnitude eruptions) and the associated prediction interval are shown.

IV.5 — Attribution of missing eruption SO2 mass (GVP eruptions)

For the VEI 4-5 eruptions for which the source dataset is the GVP database, we need to attribute a SO, mass. For the four VEI
5 eruptions not matched to an ice-core signal, we assume an SO, mass of 2.78 Tg SO, which is equal to the mean mass of VEI
5 eruptions with a known mass in the dataset. For the 64 VEI 4 eruptions not matched to an ice-core signal, we considered
using the mean mass of VEI 4 eruptions for the satellite era (0.26 Tg SO,). However, the SO, mass of VEI 4 eruptions is
highly variable, between 0.003 and 2 Tg SO,. Furthermore, for such small eruptions, there is little confidence that SO, was
actually injected into the stratosphere, in particular if the VEI was overestimated. Consequently, we instead choose a SO, mass
enabling to match the time-averaged volcanic SAOD associated with small-to-moderate magnitude eruptions in the pre-
satellite era and satellite era. Over 1998-2023, only eruptions of VEI <5 occurred and with a SO, mass <2 Tg SO;. The 1998-
2023 mean global mean 525 nm SAOD anomaly, calculated as deviation from the minimum, is 0.003 (Figure 6.a) and is
assumed to be a good estimate of the long term time-averaged SAOD anomaly associated with small-to-moderate magnitude
eruptions injecting < 3 Tg SO,. To match this value over the historical pre-satellite era (1850-1978), we run the EVA_H v2
model (Aubry et al., 2025) used to produce the pre-satellite stratospheric aerosol optical properties using only small-magnitude
eruptions. We ran the model 10 times using default SO, masses for GVP-derived VEI 4 eruptions ranging from 0.02 to 0.5 Tg
SO, (Figure 6.b). We find that a mass of 0.08 Tg SO, enables to match the 0.003 1998-2023 global mean SAOD anomaly, and
thus choose this mass as the default SO, mass for GVP-derived VEI 4 eruptions. By equating the pre-satellite SAOD anomaly
from relatively small eruptions to the observed 1998-2023 anomaly characterized by the occurrence of small eruptions only,
we aim to minimize bias in mean forcing from small-to-moderate magnitude eruptions between the pre- and satellite era
datasets. We acknowledge this approach is subject to high uncertainties. For example, 1998-2023 might not be a sufficiently
long period to quantify the true value of small-to-moderate magnitude eruptions, and SAOD is also influenced by
pyrocumulonimbus events (e.g. Kloss et al., 2019; Peterson et al., 2025). We also expect the emissions and forcing associated

with GVP-derived VEI 4 and 5 eruptions to be highly variable.
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Figure 6: a) SAOD anomaly for the satellite (blue, 1979-2023) era, and for pre-satellite era for small-magnitude (< 3 Tg SO2)
eruptions only (black, 1750-1978), with the chosen mass of 0.08 Tg SO: for pre-satellite GVP VEI 4 eruptions with unconstrained
SO: mass. These eruptions are highlighted by vertical grey lines. The horizontal blue dashed line shows the GloSSAC anomaly of
global mean SAOD at 525nm for 1998-2023, a period characterized by the absence of large-magnitude eruptions (>3 Tg SO2). b)
1850-1978 mean anomaly of global mean SAOD at 525nm as a function of the assumed mass of SO: for pre-satellite GVP VEI 4
eruptions with unconstrained SO2 mass. The star highlights the value used in CMIP7 and panel a, obtained by interpolating to match
the GloSSAC 1998-2023 mean SAOD. The vertical line highlights the mean VEI 4 SO: mass for satellite-era eruptions from
MSVOLSO2LA4. For pre-satellite-era, SAOD anomalies are calculated by running EVA_H v2 with volcanic emissions only (no
background stratospheric aerosol). For the satellite era, we simply remove the minimum SAOD value from the GloSSAC dataset.

IV.6 — Distinction of specific eruption phases: Laki (1783-1784) and Agung (1963)

Laki 1783-1784:

Consistent with the timeline of explosive phases of the Laki 1783-1784 eruption, we split injections into ten phases (Thordarson
and Self, 2003). The SO, mass partitioning among phases is assumed to follow the explosive SO, mass distribution from
Thordarson and Self (2003), with the total mass equal to that recorded in ice cores (i.e. 41.6 Tg SO,, Toohey and Sigl, 2017)
for consistency with the rest of the dataset. For the SO, mass uncertainty, we arbitrarily assume that the relative uncertainty

on the fraction of SO, for each phase is 30%, resulting in a total uncertainty on SO, mass of 64% for each phase.
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We use the date of peak SO, emission provided in Thordarson and Self (2003) for each phase; when the date is provided as a
range, we arbitrarily use the first day. According to Thordarson and Self (1993), the column height was observed at >12 km
during early August, i.e. for the 6" phase. From the formulation, we assume this height is a.v.l. i.e. 12.5 km a.s.1. given the 500
m vent altitude (Thordarson and Self, 1993). Given this represents a single observation for an ~8-day long explosive phase,
we arbitrarily assume that a representative average height of emission is 1 km lower, i.e. 11 km a.v.l.. Last, Thordarson and
Self (1993) suggest that the height of explosive column in basaltic fissure eruptions scales with the volumetric eruption rate
raised to the power 1/3. We assume that this rate scales with the mass eruption rate of SO, from vents, Q, which we calculate
for each phase using the SO, mass released at vent and durations provided in Thordarson and Self (2003). Knowing the
observed height of the 6 phase Hs = 11 km a.v.l. and noting Qs (1.1 Tg SO»/day) its mass rate, we deduce the height H in km
a.v.l. of any phase i as H=Hs x (Vi/Vs)'?. The resulting plume heights range from 8.1 to 18.1 km a.s.l. across the 10 phases,
and are generally lower for later phases. Note that both in terms of mass and height, our choice of eruption parameters differs
significantly from parameters used by Zambri et al. (2019) to simulate the aerosol forcing and climatic impacts of this eruption.
First, the 41.6 Tg SO, mass we use, derived from ice cores, is much lower than Zambri et al. (2019) who inject 94 Tg of SO,
into the upper troposphere/lower stratosphere based on petrological estimates (Thordarson et al., 1996). Second, they used the
same injection altitude for all eruptive phases, spreading SO, emissions between 9 and 13 km a.s.l. Our injection altitudes are
specific to each phase, with one phase with height lower than 9 km a.s.l., six phases with heights within 9-13 km a.s.l., and

three phases with heights between 13 and 18 km a.s.l.

Agung 1963:
The Agung 1963 eruption had two major phases separated by two months (Self and Rampino, 2012) and we thus split it into

two phases in the CMIP7 emission dataset. This eruption is catalogued in IVESPA (Aubry et al., 2021) with a tephra mass of
3.7 x 10" kg for the March 17 paroxysm and 3.5 x 10! kg for the May 16 paroxysm. We partition the sulfur mass recorded
in ice-cores proportionally to these recorded tephra masses, resulting in sulfur masses of 4.9 and 5.2 Tg SO,, respectively. For
the SO, mass uncertainty, as with Laki, we arbitrarily assume that the relative uncertainty on the fraction of SO, associated

with each phase is 30%, resulting in a 63% uncertainty for the SO, mass of individual phases.

We also use IVESPA estimates for eruption dates (16 March and 16 May, UTC) and heights (19 km a.s.l. for both phases).
Note that this eruption has heights recorded for the top of the ash plume, its spreading height, and the SO, height in IVESPA,
and we thus use the latter estimates. Our choices of eruption parameters for both phases differ from the modelling study of
Niemeier et al. (2019). First, they used masses of 4.7 and 2.3 Tg SO, for both phases, meaning a much smaller total mass (7
Tg SO; instead of 10.1 in CMIP7), with a much more pronounced difference between both phases and a larger mass for the
first phase instead of the second one. The reason is that they based their mass partitioning on estimates of volumetric eruption

rates, which would indeed be larger for the second phase owing to the shorter duration, as opposed to the total mass of material
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erupted. They also used heights of 50 hPa (=20.5 km a.s.l.) and 70 hPa (=18.5 km a.s.l.) for the two phases, which are slightly
different from the 19 km a.s.l. we used for both phases.

V — Key characteristics of the dataset and recommendation for implementation
V.1 — Dataset overview

Table 3 summarizes all parameters provided in the CMIP7 upper tropospheric-stratospheric volcanic sulfur emission dataset.
Two datasets were provided to the modelling community: a netcdf file stored on the Earth System Grid Federation containing
key variables required for aerosol models, marked with an asterisk in Table 3, and a spreadsheet containing all Table 3
parameters (see data availibility section). Altogether, these parameters document the data sources and dataset creation process
in detail to maximize transparency and facilitate future updates and improvements. All scripts used to produce our emission

(and stratospheric aerosol optical property) dataset are publicly available (see code availability statement).

Volcano name NA VOTW name before 1978, as entered in MSVOLSO2L4
otherwise

Eruption year year CE

Eruption month month 1to 12

Eruption month fill flag NA 0=not filled (if known), 1=filled (if unknown).

Eruption day day 1 to 31

Eruption day fill flag NA O=not filled (if known), 1=filled (if unknown).

Eruption date* days  since | Only provided in dataset version on ESGF

Jan 1° 1850

Longitude* © east -180 to 180

Latitude* ° north -90 to 90

Latitude uncertainty © 0 if known and default uncertainty otherwise

Location fill flag NA Fill flag for latitude, longitude and vent altitude.0=not
filled (if known), 1=filled (if unknown).

Sulfur dioxide mass* Tg SO,

Sulfur dioxide mass uncertainty = Tg SO,
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Sulfur dioxide mass uncertainty = NA 0=not filled (if known), 1=filled (if unknown).
fill flag
Injection height* m a.s.l. m a.s.l. in dataset provided on ESGF, km as.l. in

extended dataset

Injection height fill flag NA 0=not filled (if known), 1=filled (if unknown).
Injection height uncertainty km Always a default relative uncertainty

Injection depth* m m in dataset provided on ESGF, km in extended dataset
Main source dataset NA eVolv2k, D4, Sigl et al. (2015), GVP or MSVOLSO2L4
Information on match for ice- NA Detailed explanation on how the match was attributed,
core-derived data and if applicable how it differs from eVolv2k

Match confidence NA 1 = low, 2 = medium, 3 = high, 4 = very high
Information on eruption source NA Detailed explanation on how the exact date and height
parameters (date and height) information was obtained

Volcanic Explosivity Index - VEI scale, if known

GVP eruption number NA Global volcanism programme eruption number

GVP volcano number NA Global volcanism programme volcano number

Vent altitude km a.s.l. Location flag informs if filled value or not

Vent altitude uncertainty km 0 if known and default uncertainty otherwise

Ice-core  sulfate  deposition - As defined in Equation 2, if ice-core derived eruption

asymmetry factor
Year of deposition in ice-core Year CE As obtained from eVolv2k or Sigl et al. (2015)

560 Table 3: Variables provided in the CMIP7 emission dataset. Key variables marked with an asterisk (*) are provided in the netcdf
file stored on the ESGF, other variables are provided in a separate spreadsheet (see data availability statement).

Figure 7 shows the CMIP7 emission dataset, with Table 4 summarizing key metrics. The most prominent eruptions of the
dataset, e.g. the 10 Laki eruptive phases in 1783-1784, an unidentified eruption in 1809, and Tambora in 1815, all happen
before 1850 and thus will not affect historical climate simulations run by most models (Dunne et al., 2025) nor the pre-

565 industrial control climatology of stratospheric aerosol optical properties (Aubry et al., 2025). Over 1850-2021, the most
prominent eruptions are an unidentified eruption in the early 1860s attributed to the 1861 eruption of Kie Besi in CMIP7, the
1883 eruption of Krakatau, the 1912 eruption of Katmai, the 1963 eruption of Agung, the 1982 eruption of El Chiché6n and
the 1991 eruption of Mt. Pinatubo. Over 1750-2023, the dataset contains 463 eruptions (7.69 yr!) injecting 428.2 Tg SO,

(1.56 Tg SO, yr'!"). Although most of these injections are stratospheric, some are upper-tropospheric and will not affect the
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CMIP7 stratospheric aerosol optical properties dataset (Aubry et al., 2025) because the reduced complexity aerosol model
(EVA_H v2) used for CMIP7 does not account for potential transport from the troposphere to the stratosphere, or volcanic
cloud self-lofting. Figure 7 qualitatively shows that small-to-moderate magnitude eruptions are under-recorded before the
satellite era in our dataset, despite our best efforts to include them using the D4i and GVP datasets. Over their respective
periods, the D4i dataset contributes an average of 0.36 Tg SO, yr'!, the GVP dataset 0.07 Tg SO, yr'!, and the eVolv2k and
Sigl et al. (2015) datasets (which mostly capture large-magnitude eruptions) 1.27 Tg SO, yr'!. Averaged between 1850 (the
start year of CMIP7 historical experiments) and 1978 (the last year before use of satellite data), a period for which CMIP7
stratospheric aerosol optical properties are derived from the CMIP7 emission dataset, the CMIP7 global mean SAOD at 550
nm is 0.0135 (Aubry et al., 2025). Volcanic SO, emissions contribute 0.0098 (73%) of this SAOD (Table 4), and the non-
volcanic background contributes 0.0037 (27%) of it. For the volcanically-driven mean SAOD, 0.0006 (6%) is contributed by
GVP-derived eruptions, 0.0025 (26%) by D4i-derived eruptions, and 0.0066 (68%) by eruptions derived from eVolv2k and
Sigl et al. (2015) (Table 1).
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Figure 7: Volcanic SOz emission dataset, with each dot showing an eruption as a function of time and latitude. Dot size scales with
SO: mass, whereas shading is associated with injection height. The vertical red dotted line highlights the year 1979 from which we
rely primarily on satellite-derived emission parameters (MSVOLSO2L4 dataset). Panel a shows emissions obtained from
MSVOLSO4, eVolv2k and Sigl et al. (2015) only, and panel b from MSVOLSO2L4, eVolv2k, Sigl et al. (2015) and D4i only. Panel ¢
shows the CMIP7 v2.2.1 dataset obtained by combining the five main source datasets (MSVOLSO2L4, eVolv2k, D4i, Sigl et al., 2015,
and GVP).

Emission Period used Number of 1850-1978
Total SO mass (/year)
dataset(s) (duration) eruptions (/year) mean SAOD
eVolv2k +
) 1750-1978 (229 yr) 45 (0.20 yr'") 290.5 Tg SOz (1.27 Tg SO, yr'h) 0.0066
Sigl et al. (2015)
D4i 1750-1900 (151 yr) 32(0.21 yr'h) 70.0 Tg SO, (0.36 Tg SO, yrh) 0.0025
GVP 1750-1978 (229 yr) 69 (0.30 yr!) 16.4 Tg SO, (0.07 Tg SO, yr!) 0.0006
MSVOLSO2L4 1979-2023 (45 yr) 317 (7.00 yr'!) 51.3 Tg SO, (1.14 Tg SO, yr'h) -
CMIP7 all
volcanic 1750-2023 (274 yr) 463 (7.69 yr) 428.2 Tg SO, (1.56 Tg SO, yr'!) 0.0098
emissions
CMIP7
stratospheric
- - - 0.0135
aerosol optical
properties

Table 4: Key metrics characterizing source emission datasets, as processed for use in the CMIP7 emission dataset. Number of
eruptions and SOz masses are for the period used. The last column is the 1850-1978 (pre-satellite historical period) global mean
stratospheric aerosol optical depth (SAOD) at 550 nm, calculated using the EVA_H v2 aerosol model used to produce CMIP7
stratospheric aerosol optical properties (Aubry et al., 2025). The second last row corresponds to metrics for the full CMIP7 emission
dataset. The last row is not an emission dataset, but indicates the SAOD in the CMIP7 dataset, i.e. the combination of volcanic
emission-derived (second last row) and background non-volcanic stratospheric aerosol optical properties.

V.2 — Recommendations for the time, horizontal and vertical distribution of volcanic emissions in model studies

We do not provide eruption duration nor the exact horizontal or vertical distribution of the SO, cloud because it is unconstrained
for most eruptions. We thus make recommendations for these parameters hereafter and strongly encourage modelling groups
to explicitly document how they specify them when implementing our dataset, regardless of whether or not they follow our
recommendations.

We recommend an injection duration of 24 hours for all eruptions. Durations on the order of hours-days are typical for

explosive eruptions, e.g. the median and average duration of eruptions documented in the IVESPA database are 4 hours and
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45 hours, respectively. Furthermore, in MSVOLSO2L4, emissions for eruptions with durations longer than one day (e.g.
Eyjafjallajokull 2010) are provided daily, consistent with a 24-hour duration. Last, a 24-hour duration is standard practice in
the interactive stratospheric aerosol community (e.g. VolMIP Tambora experiment, Clyne et al., 2021) and this
recommendation thus promotes consistency with existing model experiments.

For the horizontal injection structure, we recommend injection in the model grid cell containing the volcano latitude and
longitude. This strategy is again standard practice in the community (e.g. Clyne et al., 2021 for VoIMIP Tambora experiment;
Quaglia et al., 2023 for ISA-MIP HErSEA experiments), promoting consistency between model experiments. Schallock et al.
(2023) have prescribed a 3-dimensional (including horizontal) structure of SO, injection consistent with satellite observations
in simulations with the EMAC model, which could improve constraints on initial injection but is challenging to apply to pre-
satellite era eruptions. Future work could use umbrella spreading models (e.g. Millward et al., 2023; Prata et al., 2024) to
prescribe a horizontal injection extent consistent with spreading processes not accounted for in interactive stratospheric aerosol
models.

Last, beyond the bulk injection height, the vertical structure of the SO, injection is unconstrained for the vast majority of
eruptions in our dataset, including for the satellite era. There is also no standard community practice to prescribe these
emissions. Simulations with a 3-dimensional volcanic plume model for a wide range of eruption and atmospheric conditions
suggest that the vertical profile of horizontal mass flux of gas and fine ash into the umbrella cloud (F) is well approximated by
the following Gaussian profile (Aubry et al., 2019):

_(Z—Hsoz—zo)2
F(z) = Epax X € \0108xHsoz

©)

where z is the altitude a.s.l., Fnax the maximum flux value, z, the vent altitude, and Hso; is the plume height (here taken as SO,
height) a.v.l.. We thus used 0.108*Hgso, to define our injection depth (section IV.3), and recommend that modelling groups use
this Gaussian profile to specify the vertical SO, injection profile (Figure 8). Should other profiles be specified, we recommend
that the profile is always centered on the SO injection altitude (a.s.l.) provided in our dataset, and that most of the SO, is
injected over a vertical extent of 4 times the depth provided. For example, for a “top hat” profile with a constant flux between
two altitudes, we would recommend the lower altitude is Hsoz — 2 x depth, and the upper altitude Hsoz + 2 x depth, with Hsoz
here expressed a.v.l.. Corresponding top-hat profiles are shown in Figure 8. We acknowledge that real-word SO, clouds would
thin as they spread, and that Equation 5 best describes the injection profile within proximity of the volcano. However, given
large uncertainties on reported injection height and the unsteady nature of most eruptions with variable plume height, we think
it is preferable to overestimate rather than underestimate the injection depth used in aerosol models. Note that we expect that
for some eruptions, part or most of the SO, mass might be injected into the model troposphere when using the profile from

Figure 8 with provided emission height.
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b) Pinatubo 1991 profile

a) Generic SO2 injection profile (15 Tg SOZ, 25 km a.s.l., 2.54 km depth)

5 *: T T T T T T T T
Recommended Gaussian profile 1

4 i Example alternative profile: Top-hat | 35t 1

3+ 1

<
o
[
e}
>

o —~

» -
T 1t ] @

N ©
° £
o | | £ |
S 0 z; 25
= o
& 41 J =2
Q- =
N <
© -2} 1 20 1
g
[e] H
Z 3ti - i

4t ] 15 ]
_5 _: 1 1 1 1 1 _: 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0 0.5 1 1.5 2 2.5 3

SO2 flux normalized by total mass rate (/km) SO2 flux (Tg SOzlkm/day)

Figure 8: SO vertical injection profiles recommended (Gaussian, blue; equation 5) and select example alternative profile (yellow
dashed, top-hat). Panel a shows non-dimensional profile, whereas panel b shows the actual profile corresponding to a for the
Pinatubo 1991 eruption.

VI - Discussion
VI.1 — Comparison with alternative source datasets

In choosing source datasets used for CMIP7, we aimed to use products that were most up to date, widely accepted by the
volcano-climate community, and documented in peer-reviewed publications. However, alternative source datasets exist. To
assess uncertainties in the CMIP7 dataset, we compare it (Figure 9) to IVI2 (Gao et al., 2008), which is one of the most widely
used ice-core inventory along with eVolv2k, and VolcanEESM (Neely and Schmidt, 2016), which is one of the only inventories
covering both the pre-satellite and satellite eras. A detailed comparison of IVI2 and eVolv2k, extending beyond the CMIP7
period, is also provided in Toohey and Sigl (2017).

For the pre-satellite era, there are around twice as many more years with volcanic injections in the CMIP7 dataset compared
to any of the other two inventories. This reflects our efforts to reduce the pre-satellite bias in small-to-moderate magnitude

eruptions by using the D4i and GVP datasets in combination with more widely used ice-core records. Even for the satellite
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era, 7 years have volcanic injections in the CMIP7 dataset (i.e. MSVOLSO2L4), but not in the VolcanEESM dataset. These
differences might be partially due to different filtering of low-mid tropospheric eruptions, but the MSVOLSO2L4 dataset also
contains more eruptions. Both for the satellite and pre-satellite era, yearly volcanic SO, injections are characterized by some
discrepancies between datasets, although most of them are within uncertainties. Notable exceptions are year 1831, marked by
the Zavaritskii eruption (Hutchinson et al., 2025), with total SO, injections of 25.9 Tg SO, in CMIP7, vs 17.9 Tg SO, in
VolcanEESM and 8.3 Tg SO; in IVI2 (in which the distinct 1831 sulfate deposition, see Figure 1, was not resolved in
Antarctica). The 1861 injection, the largest historical (1850-) injection for which no eruption is robustly identified, ranges from
2.1 Tg SO, in IVI2 to 9.8 Tg SO, in VolcanEESM, with 9.1 Tg SO» for CMIP7. IVI2 has a lower value because no sulfate
was detected in Greenland in contrast to the ice cores used in CMIP7 (see Figure 1). 1861 is one of the few eruptions for which
the prescribed aerosol optical properties for CMIP6 were, as for CMIP7, derived from emissions using a stratospheric aerosol
model (Luo et al., 2018). CMIP6 used the IVI2 inventory for emissions (Arfeuille et al., 2014), explaining the much stronger
forcing for that eruption in CMIP7 (Aubry et al., 2025). For year 1883 associated with the Krakatau eruption, IVI2,
VolcanEESM and CMIP7 respectively estimate 10.7, 16.9 and 18.8 Tg SO». Overall, the IVI2 inventory thus has much smaller
masses in years with important discrepancies (partly explained by more conservative detection thresholds as described for the
above examples). Notable exceptions exist, e.g. 1902 (Santa Maria eruption) for which both CMIP7 and IVI2 have emissions
around 2 Tg SO,, whereas VolcanEESM reports 5 Tg SO,. Although satellite-era uncertainties on erupted SO, mass are
important, they are much smaller than the pre-satellite uncertainties. Both VolcanEESM and CMIP7 report total masses around
19.5 Tg SO, for 1991 associated with the eruptions of Pinatubo and Cerro Hudson, with IVI2 only reporting 14.7 Tg SO». IVI2
derived this estimate from ice-core only, making it more uncertain although the more recent ice-core based estimate of 21.3
Tg SO, using Sigl et al. (2015) is consistent with satellite-derived estimates. Recent years marked by small-to-moderate
eruptions have typical differences of 20-30% between VolcanEESM and CMIP7, e.g. VolcanEESM reports 2 Tg SO, injection
for 2011, marked by the Nabro eruption, vs 2.5 Tg SO in CMIP7.
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Figure 9: Yearly volcanic SO emissions for the IVI2 (yellow; Gao et al., 2008), VolcanEESM (purple; Neely and Schmidt, 2016) and
CMIP7 (dark blue; this paper) inventories. Annotated numbers show values for selected years. Only years with at least one inventory

recording SOz injections are shown.
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V1.2 Key uncertainties and opportunities for future improvements

Estimation of stratospheric sulfate injection from ice-core sulfate mass deposition is subject to large uncertainty (Gao et al.,
2007; Toohey & Sigl 2017; Fuglestvedt et al., 2024). First, transfer functions are used to convert ice-sheet mean (i.e. averaged
over an ice-core array) deposition estimates to total stratospheric sulfate loadings. Such transfer functions have been developed
using climate-aerosol model simulations (e.g. Gao et al., 2007) or the distribution of fission products in Greenland from
thermonuclear testing used as an analogue for stratospheric injection in the Northern Hemisphere extra-tropics (Clausen and
Hammer, 1988). Currently, two separate functions are used, one for tropical eruptions and one for extratropical eruptions.
Sensitivity studies with the Community Earth System Model (CESM) Whole Atmosphere Community Climate Model version
6 (WACCMO6) suggested that current transfer function may be biased by up to 20% and be strongly sensitive to atmospheric
variabilti and eruption parameters. (Fuglestvedt et al., 2024). Second, ice-core datasets used in CMIP7 assume that the sulfate
deposited in ice-core is entirely sourced from the stratosphere, even though tropospheric transport to ice-core locations is
possible for extra-tropical eruptions. Recent high-resolution measurement of sulfur isotopic composition (i.e. 3*S, 34S) in
Greenland ice cores for key explosive volcanic eruptions demonstrated that the fraction of stratospheric sulfur to the total
deposited sulfur varied between c. 60% for eruptions in Alaska and 100% for eruptions located in the tropics (Burke et al.,
2019, 2023; Pearson et al., 2022). Correcting for the non-stratospheric component within the ice-core records reduced the
estimates of sulfur injection for the respective eruptions (Burke et al., 2023). However, high-resolution sulfur isotope analyses
of'ice cores have only been applied to a small number of historical eruptions (Baroni et al., 2007; Burke et al., 2019; Hutchison
et al., 2025). For the 20" century, a third major source of uncertainty is discriminating between volcanic and anthropogenic
sources of sulfate, especially for Greenland ice-cores. Novel approaches are urgently needed to better quantify anthropogenic
sulfate depositions over Greenland, including distinct source tracers of anthropogenic pollution in the ice cores, isotopic
constraints (e.g. 3*S, ’NO3), to discriminate natural and anthropogenic emissions, or by developing historical sulfate emissions
based on inverse modeling of ice-core records (Eckhardt et al., 2023; Geng et al., 2014; Jongebloed et al., 2023; Moseid et al.,
2022). The golden era of ice core drilling was in the 1990s, which means that sample density and spatial representation are
rapidly declining in the past 30 years (see e.g. Gao et al., 2008; Sigl et al., 2014). Updating records at former drill sites (e.g.
GISP2, NEEM, NGRIP) and analyzing sulfate to capture the last 30 years is key to close this data gap and improve calibration
of ice-core records with instrumental data. Diagnostic tracers for the presence of tephra are now available (Plunkett et al.,
2023), and methods have improved to geochemically characterize small ash shards typical for most eruptions (Innes et al.,
2024; Iverson et al., 2017; Narcisi et al., 2019). These techniques should be employed (in tandem with sulfur isotopes) to target

volcanic eruptions in the historic period that are currently highly uncertain e.g. unidentified eruptions in 1761, 1809, 1861.

In addition to the above key source of uncertainties which affect the estimation of SO, mass for eruptions detected in ice-cores,
another crucial source of uncertainty is the detection of these eruptions itself. Figure 10.b shows the mean SO, flux associated

with eruptions of different SO, mass. For small-to-moderate magnitude eruptions (< 3 Tg SO,) with short return period, we
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would expect the distributions for the satellite era (after 1979) and pre-satellite era to be the same if there was no major change
to eruption frequency-magnitude distribution through time, and if the CMIP7 dataset was unbiased. Yet, the emissions
associated with eruptions < 1 Tg SO, are one order of magnitude smaller pre-satellite era, which we interpret to be a
consequence of difficulties in detecting small eruptions in ice-cores. The emissions associated with eruptions 1-3 Tg SO, are
twice as large in the pre-satellite era than for the satellite era. Although with only 5 such eruptions (6 if combining individual
Nabro 2011 phases), the satellite record might be too short (45 years) to accurately estimate the long-term mean emissions of
1-3 Tg SO; eruptions, this discrepancy could be explained by an overestimation of the stratospheric SO, mass associated with
eruptions in the D4i inventory. 37% of the 1-3 Tg SO, 1750-1978 eruptions originate from D4i in CMIP7, but the Greenland-
only, single-core nature of this source dataset might make it more likely to record deposition of sulfate of tropospheric origin.
These biases have important consequences for stratospheric aerosol optical properties (Figure 10.c). The CMIP7 dataset was
designed so that the mean 1850-1978 SAOD anomaly associated with small-to-moderate magnitude eruptions is equal to the
1998-2023 SAOD anomaly, assuming that this period is long enough to capture the long-term SAOD distribution associated
with small-to-moderate magnitude eruptions. However, Figure 10.c shows that the pre-satellite era is likely characterized by
too many months having < 10 SAOD anomalies, a consequence of the lack of small-to-moderate magnitude eruptions (Figure
10.b), and too many months with > 102 SAOD anomalies, which might be a consequence of the overestimation of the
stratospheric SO; injections for eruptions injecting 1-3 Tg SO, (Figure 10.b). The under-recording of small-to-moderate
magnitude eruptions in ice-core is particularly prominent for tropical eruptions (average emissions =3 times smaller pre-
satellite era relative to satellite era) and extra-tropical southern hemisphere eruptions (average emissions one order of
magnitude smaller pre-satellite era relative to satellite era) (Figure 10.a). In addition to biases associated with frequency-
magnitude distribution, the CMIP7 emission and aerosol optical property dataset are also subject to spatial biases pre-satellite
era, for small-to-moderate magnitude eruptions. Well synchronized, high-elevation, and high snow accumulation ice-core
records would be helpful to improve the detection of small-to-moderate magnitude eruptions in Antarctica and future updates
should focus on the inclusion of ice-core records from such sites (e.g. Thomas et al., 2022; Pasteris et al., 2014; Dixon 2004)

ideally paired with cryptotephra and sulfur isotope analyses (Gautier et al., 2019; Piva et al., 2023).
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Figure 10: Latitudinal (a) and magnitude (b) distribution of SOz emissions in the CMIP7 dataset for the 1979-2023 (satellite era),
1850-1978 (pre-satellite era, contributing to the CMIP7 pre-industrial control climatology) and 1750-1849 (not contributing to the
CMIP7 pre-industrial control climatology, and not included in CMIP7 standard historical simulations). Panel a only shows emissions
associated with small-to-moderate magnitude eruptions (SMME, <3 Tg SO:) as over such short periods, the latitudinal distribution
of emissions from larger eruptions might not reflect the expected long-term latitudinal distribution. Panel ¢ shows global mean
monthly SAOD anomaly distributions associated with SMMEs. For the satellite era, only years from 1998, characterized by SMMEs
only, are considered, and the anomaly is calculated as the deviation from the minimum value. For pre-satellite era, we simply ran
the EVA_H v2 model using volcanic emissions from SMMEs only, and did not include background non-volcanic stratospheric
aerosols.

Although uncertainties and future improvements in ice-core derived volcanic SO, injection mass and their attribution to
specific historical eruptions are the most important for our dataset, numerous other sources of uncertainty exist. For the pre-
satellite era, for identified eruptions, detailed volcanological studies are key to reconstruct eruption source parameters
including the eruption sequence and potential occurrence of multiple events (i.e., eruptive phases) injecting sulfur in the
stratosphere or upper troposphere, the(ir) precise timing and the(ir) associated injection height. When the top or spreading
height of the ash plume is reconstructed from deposit, large uncertainties affect both the height estimate itself (e.g. Rossi et al.,
2019) and their conversion to the SO, injection height (Engwell et al., 2023; Equation 1). For unidentified eruptions and for
the numerous eruptions of VEI 3-5 with limited published information on eruption source parameters, we made ad-hoc
assumptions for these key emission parameters including eruption timing, injection height, and sometimes latitude. Although
we proposed new empirical relationships to assign missing injections heights (Figure 5) and latitudes (Figure 4), these are
subject to high uncertainties. Future work should refine these relationships and complement them with additional constraints,
e.g. from sulfur isotope for injection height. Last, although satellite-era eruptions are by far the best constrained in terms of
height and mass, with no uncertainty on location and timing, they are also subject to some uncertainties (Figure 9 and, e.g.,
Timmreck et al., 2018; Vernier et al., 2024). The creation of an uncertainty product for the CMIP7 volcanic emission inventory

will be key to documenting these uncertainties in detail and quantifying how they propagate to aerosol optical properties.
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V1.3 — Stratospheric emissions: beyond volcanic sulfur

Volcanic eruptions emit other forcing agents than sulfur, including halogens (e.g., Cl, Br, 1), water vapor and ash. These are
not constrained in our dataset, but these co-emissions have a direct radiative forcing effect (e.g. Vernier et al., 2016) and can
influence the life cycle and transport of volcanic sulfur species (e.g. Zhu et al., 2020; Staunton-Sykes et al., 2021; Wells et al.,
2023) and thus volcanic sulfate aerosol forcing. Stratospheric halogen emissions play a crucial role in stratospheric ozone
depletion impacting atmospheric chemistry (e.g. Solomon et al., 2016; Brenna et al., 2019). Volcanic eruptions can emit large
amounts of halogens but most are scavenged in the plume by water and ice so that the quantities directly injected into the
stratosphere are often poorly constrained (Tabazadeh and Turco, 1993; Textor et al., 2003). The ice-core community is widely
measuring most of these species in cores (Cl, F, Br, tephra) and use them for source attribution (e.g. McConnell et al., 2017;
Gabriel et al., 2024) but quantifying the stratospheric emissions of these compounds remains challenging given their high
reactivity in the atmosphere and snowpack (Zhai et al., 2023). Last, the Hunga Tonga 2022 eruption unravelled how different
the composition, life cycle and forcing of volcanic clouds associated with shallow submarine eruptions can be (APARC, 2025;
Colombier et al., 2025). This eruption injected only 0.5-1 Tg SO, (Carn et al., 2022), but 146 Tg of water vapor (Millan et al.,
2022) into the stratosphere. The injected water accelerated and enhanced sulfate aerosol growth, resulting in a disproportionate
aerosol forcing compared to any eruption previously observed by satellite (Sellitto et al., 2022). The stratospheric water vapor
also resulted in a positive top-of-the-atmosphere radiative forcing which partially offset the negative aerosol forcing (APARC,
2025). In addition to volcanic forcing agents co-emitted with sulfur, the CMIP7 emission dataset also does not compile source
of non-volcanic aerosols. New stratospheric aerosol sources are emerging as a consequence of human activities including
pyrocumulonimbus produced by increasingly intense wildfires (e.g. Peterson et al., 2025; Murphy et al., 2025), and aerosol
associated with the space industry including rocket launches and spacecraft debris (Brown et al., 2024; Murphy et al., 2023).
Developing emission datasets for both non-sulfur volcanic aerosols (precursors) and non-volcanic aerosols (precursors) and

incorporating them into the CMIP7 emission dataset is a key future direction.

V1.4 — Requirements for dataset operationalization

Naik et al. (2025) highlight the importance of the operationalization of the production of CMIP forcing datasets, i.e. the
extension (and, if needed, updating) of these datasets on an annual basis instead of on the CMIP-cycle (= 7 years). For the
extension of the volcanic emission dataset, i.e. an extension in time with no major change in methodology and no change to
the period covered by the previous version, we are currently reliant on continued extensions of the MSVOLSO2L4 dataset.
These extensions are reliant on the continued availability of operational SO products from nadir-viewing, hyperspectral UV
and IR sensors on polar-orbiting US (NASA/NOAA), European (ESA/Copernicus) or other satellites. Currently, we expect
the UV OMPS and TROPOMI instruments (and the follow-on Copernicus Sentinel-5 mission) to continue operations through
the next decade and beyond. New Chinese satellite missions are also beginning to provide volcanic SO, measurements (e.g.

Zeng et al., 2025). Emission datasets produced by other groups (e.g. Carboni et al., 2016) could be utilised should the NASA-
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supported MSVOLSO2L4 be discontinued, but would be subject to the same requirements highlighted above in terms of

availibility of satellite products, as well as continued funding for the team(s) curating these datasets.

Although dataset extension is the key concern for the operationalization of CMIP forcing production, the volcanic SO,
emission dataset is particularly uncertain pre-satellite era, as evident from differences between CMIP6 and CMIP7
stratospheric aerosol optical properties (Aubry et al., 2025). Regular updating of the dataset as new knowledge becomes
available is thus important. This requires support to improvements to ice-core datasets discussed in sections V1.2, as well as
to the widespread volcanology and tephra research on which our dataset is reliant, such as the Smithsonian GVP database
(GVP, 2025), studies linking specific historical eruptions to ice-core sulfate deposition (e.g. Hutchinson et al., 2025), and
studies quantifying eruption source parameters of historical eruptions (e.g. Self and Rampino, 2012) and associated databases
(e.g. IVESPA, Aubry et al., 2021). To facilitate the use of published data in the CMIP7 emission dataset and beyond, relevant
published data should ideally: i) have an associated peer-reviewed publication; ii) include units of parameters, with plume
heights a.v.l. vs a.s.l. or sulfur masses in Tg SO vs Tg H2SO4 vs Tg SO4 typically requiring clarification; iii) where possible,
document uncertainties including clear confidence level and what source of uncertainties where accounted for; iv) where
updating an existing dataset, keep format as consistent as possible with predecessor version to minimize work associated with
using a new version; and v) make source data open-access. For the latter point, original ice-core datasets from Greenland
retrieved in the 1990s and 2000s (extensively used e.g. by Gao et al, 2008; Crowley and Untermann, 2013) are not publicly
available. These data from Greenland should be published with all available metadata and supporting datasets that allows to
update chronologies (i.e. depth, age, density), in a similar way as it was done for the ice-core records in Antarctica (Thomas

et al., 2022).

VII - Summary

We document version 2.2.1 of the 1750-2023 upper-tropospheric stratospheric volcanic sulfur emission inventory produced
for phase 7 of the Coupled Model Intercomparison Project (CMIP7). For the pre-satellite era (1750-1978), the dataset directly
underpins the CMIP7 stratospheric aerosol optical property (Aubry et al., 2025) dataset which is expected to be used by most
CMIP7 models. The few CMIP7 models which might include interactive stratospheric aerosol schemes will implement this
emission dataset to run historical simulations. For the satellite (1979-2023) era, the CMIP7 emission dataset mostly relies on
the satellite-based MSVOLSO2L4 emission inventory. For the pre-satellite era, we use a combination of: 1) inventories derived
from bipolar ice-core arrays (Sigl et al., 2015; Toohey and Sigl, 2017); ii) an inventory derived from a high-resolution
Greenland ice-core (Fang et al., 2023); and iii) the Global Volcanism Program (GVP) geological database. The use of the latter
two source datasets enables us to better reconstruct small-to-moderate magnitude eruptions injecting less than 3 Tg SO; into
the atmosphere pre-satellite era. To provide best estimates of volcanic sulfur injection timing, location and altitude, we

conducted a detailed literature search for these parameters. This search was aided by the Independent Volcanic Eruption Source
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Parameter Archive (IVESPA, Aubry et al., 2021) for eruptions after 1900, with IVESPA-derived relationships (Engwell et al.,
2023) also informing correction of deposit-derived plume heights into SO, injection altitude for all eruptions. We also derive
new empirical relationships between eruption latitude and ice-core deposition asymmetry (Figure 4) and sulfur mass and
injection height (Figure 5) to attribute injection latitude and altitude in the absence of direct constraints. The final CMIP7
upper-tropospheric stratospheric emission inventory has 463 eruptions injecting 428.2 Tg SO, over 1750-2023, corresponding
to a mean flux of 1.56 Tg SO, yr'! (Figure 7). Before 1979, 25% of these emissions originate from relatively small-magnitude
eruptions not captured in mainstream bipolar ice-core arrays. Along with the dataset, we provide recommendations for
implementing it in stratospheric aerosol models, including the temporal, horizontal and vertical distribution of emissions
associated with each eruption. We highlight the large uncertainties characterizing volcanic emissions over the historical period
(Figure 9), but show that CMIP7 is less biased in terms of representing small-to-moderate magnitude eruptions injecting < 3
Tg SO, into the upper troposphere and stratosphere. Although the CMIP7 inventory should not be biased in terms of the long-
term mean forcing of these eruptions, we show that before 1979, the dataset likely overestimates the frequency of eruptions
injecting on the order of 1 Tg SO, but underestimate the frequency of eruptions injecting on the order of 0.1 Tg SO,. The
dataset is also likely biased in terms of the latitudinal distribution of small-to-moderate magnitude eruptions pre-satellite, with
insufficient tropical and southern hemisphere injections. We suggest that bipolar high-resolution ice-core datasets combined
with sulfur isotope analysis are critical to detect more small-to-moderate magnitude eruptions whilst discriminating what
fraction of their injections were stratospheric. Last, an error means that three 1.9-4.2 Tg SO, eruptions in 1868, 1885 and 1894
with unknown dates were attributed default dates of December 1%, and thus occur around 1 year later than the actual eruption.
The same issue affects 13 eruptions over 1750-1849 (see section I1V.3). We conclude the study by discussing other key
limitations and directions for the dataset, including the addition of non-sulfur and non-volcanic stratospheric aerosol
precursors, revision of ice-core transfer functions, quantification of emission uncertainties, as well as maintained funding for

communities providing the source satellite, ice-core and geological datasets on which the CMIP7 emission dataset relies.

Code availability

All codes used to produce the CMIP7 dataset and source datasets required to run them are available through Zenodo (Aubry,

2025, https://doi.org/10.5281/zenodo.17295697) and GitHub (https://github.com/thomasaubry/CMIP7_stratforcing_v2.2.1).

Data availability

All netcdf datasets produced for this paper, including the netcdf file containing key emission variables, are available on the
Earth System Grid Federation at
https://aims2.1Inl.gov/search?project=inputdMIPs&versionType=all&&activeFacets=%7B%22source_1d%22%3A%5B%22

UOEXETER-CMIP-2-2-1%22%5D%7D, as well as on Zenodo (Aubry et al., 2025,
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https://doi.org/10.5281/zen0do.15556387). All source datasets used to produce the CMIP7 emission dataset are available
through Zenodo (Aubry, 2025, https://doi.org/10.5281/zenodo.17295697). Additional datasets such as details of eruption

source parameter search and the extended CMIP7 volcanic sulfur emission dataset (version 2.2.1) are available in Aubry et al.
(2026, https://doi.org/10.5281/zenodo.18412288). The underlying data for all three ice-core-based source datasets and the
reconstruns are also accessible in Jong et al., 2022; Sigl et al., 2015; Thomas et al., 2023; Sigl et al., 2023; Sigl & McConnell
2023, Toohey & Sigl 2019; Sigl & McConnell 2022; Sigl & Toohey 2024.
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