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Abstract. Volcanic stratospheric aerosols represent a key forcing for climate simulations in Phase 7 of the Coupled Model
Intercomparison Project (CMIP7). The CMIP7 stratospheric aerosol forcing datasets consist of: i) a volcanic sulfur emis-
sion inventory; and ii) stratospheric aerosol optical properties, derived from emissions using a reduced-complexity volcanic
aerosol model for 1750-1978, and from satellite observations for 1979-2023. Here, we compare the CMIP7 and CMIP6 strato-
spheric aerosol forcing datasets over the historical period, and evaluate them against an extensive compilation of observational
datasets, including lunar eclipse, stellar extinction, pyrheliometers, lidar, and satellite datasets. CMIP6 and CMIP7 show rea-
sonable agreement (< 20% difference) on peak stratospheric aerosol optical depth (SAOD) for most large-magnitude eruptions
including Krakatau (1883), Katmai (1912), Agung (1963), El Chichén (1982), and Pinatubo (1991). For small-to-moderate
eruptions, SAOD is likely underestimated in CMIP6 during periods when no such eruptions are included, such as 1940-
1960, while CMIP7 includes more pre-satellite small-to-moderate eruptions, as supported by lunar eclipse data. Observational
datasets indicate that SAOD perturbations for some moderate-magnitude eruptions, including the 1902, 1921, 1928, 1929, and
1974 eruptions, are captured in CMIP6, but likely underestimated in CMIP7. In addition, independent lidar and stellar extinc-
tion measurements show that both CMIP6 and CMIP7 underestimate SAOD over the Northern Hemisphere after the 1982 El
Chichén eruption due to observational gaps in satellite instruments. Our findings highlight the potential value of combining
CMIP6’s use of available observational constraints with CMIP7’s extensive emission inventory to refine stratospheric aerosol

forcing in future CMIP phases.
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1 Introduction

Stratospheric aerosol forcing, arising primarily from explosive volcanic eruptions, is a key input for climate experiments of the
Coupled Model Intercomparison Project (CMIP). Explosive volcanic eruptions can inject sulfur dioxide (SO3) into the strato-
sphere, where it oxidises to form sulfate aerosols, which can reflect incoming solar radiation and absorb longwave and short-
wave radiation, leading to global surface cooling effects (McCormick et al., 1995). General circulation models that contributed
historical simulations to Phase 5 of CMIP (CMIP5) used five different stratospheric aerosol optical properties datasets (Xing
et al., 2020), though most models relied on two forcing datasets from Ammann et al. (2003) and Sato et al. (1993). To en-
sure consistent forcing input across models and facilitate direct comparison of model results, a common stratospheric aerosol
forcing dataset (Luo, 2018) was used for models participating in CMIP6. CMIP7 introduces major methodological updates,

including:

1. The creation of a volcanic SO emission dataset, for the first time for CMIP, using recent ice-core (Sigl et al., 2015;
Toohey and Sigl, 2017; Fang et al., 2023), satellite (Carn, 2024), and geological (Global Volcanism Program, 2025)

datasets.

2. The derivation of pre-satellite era aerosol optical properties from volcanic emissions using a reduced-complexity aerosol
model. In contrast, CMIP6 derived aerosol optical properties from sparse pyrheliometric and stellar extinction mea-
surements (Stothers, 1996) and, for seven eruptions, from volcanic emissions (Gao et al., 2008) using an intermediate-

complexity aerosol model (Arfeuille et al., 2014).

3. The attempt to reduce the underrepresentation of small-to-moderate magnitude eruptions (defined as 0.3 to 3 Tg SOq
emission) in the pre-satellite era by using a geological database (Global Volcanism Program, 2025) and a high-resolution

ice-core dataset (Fang et al., 2023).

4. Extended temporal coverage before 1850 backwards up to 1750, which includes several eruptions with the largest SO5

emission in the historical period, such as the 1815 Mt. Tambora eruption.

Importantly, the CMIP7 datasets are also fully documented by Aubry et al. (2026b, a), who provide initial analyses suggest-
ing that the above methodological differences lead to important differences in the magnitude, spatial distribution, and temporal
evolution of volcanic forcing between CMIP6 and CMIP7 with implications for climate simulations. However, they provide no
detailed assessment of the CMIP6 and CMIP7 differences, nor any evaluation of the CMIP7 dataset against independent data
sources.

As climate modelling centres perform CMIP7 Assessment Fast Track simulations with the updated forcing datasets, under-
standing how stratospheric aerosol forcing has changed from previous CMIP phases is essential for interpreting differences in
simulation results across CMIP phases and assessing model performance. In support of the CMIP Climate Forcing Task Team,
the Fresh Eyes on CMIP (FEoC) Modern Forcings project was established to evaluate CMIP7 historical forcing datasets. This
study, as part of the FEoC Modern Forcings project initiative, provides a comprehensive evaluation of the CMIP6 and CMIP7
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stratospheric aerosol forcing datasets. We compare and validate the stratospheric aerosol forcing datasets against available
observations. Specifically, we (1) compare global averages and background aerosol climatologies, (2) analyse selected major
eruption cases to evaluate their peak forcing magnitudes and temporal evolution, and (3) evaluate the CMIP7 datasets against
observational records, including historical observations from lunar eclipses, pyrheliometric measurements, stellar extinction,
and multiple satellite records.

This paper is structured as follows: Section 2 provides an overview of the CMIP6 and CMIP7 stratospheric aerosol forcing
datasets (Sects. 2.1 and 2.2) and the observational datasets used for comparison in this study (Sects. 2.3 and 2.4). Section 3.1
presents the evaluation of the stratospheric aerosol optical depths (SAOD) over the historical period, including the comparison
of climatologies between CMIP6 and CMIP7, the comparison of selected major eruption cases, and validation against obser-
vational records. Section 3.2 presents the comparison of effective radius between CMIP6, CMIP7 and satellite observations.
Section 3.3 presents the comparison of volume and number density variables in CMIP6 and CMIP7. Section 4 discusses the
key differences between the CMIP6 and CMIP7 stratospheric aerosol forcing datasets, their potential implications for climate

simulations, and suggestions on the directions for future forcing dataset development.

2 Data description
2.1 CMIP6 stratospheric aerosol forcing

Stratospheric aerosol forcing datasets in CMIP6 and CMIP7 comprise seven variables describing aerosol optical properties:
aerosol extinction, asymmetry factor, single scattering albedo, surface area density, volume density, number density, and effec-
tive radius. Table 1 shows the summary of the comparison between CMIP6 and CMIP7 stratospheric aerosol forcing datasets
used for the historical, pre-industrial control, and scenario forcings. We provide a brief summary of the CMIP6 dataset (version
3.0) here and refer the reader to the CMIP6 documentation (Luo, 2018; J6rimann et al., 2025; Thomason et al., 2018) and the
extensive overview in Part 1 of this paper series (Aubry et al., 2026b) for more details.

From 1979, CMIP6 used observed aerosol optical properties derived from the Global Space-based Stratospheric Aerosol
Climatology version 1.0 (GloSSAC, Thomason et al., 2018). For 1850-1978, before the satellite era, the CMIP6 forcing is

based on a combination of datasets:

1. For the seven large eruptions, aerosol optical properties from an intermediate-complexity aerosol model (AER2D, Ar-
feuille et al., 2014) were produced using the ice-core-based volcanic sulfur emission inventory (Gao et al., 2008). For
some eruptions, the injection mass, latitude, and height were modified to enhance the agreement between simulations

and available pyrheliometric measurements (Stothers, 1996).

2. For any period not covered by (1), pyrheliometer, stellar extinction, and lunar eclipse data (Stothers, 1996, 2001, 2007)
were used to derive aerosol optical properties of “minor” eruptions. For the majority of months with pyrheliometer data
available, measurements were available from a single station or location, from which hemispheric-scale aerosol optical

properties were derived.
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3. For any period not covered by (1) or (2), a climatology derived from the volcanically quiescent 1999-2005 period was
imposed for non-volcanic background stratospheric aerosols, with an increasing trend between 1850 and 1978 to account

for increasing anthropogenic tropospheric aerosol emissions.

The REMAPv1 algorithm (Jorimann et al., 2025) was used to obtain aerosol optical properties (e.g., extinction coefficient,
single-scattering albedo, asymmetry factor) at any wavelength from the source datasets described above. The pre-industrial
stratospheric aerosol forcing (Eyring et al., 2016), also imposed in scenario simulations (O’Neill et al., 2016), was taken as the
average of the historical period, i.e., the 1850-2014 average. A major strength of the CMIP6 dataset is that it maximises the
use of available indirect aerosol optical property measurements to constrain the pre-satellite era dataset. Although these mea-
surements are sparse temporally and spatially, and highly uncertain, they represent some of the only available constraints on
pre-satellite stratospheric aerosol optical properties. However, the CMIP6 dataset is characterised by heterogeneous method-
ologies, and strongly biased in terms of representation of small-to-moderate magnitude eruptions (Chim et al., 2023). Indeed,
for 1850-1978, approximately 78 years (60%) have no stratospheric aerosol optical properties perturbation, with the longest
unperturbed period in CMIP6 lasting 28 years (Aubry et al., 2026b). This is at odds with the satellite record, which suggests
that small-to-moderate magnitude eruptions injecting sulfur into the stratosphere typically occur multiple times per year (e.g.,
Carn et al., 2016; Schmidt et al., 2018).

2.2 CMIP7 stratospheric aerosol forcing

Here, we briefly summarise the key methodological features of the CMIP7 dataset (version 2.2.1), but refer to Aubry et al.
(2026b, a) for a full documentation. Similarly to CMIP6, CMIP7 uses GloSSAC (version 2.22, Kovilakam et al., 2020) for
1979-2023. For the pre-satellite era (1750-1978), CMIP7 derives volcanic perturbations to stratospheric aerosol optical prop-
erties from the CMIP7 volcanic SOz emission inventory (Aubry et al., 2026a) using the reduced-complexity volcanic aerosol
model EVA_H v2 (Aubry et al., 2026b). EVA_H v2 is calibrated against satellite-era emissions and optical properties. The
CMIP7 methodology is consistent with the Paleoclimate Model Intercomparison Project (PMIP, Jungclaus et al., 2017) and
Volcanic Forcings Model Intercomparison Project (VoIMIP, Zanchettin et al., 2016), which also generate volcanic forcing using
the EVA_H reduced-complexity model based on volcanic SO5 emissions.

A stratospheric aerosol background is derived from the volcanically quiescent 1998-2001 period, plus a linear trend between
1850-1978. Stratospheric aerosol optical properties in the pre-satellite era are then the combination of volcanic perturbation
and this background. For the pre-satellite era, the CMIP7 volcanic SO, emission inventory primarily relies on bipolar ice-core
arrays (Sigl et al., 2015; Toohey and Sigl, 2017), complemented by a single, high-resolution Greenland ice-core (Fang et al.,
2023) and Volcanic Explosivity Index (VEI) 4 and 5 eruptions from the Global Volcanism Program (Global Volcanism Program,
2025) not detected in ice-core datasets. The inclusion of the latter two datasets enables minimisation of biases associated with
under-recording of small-to-moderate magnitude eruptions in the pre-satellite era, an important strength of the CMIP7 dataset
which might result in cooler CMIP7 simulations for the early historical period (Aubry et al., 2026b). However, one weakness

compared to CMIP6 is that existing indirect constraints on aerosol optical properties in the pre-satellite era (e.g., pyrheliometer
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Table 1. Summary of CMIP6 and CMIP7 stratospheric aerosol forcing datasets for historical, pre-industrial control, and scenario forcings.

Stratospheric aerosol

optical properties

CMIP6

CMIP7

Pre-industrial

Average of the historical (1850-2014)
period (global-mean SAOD at 550 nm:

0.0107) (Eyring et al., 2016).

Average of the historical (1850-2021) period
(global-mean SAOD at 550 nm: 0.0135) (Aubry
et al., 2026b; Dunne et al., 2024).

Pre-satellite period
(1850-1978 for CMIP6,

1750-1978 for CMIP7)

Derived from lunar eclipses, pyrheliometric,
and stellar extinction measurements (Stothers,
1996, 2001), except for seven major eruptions,
which are emission-derived using the ice-core
based emissions from Gao et al. (2008) and
the AER2D intermediate-complexity aerosol

model.

EVA_H v2

aerosol

Emission-derived using the
reduced-complexity volcanic
model (Aubry et al., 2020, 2026b) and
the CMIP7 volcanic SOz emission inven-

tory (Aubry et al., 2026a).

Satellite period (1979-
2014 for CMIP6, 1979—
2023 for CMIP7)

Satellite-derived using GloSSAC v1.0 (Thoma-
son et al., 2018).

Satellite-derived using GloSSAC v2.22 (Kovi-
lakam et al., 2020).

Scenario forcing

Same as pre-industrial, with a 10-year linear
ramp from the end of historical period (Dec

2014) (O’ Neill et al., 2016).

Same as pre-industrial, with a 9-year ramp from
the end of historical period (Dec 2021) (Aubry
et al., 2026b; Dunne et al., 2024).

measurements) are not used. This is a key motivation for this follow-up evaluation paper. Similar to the CMIP6 protocol, pre-
115 industrial aerosol optical properties are derived from their historical (1850-2021 for CMIP7) averages, and scenario optical
properties are equal to pre-industrial ones with a linear ramp (9-year in CMIP7) from the end of the historical period for

harmonisation.
2.3 Datasets used for evaluation

In our analysis, we compare CMIP7 stratospheric aerosol properties against the most widely used volcanic forcing input
120 datasets in CMIP5 (Sato et al., 1993; Ammann et al., 2003; see Table 2 in Xing et al., 2020) and CMIP6 (Luo, 2018). We
also evaluate the CMIP7 stratospheric aerosol properties using independent observational datasets, including stratospheric
aerosol optical properties derived from lunar eclipses, pyrheliometric measurements, stellar extinction, ground-based lidar
measurements, and satellite retrievals. These include data used in CMIP6 as well as new data. Figure 1 summarises the datasets

used for the comparison in this study.
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Figure 1. Availability of datasets used for comparison. The non-CMIP7 datasets were chosen since they are largely independent from the
CMIP7 dataset. Asterisks (*) indicate that a dataset is not spatially resolved; rather, it is globally integrated (for lunar eclipse) or pointwise

(for pyrheliometer, stellar extinction, lidar, and searchlight; possibly at multiple sites).

2.3.1 Lunar eclipse

Lunar eclipse observations can provide semi-quantitative constraints on stratospheric aerosol loading. During a total lunar
eclipse, the only solar radiation reaching the Moon’s surface has been refracted tangentially through Earth’s atmosphere, where
it is scattered and absorbed by aerosols and gases before being projected onto the lunar disk. Under atmospheric conditions
with low stratospheric aerosols, the Moon appears copper-red to orange in colour. Following explosive volcanic eruptions
that inject sulfur into the stratosphere, scattering and absorption are particularly strong, producing anomalously dark eclipses
ranging from dim red to nearly invisible. Upper-tropospheric aerosols may affect the brightness of the Moon, but such an
effect is limited (Keen, 1983; Hofmann et al., 2003; Matsushima et al., 1966). The brightness and colour of lunar eclipses are
systematically classified using the Danjon luminosity scale (Danjon, 1921), with values of L € {0,1,2,3,4}. The lowest value
L = 0 corresponds to very dark eclipses with high stratospheric aerosol loading where the Moon is barely visible to the naked
eye, while L =4 denotes bright copper-red eclipses with minimal aerosol loading. Lunar eclipses integrate aerosol loading
globally, but may be weighted toward one hemisphere, depending on the eclipse path (Keen, 1983).

Several studies have reconstructed the global-mean SAOD from lunar eclipse observations. Keen (1983) established a sys-
tematic conversion of observed eclipse brightness into SAOD estimates based on optical theory for 1960-1982, with later
extensions spanning the nineteenth through early twenty-first centuries (Hofmann et al., 2003). Stothers (2004, 2005, 2007)
compiled historical descriptions of lunar eclipse observations between 1671 and 1881, establishing a mapping from Danjon’s

L-values to SAOD estimates ranging from 0 to 0.1 based on Keen (1983). Guillet et al. (2023) refined Stothers’ empirical rela-
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tionship by assigning SAOD intervals rather than single values to each Danjon class. They then reconstructed the global-mean
SAQD from historical texts of lunar eclipse observations for the period 1100-1300.

Most recently, Boissel and Guillet (2026) extended the SAOD reconstruction to cover 1750-2022 by compiling historical
sources including astronomical journals, newspaper accounts, and observation reports. Adopting the methodology of Guillet
et al. (2023), this reconstruction provides the global-mean SAOD time series at 550 nm for 190 events (>1500 observations)
with uncertainty bounds for each luminosity class. For the darkest classification (L = 0), the lower SAOD bound is revised from
0.1 to 0.08 since observations of 1963 Agung and 1982 El Chichén eruptions, both assigned with L = 0, do not reach an SAOD
value of 0.1. The L = 0 values represent only a lower bound rather than a range, as the Moon becomes effectively invisible
beyond this threshold. They also introduce intermediate Danjon values of L € {0.5,1.5,2.5,3.5} to account for ambiguous
visual descriptions.

The eclipse-derived SAOD reconstruction represents broad estimates of stratospheric aerosol loading consistent with the
observed eclipse brightness. There is substantial uncertainty for L > 1 since the classification is subjective and depends on
observer experience and local weather conditions. For instance, if a lunar eclipse occurs when the Moon is low on the horizon
(e.g., near sunrise or sunset), twilight conditions can make the Moon appear darker than usual. Only when L = 0 are lunar
eclipse observations a reliable indicator of major volcanic eruptions. Nonetheless, lunar eclipses provide valuable constraints
for reconstructing historical stratospheric aerosol forcing particularly for the pre-instrumental period when no other measure-

ments are available, and serve as a complementary source of information for the satellite period.
2.3.2 Pyrheliometric measurements

A pyrheliometer is a ground-based instrument that measures direct solar irradiance across the broad solar spectrum (wave-
lengths of ~0.3-2 pm), which can be used to derive atmospheric optical depth (Stothers, 1996). To isolate the optical depth
component attributed to volcanic aerosols, a reference baseline method is used, whereby cloud-free solar observations at
equivalent air mass and time of year are compared between volcanically perturbed and unperturbed periods at the same sta-
tion (Stothers, 1996). A limitation of this approach is that the computed aerosol optical depths may exhibit negative values
during periods of low volcanic activity, and the baseline may be affected by other non-volcanic aerosol sources and atmo-
spheric trace gases.

We use the pyrheliometric optical depth dataset from Stothers (1996), which reports the hemispheric monthly-mean pyrhe-
liometric measurements from a total of 23 stations between 1881 and 1960. The majority of the stations were located be-
tween 30°N-60°N, with three stations operated at 23°S—35°S from 1926-1936. Stothers (1996) identified and reported the
hemispheric-mean pyrheliometric optical depth for 10 major volcanic eruptions, including Krakatau (1883), an unidenti-
fied event (1890), Soufriere St. Vincent/Pelée (1902), Santa Maria (1902), Ksudach (1907), Katmai (1912), Puyehue (1921),
Paluweh (1928), Komagatake (1929), and Quizapu (1932). The pyrheliometric optical depth is assumed to be zero for months
without volcanic perturbations. The number of pyrheliometer measurements for the identified eruptions ranges between 1 sta-
tion (i.e., Krakatau, 1890 event, Paluweh, Komagatake, Quizapu) and 14 stations (i.e., Katmai) (Fig. S1). The pyrheliometric

optical depth for each eruption is obtained by taking the mean of the measurements from the available station(s). The optical
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depths for four eruptions, including Krakatau, the 1890 eruption, Santa Maria, and Katmai, are assumed to decay exponentially
with time with an e-folding time ranging between 0.8 and 1 year. To obtain SAOD at 550 nm, the mean pyrheliometric optical
depth is then multiplied by a factor of 1.6 as described in Stothers (1996). In the CMIP6 dataset, the SAOD at 550 nm is derived
from scaling Stothers (1996) pyrheliometric optical depth by an unspecified aerosol size dependent conversion factor between

1.2 and 1.5 (Luo, 2018). The pyrheliometer stations used in CMIP6 are listed in Figure S1.
2.3.3 Stellar extinction

Enhancements to the stratospheric aerosol layer from major volcanic eruptions can be quantified by measurements of the re-
sulting apparent dimming of starlight, known as stellar extinction, from standard reference stars known to be not intrinsically
variable in brightness (Hardie, 1962; Stothers, 2001). Stellar extinction coefficients are derived by taking repeated measure-
ments of the apparent brightness of standard stars at different zenith angles as the star rises or sets throughout the course of
the night. By combining the Beer—Lambert law with Pogson’s equation from astronomy, a linear relationship between appar-
ent magnitude (i.e., the logarithm of apparent brightness) and the relative air mass (i.e., the ratio of air column density at the
observed zenith angle to the air column density at zenith) can be obtained. The stellar extinction coefficient a for a given date
and location corresponds to the best-fitting slope of this relationship. To convert this coefficient to optical depth 7, the conver-
sion 7 = 0.921a is used, which arises as a natural consequence from combining exponential attenuation with the logarithmic
definition of apparent magnitude (Hardie, 1962; Stothers, 2001).

These coefficients may provide useful information for atmospheric and climate scientists (Stock, 1969). To estimate the
SAOD at each measurement site, it is commonly assumed that the other components of the total optical depth, including the
tropospheric aerosol optical depth, Rayleigh scattering, and the influence of ozone and other gas species are constant from year
to year. Under this assumption, an optical depth anomaly produced by subtracting a monthly-varying baseline for a reference
period undisturbed by volcanic activity from each time series provides an estimate of SAOD (Stothers, 1996, 2001). Since the
quality of astronomical observations is related to the transparency of the sky, it is desirable for astronomical observatories to
be at high elevation or locations with generally low tropospheric aerosol content. This assumption that the other components
of total optical depth are constant from year to year is thus more appropriate for astronomical observatories than it would be in
general due to astronomical observatories typically being located to minimise the effect of tropospheric contamination (Garcia-
Gil et al., 2010). Good agreement has been found when comparing annual means of SAOD derived from stellar extinction to
those derived from satellite measurements for periods where both are available (Fig. S2), with Rodgers (2022) obtaining a
mean percent difference of approximately 14.5% and Stothers (2009) finding differences of similar magnitude.

Stothers (2001) compiled stellar extinction data from available literature, estimating SAOD at nine locations in the subtropics
of both the Northern and Southern hemispheres, over the period 1961-1978. Building on this effort, Rodgers (2022) compiled
and digitised the original data sources used by Stothers (2001), added data from additional sites, and extended coverage to
2020. They also updated the SAOD estimation method by introducing median-based thresholding to the determination of the
reference period baseline which improves the accuracy of the reference period by excluding outliers in the raw data. They also

estimated uncertainties in the derived SAOD values quantified as the 1-o standard error of the mean based on the number and
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variability of daily measurements. In this work, we use monthly-mean SAOD at 550 nm and uncertainties reported by Rodgers
and Toohey (2026), derived from stellar extinction datasets collected between 1955 and 2020 from twelve measurement sites
(six Northern Hemisphere (NH) sites at 28°N-35°N and six Southern Hemisphere (SH) sites at 26°S—34°S, see Table 2.2 in
Rodgers, 2022).

2.3.4 Lidar and searchlight measurements

Ground-based lidar and searchlight measurements provide valuable constraints on stratospheric aerosol optical properties, both
for eruptions in the pre-satellite era and as validation for satellite retrievals. Such measurements have routinely been collected
for decades (e.g., Deluisi et al., 1983; Barnes and Hofmann, 1997), and recent data rescue efforts by the APARC (Atmo-
spheric Processes And their Role in Climate) project have recovered and recalibrated additional lidar and searchlight measure-
ments (Antufia-Marrero et al., 2020b, 2021, 2024). We use these observations to evaluate SAOD following the 1963 Mt. Agung,
1982 El Chichén, and 1991 Mt. Pinatubo eruptions in Section 3.1.5. For the 1963 Agung eruption, we use the searchlight-
derived SAOD at 550 nm at White Sands (33°N), and aerosol extinction at 532 nm at Lexington (42°N) and Fairbanks (65°N)
with two-way aerosol transmittance correction for January to May 1964 and October 1964 to August 1965 (Antufia-Marrero
et al., 2020a, 2023). For the 1982 El Chichén and 1991 Mt. Pinatubo eruptions, we use lidar data at 694 nm from Mauna Loa
(20°N; assumed extinction-to-backscatter ratio of 50 sr; John E. Barnes, pers. comm.). For the 1991 Mt. Pinatubo eruption, we
also use lidar data at 353 nm from Table Mountain, California (34°N; assumed extinction-to-backscatter ratio of 50 sr; Thierry
Leblanc, pers. comm.) and at 355/532 nm from the Observatoire de Haute-Provence (44°N; assumed extinction-to-backscatter
ratio of 40-50 sr; Sergey M. Khaykin, pers. comm.), and shipborne lidar data at 532 nm from two Soviet vessels between 20°N
to 40°N (assumed extinction-to-backscatter ratio of 25 sr), which provides transects of the Pinatubo cloud over the Atlantic
Ocean from July to September 1991, and from January to February 1992 (Antufia-Marrero et al., 2020c). Daily lidar data are
binned to monthly resolution; the number of measurements per bin is variable and may be as low as one. All lidar data are
converted to 550 nm for comparison with CMIP6 and CMIP7 datasets (see Sect. 2.4).

Uncertainties in lidar-derived extinction arise from several sources. The dominant uncertainty is the assumed extinction-
to-backscatter ratio, which can vary by a factor of three between the background and perturbed conditions and with wave-
length (e.g., Jager and Deshler, 2002). Some authors assume a constant value in time and altitude (e.g., Avdyushin et al., 1993;
Antufia-Marrero et al., 2020c) while others use time-varying values, e.g., derived from particle counter measurements of the
1991 Mt. Pinatubo aerosol cloud, even for other eruptions (Antufia-Marrero et al., 2021). Further uncertainties arise from the

backscatter retrieval itself (Russell et al., 1979) and from the conversion to a target wavelength.
2.3.5 Satellite products

For the satellite era (after 1979), the CMIP7 stratospheric aerosol forcing dataset is based on extinctions from GloSSAC (Kovi-
lakam et al., 2020). The 525-nm extinction is copied directly from GloSSAC. All other optical properties, such as the extinction
at other wavelengths and the effective radius, are derived from the 525-to-1020-nm extinction ratio based on Mie scattering

theory with simplifying assumption on the aerosol size distribution (Aubry et al., 2026b). We compare these derived values
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in CMIP7 against other satellite datasets, which use different measurement techniques and retrieval assumptions. GloSSAC
is based on SAGE II/III solar occultation measurements, supplemented mainly by OSIRIS limb-scattering and CALIOP lidar
data. In contrast, the comparison datasets are mostly based on limb scattering (e.g., OMPS-LP and SCIAMACHY). Solar oc-
cultation measurements are taken at local sunrise and sunset and are based on direct (attenuated but not scattered) radiation
from the sun, leading to sparse spatial and temporal sampling. Limb-scattering improves sampling coverage, but retrieving
extinction involves radiative transfer modelling with assumptions on particle size and aerosol composition.

OMPS-LP (“Ozone Mapping and Profiler Suite Limb Profiler”) limb-scattering data are available after 2012. We use the
retrievals of stratospheric aerosol extinction from Rozanov et al. (2024). We apply the CMIP7 troposphere mask to OMPS-LP
and exclude data below 12 km since the retrieval quality degrades due to loss of retrieval sensitivity (Rozanov et al., 2024).
Other retrievals for OMPS-LP exist (Zawada et al., 2018; Taha et al., 2021) but were not used here. The retrievals differ most
after major volcanic eruptions (Kovilakam et al., 2025; Bourassa et al., 2023), but agree reasonably for weaker eruptions.

SCIAMACHY (“Scanning Imaging Absorption Spectrometer for Atmospheric Chartography”) limb-scattering measure-
ments are available for 2002-2012. We use the retrievals of particle size distribution parameters from Pohl et al. (2024), from
which they derive the extinction and effective radius, validated against balloon-borne measurements and independent satellite
retrievals. In a comparison with nudged atmosphere—aerosol simulations, the retrieval was found to provide useful extinction
and aerosol size information (Pohl et al., 2026).

CREST (“Climate Data Record of Stratospheric Aerosols”) version 2.0 is a merged record of stratospheric aerosol extinction
from multiple satellite instruments, transformed to 750 nm (Sofieva et al., 2024b). Beyond some of the source datasets used
in GloSSAC (SAGE 11, SAGE III, OSIRIS), CREST additionally includes OMPS-LP, GOMOS, and SCIAMACHY data, and
the data processing code is independent from GloSSAC. The SCTAMACHY extinction in CREST is retrieved directly from
limb-scattering radiances, rather than via the particle size distribution as in the Pohl et al. (2024) retrieval described above.

Gaps are filled using a 3-month running mean and Delaunay triangulation (Sofieva et al., 2024Db).
2.4 Data pre-processing

To compare CMIP7 and other datasets, the extinction needs to be interpolated to a common wavelength. To convert the CMIP7
extinction to another wavelength, we linearly interpolate the provided extinction spectrum. To convert satellite and lidar data

from an original wavelength Ay to 550 nm, we use the Angstrém formula (;\ngstr(jm, 1929):

550 nm

B550 m = Bxo <)\0> , (D

where /3 is the extinction coefficient at a given wavelength and « is the Angstrom exponent. This conversion may be biased
low (by around 10%) since the aerosol extinction spectrum does not exactly follow the Angstrém formula. Corrections exist
but not for conversion to 550 nm (Damadeo et al., 2024). We use a time-varying zonal-mean « derived from the 525-nm and
1020-nm extinction of CMIP7. During unperturbed periods, « is around 2.0, but it decreases to below 0.5 after the 1991 Mt.
Pinatubo eruption due to larger aerosol sizes. For lidar data from Lexington and Fairbanks reported by Antufia-Marrero et al.

(2021), we derive the wavelength exponent using the 532 nm and 694 nm aerosol backscatter and extinction.

10
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Since the CMIP7 dataset is for stratospheric aerosols only, tropospheric values are masked. The climatological tropopause
as a function of month and latitude is based on the MERRA reanalysis (Aubry et al., 2026b). For vertically integrated values
(e.g., SAOD, or vertical-mean effective radius), we apply the CMIP7 tropospheric mask to comparison datasets.

3 Results

3.1 Stratospheric aerosol optical depth over the historical period

The stratospheric aerosol optical depth (SAOD) is the vertically integrated aerosol extinction from the tropopause upwards. It
is the primary optical property required by the radiative transfer code in climate models to simulate the radiative forcing and

thus climate effects of volcanic eruptions.

3.1.1 Overview and comparison with other datasets

11
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Figure 2. Global-mean stratospheric aerosol optical depth (SAOD, log scale) from 1750 to 2023, comparing CMIP5, CMIP6, and CMIP7

forcing datasets with observational estimates. The observations are from lunar eclipse data from Boissel and Guillet (2026), pyrheliometric

measurements from Stothers (1996), and stellar extinction data from Rodgers and Toohey (2026). An upward arrow indicates lunar eclipse

data that do not have an upper bound on the SAOD range (L = 0).
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‘We compare the global-mean SAOD time series across CMIP5, CMIP6, and CMIP7 forcing datasets, along with observations
from lunar eclipses, pyrheliometric measurements, and stellar extinction data in Figure 2.

The CMIP7 forcing dataset represents major methodological changes over CMIP6, leading to substantial differences in
SAOD. The global-mean SAOD averaged over the historical period is 0.0107 for CMIP6 (1850-2014) and 0.0135 for CMIP7
(1850-2021). The greater SAOD magnitude in CMIP7 arises from the addition of small-to-moderate magnitude eruptions
in the pre-satellite era (1850-1978) in CMIP7 using volcanic SO2 emissions from a geological database (Global Volcanism
Program, 2025) and a high-resolution ice-core dataset (Fang et al., 2023). CMIP7 yields a more coherent SAOD time series
over the full historical period than CMIP6, with more similar frequencies of small-to-moderate magnitude eruptions between
the satellite and pre-satellite era.

Observations independent of the CMIP7 dataset, including pyrheliometric measurements, lunar eclipses, and stellar extinc-
tion data, are valuable for validating SAOD especially in the pre-satellite period. Volcanic emissions derived from ice cores
have a high uncertainty in SO mass, especially after 1900 since increased anthropogenic sulfur emissions masked the ice-
core volcanic sulfate signals, thus making independent observations important for forcing validation. We find that CMIP7
has years without matching SAOD peaks when independent observations show SAOD values greater than 0.01. For instance,
pyrheliometric measurements, lunar eclipses, and stellar extinction data indicate SAOD perturbations in years 1921, 1929, and
1974 that are not captured in CMIP7 (Fig. 2). This suggests that the CMIP7 volcanic emission inventory may be missing or
underestimating SO» emissions for some eruptions.

However, the SAOD estimates derived from independent observations are also subject to uncertainties. For instance, both
lunar eclipses and stellar extinction data show higher SAOD estimates than the satellite observations between 1997 and 2015
(Fig. 2). Lunar eclipse data for luminosity classes with L > 1 are subject to greater uncertainties due to differences in observer
experience and atmospheric conditions (see Sect. 2.3.1). For stellar extinction data, there is a lack of available measurements in
the SH from 1995 onwards (Fig. S2b). The stellar-extinction-derived SAOD over the NH shows good agreement with GloSSAC
data (Fig. S2a) but the global-mean values are higher than those in CMIP7 (Fig. 2), likely due to biases introduced by averaging
over NH data only due to the lack of SH stations.

In Section 3.1.5, we compare the SAOD of selected major eruptions with independent observation data for further evaluation

of individual eruption cases.
3.1.2 Climatologies of SAOD in CMIP7 and CMIP6

The climatologies of the extinction coefficient, which yields SAOD when vertically integrated, show only small variations
in magnitude between CMIP6 and CMIP7, especially for the annual mean (Fig. 3). The CMIP7 annual climatology shows a
stronger increase in extinction towards high latitudes in the lower stratosphere. In CMIP6, there is a more pronounced decrease
in extinction above the tropopause in the tropics and subtropics, which is confined to the SH subtropics in CMIP7. Aside from
these differences, the latitude—altitude profiles are very similar and show a decrease in extinction with increasing altitude. From
month to month, there are more differences in the latitudinal profile in CMIP6, while extinction remains fairly similar across

months in CMIP7. For example, CMIP7 shows consistently high extinction in the NH high latitudes, a signal which appears
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Figure 3. Comparison of annual (a, b) and monthly climatologies (c, d) of the extinction coefficient at 550 nm in CMIP7 (left column) and

CMIP6 (right column). The climatologies cover data from 1850 to 2014 (CMIP6)/2021 (CMIP7).

only between March and July in CMIP6 and is overall less pronounced there. CMIP6 exhibits notably low extinction across

latitudes, especially during the first half of the year, while CMIP7 shows more variations between latitudes.
3.1.3 Frequency—magnitude distribution of SO, emission and SAOD

The CMIP7 volcanic sulfur emissions dataset documents a total of 463 explosive eruptions, including 317 eruptions in the
satellite period (1979-2021) and 146 eruptions in the pre-satellite period (1750-1978; Aubry et al., 2026a). A key limitation
of the CMIP6 stratospheric aerosol forcing dataset was the under-representation of small-to-moderate magnitude eruptions in
the pre-satellite era. To address this gap, the CMIP7 volcanic sulfur emissions dataset includes 69 small-magnitude eruptions
recorded in the GVP geological database with Volcanic Explosivity Index (VEI) of 4 and 5 that were not captured in ice-core
records (Aubry et al., 2026a). These eruptions constitute about 50% of the CMIP7 pre-satellite eruptions and are assigned SO5
emission values of 0.08 Tg and 2.78 Tg for VEI 4 and VEI 5 eruptions, respectively (Fig. 4a). A previous study shows that
the CMIP6 1850-2014 mean SAOD value (0.0107) is biased low compared to the SAOD distribution generated by statistical

resampling of eruptions in the past 11,500 years, largely because it does not account for small-to-moderate magnitude eruptions
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Figure 4. Frequency—magnitude distributions for (a) volcanic SO2 emissions from different data sources (shown as stacked bars), (b)
monthly-mean CMIP7 stratospheric aerosol optical depth (SAOD) anomalies for small-to-moderate magnitude eruptions in the pre-satellite
period (1750-1978, without background non-volcanic stratospheric aerosols) and satellite period (1999-2021, relative to the minimum value

of year 1998).

before 1978 (Chim et al., 2023). CMIP7 includes more small-to-moderate magnitude eruptions in the pre-satellite era, which
is consistent with observations from the lunar eclipse dataset (Fig. 2).

Despite these improvements, the frequency—magnitude distributions reveal limitations of the CMIP7 dataset. Figure 4 shows
the distributions of CMIP7 volcanic SO, emissions and the monthly-mean SAOD anomalies in the pre-satellite (1750-1978)
and satellite (1999-2021) periods for small-to-moderate magnitude eruptions. Despite the inclusion of additional small-to-
moderate magnitude eruptions from the GVP geological database and the D4i high-resolution Greenland ice core, there are
more months in the pre-satellite period (55%) with SAOD values lower than 10~ as compared to the satellite period (28%).
This suggests that the CMIP7 dataset likely underestimates the SAOD contribution from small-magnitude eruptions in the

pre-satellite period.
3.1.4 Non-volcanic background aerosols

Stratospheric aerosol forcing in CMIP6 and CMIP7 includes non-volcanic background aerosols, which are derived using the
same methodology (Luo, 2018; Aubry et al., 2026b), while in CMIP5, the volcanic forcing datasets from Ammann et al.
(2003) and Sato et al. (1993) do not include non-volcanic background aerosols. CMIP6 and CMIP7 derive the non-volcanic
background aerosols from the climatological mean of a relatively volcanically quiescent period in the satellite era, and scale
the SAOD using the non-volcanic stratospheric sulfate aerosol burden simulated by Sheng et al. (2015). The reference periods
of the volcanically quiescent years in CMIP6 and CMIP7 are 1999-2005 and 1998-2001, respectively, with mean values of
0.0045 and 0.0044. CMIP7 uses the period 1998-2001 to avoid the influence of three small-magnitude eruptions in 2002
(Ruang, Etna, and Reventador), but the differences in the means are small. The non-volcanic background aerosol forcing in

CMIP7 is consistently higher than that of CMIP6 during pre-satellite volcanically quiescent periods and exhibits a much greater
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seasonal cycle (Fig. S3, S14). The amplitude of the seasonal cycle in CMIP7, although small in absolute values, increased by
about 30% between 1850 and 1950. We also find that the SAOD trend in CMIP6 is not linear, while CMIP7 shows a linear

trend in the non-volcanic background aerosols (Fig. S3a).
3.1.5 Selected major eruptions

Figure 5 shows the zonal-mean aerosol extinction as a function of altitude and latitude for the seven largest pre-satellite
eruptions in CMIP6, which were simulated using the AER2D model, and the comparison against CMIP7. For the remainder
of this section, we focus on five of these eruptions in the pre-satellite era with significant differences in SAOD magnitude or
distribution for detailed comparison with independent observations, including the 1861 unidentified eruption (possibly Mt. Kie
Besi), 1883 Krakatau, 1902 Santa Maria, 1963 Agung, and 1974 Fuego eruptions. We also examine the two largest satellite-era
eruptions, 1982 El Chichdén and 1991 Mt. Pinatubo.

For each eruption examined subsequently, we compare the CMIP6 and CMIP7 SAOD at 550 nm over the latitude band
for which pyrheliometer, stellar extinction, and lidar data are available. For each latitude band, we show the minimum and
maximum SAOD, with shading in between (i.e., the shading represents the SAOD range within a latitude band, not uncertainty).
Note that comparisons are not always like-for-like. Lunar eclipses and lidar data are instantaneous rather than monthly means,
even though we bin lidar data to monthly resolution. Stellar extinction, pyrheliometer, and lidar data represent pointwise
measurements and thus should be compared to the 5°-binned CMIP7 data with caution. For eruptions prior to the pyrheliometric
measurement period, only SAOD derived from lunar eclipse observations is available for comparison, which represents the
global-mean rather than the hemispheric-mean SAOD, although there is typically some weighting toward one hemisphere,
depending on the eclipse path (Keen, 1983). For post-1979 eruptions, where both CMIP6 and CMIP7 use GloSSAC, we also

compare against other satellite datasets and to what EVA_H would have simulated.
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Figure 5. Zonal-mean stratospheric aerosol extinction from CMIP7, CMIP6, and their differences, averaged over the 12 months following
each eruption: (a) Unidentified eruption (1861), (b) Krakatau (1883), (c) Tarawera (1886), (d) Santa Maria (1902), (e) Katmai (1912), (f)
Agung (1963), and (g) Fuego (1974).
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The 1861 eruption, for which no definitive source has been identified, shows a significant difference in aerosol distribution
and SAOD magnitude between CMIP6 and CMIP7. The eruption is classified as an unknown SH eruption in CMIP6, and
attributed to a VEI 4 tropical eruption of Mt. Kie Besi in CMIP7 with 9 Tg SOs injection. Another large tropical eruption
at Dubbi volcano in Eritrea erupted in May 1861 (Wiart and Oppenheimer, 2000), representing an alternative candidate for
this unidentified event. These different eruption latitudes result in distinct zonal aerosol distributions between CMIP6 and
CMIP7, with CMIP7 showing a higher SAOD over the NH (Fig. 5). The global-mean SAOD is significantly higher in CMIP7
than in CMIP6 (Fig. 6a), with the 12-month-averaged global-mean SAOD following the eruption being more than double in
CMIP7 (0.068) compared to CMIP6 (0.03), though CMIP7 includes an additional eruption (Bardarbunga, Iceland) in 1862 that
contributes to the SAOD increase. Neither the CMIP6 nor CMIP7 global-mean SAOD values fall within the range of SAOD
estimates derived from lunar eclipses (Fig. 6a).

The 1883 Krakatau eruption has 19 Tg SO, injection in CMIP7. The peak global-mean SAOD exhibits a comparable
magnitude between CMIP6 and CMIP7 (Fig. 5), while the global-mean SAOD averaged over 12 months following the eruption
is lower in CMIP7 (0.088) than in CMIP6 (0.113). This SAOD reduction occurs mainly over the tropics (Fig. 5b). The SAOD
reached its peak value after 3 months in CMIP6 and after 11 months in CMIP7 (Fig. 6b). This difference reflects the different
aerosol transport processes and production timescales in the two models, with the EVA_H reduced-complexity model reaching
the peak SAOD slower than the AER2D model.

Three tropical eruptions occurred in 1902, with Santa Marfa alone injecting 2 Tg SOs into the stratosphere in CMIP7 (Fig. 7).
The difference between CMIP generations is striking: the NH SAOD peaks at 0.14 in CMIP6, while it does not exceed 0.03 in
CMIP7. Pyrheliometric and lunar eclipse data support an SAOD exceeding 0.1 in the NH mid-latitudes, indicating that CMIP7
likely underestimates the extinction by a large margin. In the SH, both CMIP datasets agree on a peak extinction of around
0.02, but no pyrheliometer data are available (not shown).

The two Agung eruptions in 1963 injected a total of 10 Tg SO into the stratosphere in CMIP7. The global-mean SAOD
averaged over the 12 months following the eruption is comparable between CMIP7 (0.059) and CMIP6 (0.067). The aerosols
are concentrated mostly over the SH in the first post-eruption year, though CMIP7 exhibits slightly lower SAOD over the
SH mid-latitudes than CMIP6 (Fig. 5f). The apparent delayed increase in SAOD over the NH in CMIP6 appears to match
the stellar extinction data better than CMIP7, although lunar eclipse and lidar data suggest higher SAOD values than CMIP6
in 1964 (Fig. 8a). For the SH, the stellar extinction data matches CMIP6 better in the first 6 months after the eruption than
CMIP7 (Fig. 8). Notably, stellar extinction data, lunar eclipse data, lidar measurements, searchlight data, and CMIP6 show
small SAOD peaks in July 1964 and January 1965 in the SH and between April and July 1965 over the NH, none of which
are captured by CMIP7. Although CMIP7 includes a VEI 4 eruption in 1964 from Sheveluch (57°N), it is unlikely that this
high-latitude NH eruption is the source of SAOD increase in the SH within three months following the eruption, suggesting
that there is a potential missing eruption in late 1964 or early 1965 in the CMIP7 volcanic sulfur emission dataset.

The 1974 Fuego eruption is a VEI 4 eruption with an assigned SOs injection of 0.08 Tg in CMIP7. The eruption has a
significantly lower global-mean SAOD averaged over the 12 months following the eruption in CMIP7 (0.005) compared to
CMIP6 (0.026) (Fig. 5g). The SAOD in CMIP7 for both hemispheres is close to background levels (Fig. 9). Both stellar

18



405

410

https://doi.org/10.5194/egusphere-2026-4193
Preprint. Discussion started: 23 July 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Unidentified eruption (1861) - Global

0.25
—— CMIP7 (global mean)
E 0204 CMIPS (global mean)
3 —F— Lunar eclipse (global mean)
©  0.15
®
£ 0.10 /\
S I
< 0.05 -
= T L
OQ 0.00 —
-0.05 T T T T T T T T T T T
1861 Apr Jul Oct 1862 Apr Jul Oct 1863 Apr Jul Oct
Unknown SH eruption (CMIP6) Attributed to Kie Besi (CMIP7) )
Bardarbunga
T A T T A T 4 T T T T T
1861 Apr Jul Oct 1862 Apr Jul Oct 1863 Apr Jul Oct
Krakatau (1883) - Global
—— CMIP7 (global mean)
E 03 CMIP6 (global mean)
3 —F Lunar eclipse (global mean)
g 0.2 - + + @  Pyrheliometer (1 site, 44°N)
£ t 4y
©
2
a
O 0.0 44—
T T T T T T T T T
Jul Oct 1884 Apr Jul Oct 1885 Apr Jul
Krakatau
T ™ T T T T T T T
Jul Oct 1884 Apr Jul Oct 1885 Apr Jul

Figure 6. Global-mean aerosol optical depth (at 550 nm) for the 1861 unidentified eruption attributed to Mt. Kie Besi eruption in CMIP7
(0°), and the 1883 Krakatau eruption (6°S). Lunar eclipse data are obtained from Boissel and Guillet (2026). The upward arrow indicates that
the lunar eclipse data do not have an upper bound on the SAOD range (L = 0). Pyrheliometric data are from Stothers (1996) at Montpellier
(44°N).

extinction and lunar eclipse derived SAOD estimates suggest a higher SAOD range than background levels, which matches
better with CMIP6 values. CMIP7 likely underestimates volcanic sulfur emissions from the 1974 Fuego eruption, leading to
an underestimation of SAOD.

The 1982 El Chichén eruption injected 7 Tg SOy in CMIP7, accompanied by minor eruptions of Galunggung (Fig. 10).
The NH CMIP7 SAOD in the six months following the eruption is much lower (peak at 0.05) than indicated by lidar (peak
at 0.25) and stellar extinction data (peak at 0.15). Particularly the lidar data from Mauna Loa, which is at a similar latitude
as El Chichén, show a very strong peak around three months after the eruption. The discrepancy with CMIP7 is due to a gap
in global satellite data for 1982—-1984 between the SAGE and SAGE II missions, which has been filled in GloSSAC based
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Figure 7. Northern Hemisphere aerosol optical depth (at 550 nm) for the 1902 Santa Maria, Soufriere St. Vincent, and Pelée eruptions
(all 14°N). Lunar eclipse data from Boissel and Guillet (2026). Pyrheliometer data are from Stothers (1996) for Pavlovsk (60°N), Potsdam
(52°N), Warsaw (52°N), Clarens/Lausanne (46°N), Monte Cimone (44°N), and Washington, DC (39°N). The upward arrow indicates that
the lunar eclipse data do not have an upper bound on the SAOD range (L = 0). The shading shows the CMIP6 and CMIP7 SAOD ranges

between the latitude bands indicated in the legend.

on high-latitude satellite data and NH mid-latitude ground-based and airborne lidar data (Thomason et al., 2018; also see Fig.
4.4 of SPARC, 2006), which do not include the Mauna Loa lidar data shown here. The zonal-mean structure of SAOD thus
also appears discontinuous due to the way sparse lidar measurements are extrapolated to other latitudes (Fig. 10c), and there
are vertical discontinuities (Fig. 10d). Lunar eclipse data, however, support a low extinction in 1982, and the hemispheric and
global means may be better than the pointwise lidar data suggest, although this cannot be corroborated without more expansive
data coverage. Starting in 1983, all data sources agree on an NH SAOD of 0.05-0.15. The EVA_H model simulates a matching
SAOD in the SH based on only the emission parameters, but the simulated NH SAOD is smoother and lower than suggested
by CMIP and observational data.
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Figure 8. (a) Northern Hemisphere and (b) Southern Hemisphere aerosol optical depth (at 550 nm) for the 1963 Agung eruption (8°S). Lunar
eclipse data are obtained from Boissel and Guillet (2026). Stellar extinction data are from Rodgers and Toohey (2026) for Flagstaff (35°N),
Mount Locke (31°N), Kitt Peak (32°N), Mount Bingar (34°S), Sutherland (32°S), Cerro Tololo (30°S), La Silla (29°S), Bloemfontein (29°S),
and Pretoria (26°S). Lidar and searchlight data are from Antufia-Marrero et al. (2020a) and Antufia-Marrero et al. (2023) for White Sands
(33°N), Lexington (42°N), and Fairbanks (65°N). The upward arrow indicates that the lunar eclipse data do not have an upper bound on the
SAOD range (L = 0). The shading shows the CMIP6 and CMIP7 SAOD ranges between the latitude bands indicated in the legend.
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Figure 9. (a) Northern Hemisphere and (b) Southern Hemisphere aerosol optical depth (at 550 nm) for the 1974 Fuego eruption (14°N).
Lunar eclipse data are obtained from Boissel and Guillet (2026). Stellar extinction data are from Rodgers (2022) for Flagstaff (35°N), San
Pedro Mirtir (31°N), Mount Locke (31°N), and Cerro Tololo (30°S). The shading shows the CMIP6 and CMIP7 SAOD ranges between the

latitude bands indicated in the legend.
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Figure 10. (a) Northern Hemisphere and (b) Southern Hemisphere aerosol optical depth (at 550 nm) for the 1982 El Chichén (17°N) and
Galunggung (7°S) eruptions. (c) Zonal-mean optical depth and (d) global-mean extinction in CMIP7. Lunar eclipse data are obtained from
Boissel and Guillet (2026). Stellar extinction data are from Rodgers (2022) for Canary Islands (28°N), San Pedro Martir (31°N), Flagstaff
(35°N), and La Silla (29°S). Error bars denote the standard error of the mean. Lidar data are from Mauna Loa (John E. Barnes, pers. comm.).
White circles in (c) indicate volcanic eruptions scaled by injected SOz mass. The shading shows the CMIP6 and CMIP7 SAOD ranges

between the latitude bands indicated in the legend.
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The 1991 Mt. Pinatubo eruption was the largest eruption of the 20th century, with an injection of 15 Tg SOs estimated
in CMIP7. Accurate forcing for Pinatubo is critical since it is often taken as representative of large magnitude eruptions in
coordinated modelling experiments (e.g., Zanchettin et al., 2016) and mechanistic studies (e.g., Pauling et al., 2021; Dogar
et al., 2020). Howeyver, aerosol extinction was so strong in the lower tropical and subtropical stratosphere after Pinatubo that
SAGE II measurements were not possible, resulting in a gap from June 1991 until the end of 1993 (SPARC, 2006). This gap is
filled in GloSSAC using ground-based lidar data from the subtropics for June—September 1991 and other satellite instruments
(CLAES and HALOE) after October 1991 (Thomason et al., 2018; Kovilakam et al., 2020).

Figure 11 shows the SAOD following the 1991 Mt. Pinatubo eruption. All satellite-based datasets, including CMIP, agree
that the NH mid-latitude SAOD peaked at around 0.1 starting three months after the eruption and persisting for about 15
months (Fig. 11a). It is particularly encouraging that the stellar extinction data also match well, although the CREST merged
satellite dataset, which uses a different method to fill the gap and was interpolated to 550 nm using the Angstr(jm formula, has
a slightly lower peak SAOD (0.09) than CMIP7 (0.12) averaged over the NH mid-latitudes. In contrast, the lidar data (Fig. 11b)
indicate much higher extinctions, possibly exceeding 0.3, and a wider spread of transport timescales across latitudes. However,
uncertainties in the lidar data due to the extinction-to-backscatter ratio and wavelength conversions are large so that the lidar
extinctions could reasonably be 50% smaller. The agreement between CMIP7, CMIP6, and CREST in the SH is similar to the
NH, although the stellar extinction data point to a slightly lower SAOD (Fig. 11c). The EVA_H model aligns with the satellite
data in the NH, but does not capture the dip in SH SAOD in the first year following the eruption.

3.1.6 CMIP7 comparison with satellite datasets

After 1979, the CMIP7 dataset is based on extinctions from GloSSAC. We compare the SAOD in CMIP7 derived from these
extinctions with CREST and OMPS-LP. For comparison, the relative difference is defined as the difference divided by the
mean of two datasets.

CREST (Sofieva et al., 2024b) is a merged record of SAOD at 750 nm from multiple satellite instruments. It relies on much
of the same observations as GloSSAC, but adds additional satellite data (including OMPS-LP after 2012, compared next)
and processes observations differently. The zonal-mean SAOD over 1985-2023 is shown in Figure 12. CREST agrees closely
with CMIP7 over much of the record, with a median difference of 5%. CREST has a higher SAOD than CMIP7 everywhere
except for the subtropics. The 1991 Mt. Pinatubo eruption has a similar zonal structure but a larger extinction in CMIP7. This
mismatch for the Mt. Pinatubo eruption is likely due to the way the two datasets account for gaps due to instrumental saturation
of SAGE 1I during this period (Sofieva et al., 2024b): CREST fits an empirical function, while GloSSAC incorporates other
satellite observations and ground-based lidar data. Larger differences also exist for a number of NH high-latitude eruptions
(e.g., 2008 Kasatochi, 2009 Sarychev, 2019 Raikoke); the agreement for the 2022 Hunga Tonga—Hunga Ha’apai eruption is
good (Fig. S12).

OMPS-LP (Rozanov et al., 2024) data were not included in GIoSSAC and thus enable independent validation. OMPS-LP
provides retrievals of extinction at 869 nm, while extinction at this wavelength is derived from Mie theory in CMIP7 based

on the 525-nm extinction and the 525-t0-1020-nm extinction ratio in GloSSAC. The zonal-mean SAOD over 2012-2023 is
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Figure 11. (a, b) Northern Hemisphere and (c) Southern Hemisphere aerosol optical depth (at 550 nm) for the 1991 Mt. Pinatubo eruption

(15°N). Lunar eclipse data are obtained from Boissel and Guillet (2026). Stellar extinction data are from Rodgers (2022) for Washington
Camp (31°N), Canary Islands (28°N), San Pedro Mdrtir (31°N), Flagstaff (35°N), La Silla (29°S), and Sutherland (32°S). Error bars denote

the standard error of the mean. Shipborne lidar data are from Antufia-Marrero et al. (2020c). Ground-based lidar data are from Mauna Loa

(John E. Barnes, pers. comm.), Table Mountain, California (Thierry Leblanc, pers. comm.), and Haute-Provence (Sergey M. Khaykin, pers.

comm.). The upward arrow indicates that the lunar eclipse data do not have an upper bound on the SAOD range (L = 0). The shading shows

the CMIP6 and CMIP7 SAOD ranges between the latitude bands indicated in the legend.

shown in Figure 13. Although the two datasets agree qualitatively, the median difference is 9% before 2022. CMIP7 has a

persistently lower SAOD in the mid- and high latitudes, although OMPS-LP has a higher SAOD in the subtropics, particularly
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90 — A
60 i
g 307 B
é 0 4 ; 10
5 N
-2
° 10
©
2
g
1 | P 100
' (AR TR L
I | I
o 304 I*q' I 50
é 0 ' [ [ | | Nth] I 0
()]
= -30 | hll I | | 50
-60 - ‘ " | h| | | I
s | 1 I 11 1
-100
-90 T T T T II h T I
1984 1988 1992 1996 2000 2004 2008 2012 2016 2020 2024

Figure 12. Stratospheric aerosol optical depth in CMIP7 and CREST satellite observations at 750 nm. The CMIP7 5° data were binned
to the CREST 10° latitude grid. The monthly climatological tropopause from CMIP7 is applied to CREST. The 1991 Mt. Pinatubo (Pi),
2008 Kasatochi (Ks), 2009 Sarychev (Sr), 2019 Raikoke (Ra), and 2022 Hunga Tonga—Hunga Ha’apai (HT) eruptions are mentioned in the
text. White circles indicate volcanic eruptions exceeding 0.5 Tg SOa, scaled by injected SO2 mass. The white diamond in December 2019

represents the Black Summer (BS) Australian pyrocumulonimbus.

in the SH. Such biases may be caused by wavelength conversions, location-dependent influence of particle-size assumptions,
and possibly by differences in vertical extinction profiles. The OMPS-LP observation geometry also affects errors: in the SH,
the scattering angle between the instrument’s line of sight and the sun is larger than in the NH, which reduces aerosol sensitivity
and increases SH uncertainties in the OMPS-LP extinction retrievals. The difference increases after the Hunga Tonga—Hunga
Ha’apai eruption in January 2022. In CMIP7, the HT plume onset appears delayed by one month, likely because SAGE III
(GloSSAC’s primary instrument in this period) has fewer observations of the HT plume in January and February 2022 than
OMPS-LP (cf. Fig. 3 in Bourassa et al., 2023). The delayed onset is also evident in the comparison with CREST (Fig. S12). The
peak extinction for HT is lower in OMPS-LP than in CMIP7, although CREST and CMIP7 agree at 750 nm (Fig. S11, S12).
Since CREST is mainly based on OMPS-LP during this period, the bias is likely due to the wavelength conversion or CREST’s
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Figure 13. Stratospheric aerosol optical depth in CMIP7 and OMPS-LP satellite observations at 869 nm. The CMIP7 data were linearly
interpolated to the OMPS-LP latitude grid. Extinction below 12 km is excluded, and the monthly climatological tropopause from CMIP7
is applied to OMPS-LP. The 2022 Hunga Tonga—Hunga Ha’apai (HT) eruption is mentioned in the text. White circles indicate volcanic
eruptions exceeding 0.05 Tg SO2, scaled by injected SO2 mass. The white diamond in December 2019 represents the Black Summer (BS)

Australian pyrocumulonimbus.

merging approach. Large differences among OMPS-LP retrievals and compared to other satellite instruments for HT have been
noted before, and can be attributed to the fixed-particle-size assumption for limb observation retrievals (Bourassa et al., 2023;
Remai et al., 2026).

The average SAOD in the tropics as well as the northern and southern extratropics agrees well between CMIP datasets,
CREST, OMPS-LP, and SCTAMACHY (Fig. S11). However, the SAOD in CMIP7 is persistently lower (on average, 7% for
CREST, 18% for OMPS-LP, and 21% for SCTAMACHY), which may be a result of the wavelength conversion to 550 nm and
biases therein (Damadeo et al., 2024). Further, the seasonal cycle in the extratropics is more pronounced in CREST, OMPS-LP,
and SCTAMACHY than in CMIP7. This is the case even in periods where CREST and CMIP7/GloSSAC only rely on SAGE

I, indicating differences in observation processing, such as CREST’s seasonal-cycle adjustment (Sofieva et al., 2024b).
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3.2 Effective radius

The effective radius is the cross-sectional area-weighted mean radius of the particle size distribution. While typically not
required by radiation code, it plays a key role in the CMIP7 stratospheric aerosol forcing as an intermediate result from which
all other optical properties (except for the extinction at 525 nm) are derived. These derived properties include the aerosol single
scattering albedo and asymmetry factor, which are inputs for commonly used radiative transfer models (e.g., Iacono et al.,
2008). Note that the relationship of the effective radius to other properties depends on the assumed particle size distribution.

CMIP7 uses a bimodal lognormal distribution with fixed geometric standard deviations for both modes (Aubry et al., 2026b).
3.2.1 Comparison of CMIP6 and CMIP7

The global-mean effective radius of ambient aerosol particles throughout the stratosphere is larger in CMIP7 at 0.132 um
compared to 0.118 pm in CMIP6 over the 1850-2014 period covered by both CMIP6 and CMIP7 (Fig. 14). In years without
eruptions, the same holds as can also be seen in the baseline of the global mean (Fig. 14a). This larger effective radius in CMIP7
is mostly due to differences in the effective radius of non-volcanic background. For CMIP6, the non-volcanic background
effective radius further shows a linear increase with time, while, in CMIP7, it remains constant during the pre-satellite era. For
the CMIP6 data, this linear trend in background aerosols was introduced from 1850 to 1978 to represent rising anthropogenic
emissions of tropospheric aerosols, some of which are transported into the stratosphere (Aubry et al., 2026b). During the
satellite era, both CMIP6 and CMIP7 show more variation in the effective radius, also for volcanically quiescent years.

In contrast to CMIP6, small-magnitude eruptions show up in the effective radius data during the pre-satellite era in the
CMIP7 dataset as a result of the inclusion of more small-magnitude eruptions (Fig. 14a). The timing of eruptions is often
similar between the two datasets, while the magnitude and latitudinal extent of changes in the effective radius differ (Fig. 14a—
c). The effective radius of aerosol particles tends to be smaller in CMIP6 during eruptions, especially in the pre-satellite era.
For the CMIP7 effective radius data, effects of eruptions tend to appear in both hemispheres and across latitudes, while, in
CMIP6, they are confined to one hemisphere more often, mirroring spatial structures in extinction (Fig. 14b, c).

Differences between the CMIP6 and CMIP7 datasets are most pronounced during the 1960s and 1970s. Throughout these
decades, the CMIP6 effective radius is enhanced and variable, while, in CMIP7, the 1963 Mt. Agung eruption shows up as a
sharp peak, with only one smaller eruption in the following years. That CMIP6 shows more variations in effective radius is
likely due to the inclusion of stellar extinction measurements for the years 1961-1978 (Stothers, 2001), which include many
small to moderate perturbations. The CMIP7 dataset, on the other hand, only shows eruptions that appeared in ice-core data. As
a consequence of this difference in the underlying data, the 1963 Mt. Agung eruption also has a stronger signal in CMIP6 in the
year following the eruption (Fig. S6). In CMIP6, the eruption appears strongest in the tropics, whereas CMIP7 shows slightly
more of a mid- and high-latitude signal. Such differences between CMIP6 and CMIP7 in the effective radius signal associated
with individual eruptions exist especially during the pre-satellite era. After the 1861 eruption, for example, the effective radius
is larger for CMIP7 than CMIP6 (Fig. S4). The signal extends across the hemispheres and further up into the atmosphere in
the CMIP7 effective radius data, whereas it is more focussed on the SH for CMIP6. Following the 1902 Santa Maria eruption,
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Figure 14. Effective aerosol radius in CMIP7 (a, b, d, f) and CMIP6 (a, c, e, g). (a) Global monthly-mean time series averaged along
altitude in CMIP7 (blue) and CMIP6 (yellow). (b, ¢) Latitudinal change with time from 1850 to 2014 averaged along altitude. (d, e) Annual
climatology, from 1850 to 2014 (CMIP6)/2021 (CMIP7). (f, g) Latitudinal change in climatologies with month. For the vertical integration
of the latitudinal profiles the troposphere in CMIP6 was masked as in CMIP7.

CMIP6 effective radius shows a strong signal in the NH, which is almost completely absent from the CMIP7 data (Fig. S5).
During the satellite era, the eruption signal is more alike, as shown by the similarities for the 1982 El Chich6n and 1991 Mt.
510 Pinatubo eruptions (Figs. S8, S9).
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Figure 15. Effective radius in CMIP7 for 2000-2021, including the end of the SAGE II mission in August 2005. (a) Effective radius at an
altitude of 25 km. (b) Effective radius averaged over 30°S—30°N.

For the climatological means, patterns across altitude and latitude are smoother for the CMIP7 annual mean than for CMIP6
(Fig. 14d, e). The patterns are dominated by the pre-satellite era, during which the difference between CMIP6 and CMIP7 is
particularly pronounced and patterns are overall smoother than during the satellite era (Fig. S13). The CMIP6 data shows two
pronounced bands of higher effective radius values around altitudes of 15 and 23 km that stretch across latitudes, seemingly an
artefact of the methodology as they appear throughout the whole coverage period (Figs. 14d, e, S13).

Changes in the monthly climatologies are small in magnitude throughout the year, with overall higher values for CMIP7
(Fig. 141, g). Both datasets show lower effective radius values in the SH compared to the NH, with particularly low values in
high southern latitudes. The subtropics show particularly low values in effective radius in CMIP7, comparable with the SH

high latitudes. In CMIP6, on the other hand, the effective radius in the tropics and subtropics is largest in the dataset.
3.2.2 Effective radius in the post-SAGE II period

GloSSAC, on which CMIP7 is based after 1979, aims to provide the extinction at 525 nm and 1020 nm based on multi-
wavelength observations (Thomason et al., 2018; Kovilakam et al., 2020). The effective radius in CMIP7 is derived from the
ratio of 525-to-1020-nm extinction; all other CMIP7 optical properties except for the extinction at 525 nm are then derived
from the effective radius. However, during the gap between the SAGE II and SAGE III missions (September 2005-May 2017),
GloSSAC relies on single-wavelength observations, so that the 1020-nm extinction is derived from a monthly, climatological
empirical relationship (Kovilakam et al., 2020). The resulting effective radius in CMIP7 therefore has a repeating seasonal
cycle over 2005-2017 but no other variability (Fig. 15). In addition to the climatological values, there are discontinuities at an

altitude of around 28 km and poleward of 75°N/S that persist after the SAGE III data become available in 2017.
3.2.3 Comparison with SCIAMACHY retrievals

The effective radius based on SCIAMACHY observations, calculated from the retrieved particle size distribution, enables
independent validation. SCIAMACHY and SAGE II observations overlap from 2002 to 2005. The zonal-mean effective radius
at heights of 18.4 km and 25.0 km during this period is shown in Figure 16. At both altitudes, CMIP7 and SCIAMACHY agree
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on a mean effective radius of 0.13 pm to 0.15 pm, but CMIP7 appears biased high compared to SCIAMACHY in the tropics at
18.4 km. A high bias in the effective radius derived from SAGE II observations, which are included in GloSSAC, particularly
at lower altitudes, has been noted before by Pohl et al. (2024). The effective radius from SCIAMACHY, in contrast, agrees
with in situ optical particle counter measurements in mean value and time variations (Pohl et al., 2024), and shows strong
consistency with nudged atmosphere—aerosol simulations for a case study of the 2009 Sarychev eruption (Pohl et al., 2026).
The correlation of zonal means between CMIP7 and SCIAMACHY is weak. This may be attributed to the absence of large-
magnitude eruptions, sparse observational sampling in GloSSAC, or differences in assumptions used to obtain particle sizes.
CMIP7 assumes a bimodal lognormal particle size distribution with fixed geometric standard deviations, while Pohl et al.
(2024) assume a unimodal distribution with a fixed number density profile.

An increase in effective radius at 18.4 km after volcanic eruptions is seen in both CMIP7 and SCIAMACHY, although mag-
nitude and timing differ slightly (Fig. 16). The 2004/2005 Manam eruption is the largest during the shown period, exhibiting
a different behaviour between CMIP7 and SCIAMACHY compared to the pre-Manam period. Pohl et al. (2026) found that
the distribution of the effective radius from SCIAMACHY after Manam is roughly correct, but the assumed number density
profile based on background conditions (Pohl et al., 2024) may account for altitude-dependent discrepancies with SAGE 11, the
product mainly used by CMIP7 during this period.

3.3 Volume and number density

The volume and number density of aerosol particles are included in the CMIP6 and CMIP7 forcing datasets as variables that
are especially relevant for cloud and microphysical processes, as aerosols for example act as cloud condensation nuclei. The
CMIP6 and CMIP7 global-mean time series of volume and number density are similar after 1880 and differ mostly in the
small-magnitude eruptions present in CMIP7 discussed previously (Fig. 17a, b). Between 1850 and 1880, the CMIP7 data
includes more eruptions. Eruptions that are present in both datasets during that period have larger magnitude in CMIP7 due
to the additional improved reconstructions available for the CMIP7 dataset. Across latitudes, the CMIP7 number and volume
density show stronger and more eruptions, especially in the NH high latitudes (Fig. S10). The latitude—altitude profiles during
volcanically quiescent years of both number and volume density differ a little between CMIP6 and CMIP7, for example with
a decreased number density in the tropical low stratosphere (Figs. 17, S15, S16).

In general, eruptions are more similar between the CMIP6 and CMIP7 datasets during the satellite era compared to the pre-
satellite era, as can be seen in the similarities for the El Chichén (1982, Fig. S8) and Mt. Pinatubo (1991, Fig. S9) eruptions.
This is because the versions of GloSSAC used in CMIP6 and CMIP7 are relatively similar. In the pre-satellite era, eruptions
in the CMIP6 and CMIP7 datasets show more differences, which are specific to individual eruptions, but have in common
that the eruption signals tend to be more localised in the CMIP6 variables (Figs. S4-S6). The 1861 eruption shows an overall
stronger signal that extends further up into the atmosphere in CMIP7 in number and volume density (Fig. S4). The eruption
signal is further much stronger in the NH for the CMIP7 variables, while it is mostly confined to the SH for CMIP6. Opposite
to the 1861 eruption, the 1902 Santa Maria, and the 1963 Agung eruptions are overall stronger in CMIP6 (Figs. S5, S6). The
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Figure 16. Effective aerosol radius in CMIP7 and SCIAMACHY satellite retrievals during the SAGE II overlap period (August 2002—July
2005). Data are in 3.3-km vertical bins, centred on altitudes of 18.4 km and 25.0 km. The Manam (Ma) eruption in late 2004 and early 2005

is mentioned in the text. Black circles indicate volcanic eruptions exceeding 0.05 Tg SOz, scaled by injected SO2 mass.

Santa Maria eruption is almost completely missing in CMIP7 (Fig. S5). The Agung eruption shows a more spread-out signal,
strongest at SH high latitudes in CMIP7 that is more confined to southern tropical latitudes in CMIP6 (Fig. S6).

For both number and volume density, the annual climatologies show larger values in the CMIP7 dataset across latitudes and
altitude (Fig. 17c—f). The CMIP7 number and volume density remain similar over the months with a strong latitudinal pattern
and the strongest signal in the northern high latitudes (Fig. S10). The CMIP6 data, on the other hand, varies a little more with

the time of year.
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Figure 17. Number (left column) and volume density (right column) in CMIP7 (a, b, ¢, d) and CMIP6 (a, b, e, f). (a, b) Global monthly-mean

time series averaged along altitude in CMIP7 (blue) and CMIP6 (yellow). (c, d, e, f) Annual climatology, from 1850 to 2014 (CMIP6)/2021

(CMIP7). For the vertical integration of the latitudinal profiles the troposphere in CMIP6 was masked as in CMIP7.

4 Discussion

4.1 SAOD underestimation following major eruptions

Our analysis showed that CMIP7 likely underestimates SAOD following the 1902 Santa Maria, 1921 Puyehue, 1928 Paluweh,

1929 Komagatake, 1963 Agung, and 1974 Fuego eruptions as compared to independent observations (Fig. 2). The 1921 Puye-

hue and 1928 Paluweh eruptions, which are identified by Stothers (1996), are not represented in the CMIP7 volcanic sulfur

emission inventory. Among the eruptions examined, the 1902 Santa Maria and 1974 Fuego eruptions show significant dis-
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crepancies in SAOD between CMIP7, CMIP6, and independent observations (Sect. 3.1.5). The year 1902 had three tropical
eruptions: Santa Maria, Soufriere St. Vincent, and Pelée. In CMIP7, the 1902 Santa Maria eruption (VEI 6) is assigned 2 Tg
SO, based on ice-core sulfate emissions from Sigl et al. (2015). The VEI 4 eruptions (e.g., the 1902 Soufriere St. Vincent and
Pelée eruptions, the 1929 Komagatake eruption, and the 1974 Fuego eruption) are each assigned 0.08 Tg SO4. However, an
alternative volcanic SO5 emission inventory, VolcanEESM (Neely III and Schmidt, 2016), suggests substantially higher values
for these eruptions (see Fig. 9 in Aubry et al. (2026a) for the comparison between CMIP7 emissions and other volcanic sulfur
emission inventories). VolcanEESM assigns emissions of 0.2 Tg SO» and 2.3 Tg SO» for Soufriere St. Vincent and Pelée, re-
spectively, using estimation from Stothers (1996), and 3.8 Tg SO, for Santa Maria using the ice-core inventory from Gao et al.
(2008), totalling 6.3 Tg SO for the three 1902 eruptions, which is approximately three times the CMIP7 estimate. Similarly,
the 1929 Komagatake eruption and the 1974 Fuego eruption are assigned as 2 and 3 Tg SO5 in VolcanEESM (Bauer, 1979;
Stothers, 1996) respectively, which is nearly 25-40 times larger than the CMIP7 estimate of 0.08 Tg SO, for a VEI 4 eruption.
Observed SAOD magnitudes from pyrheliometric measurements, stellar extinction, and lunar eclipses substantially exceed
CMIP7 simulations for years following the 1902 and 1974 eruptions (Figs. 7, 9). This suggests that CMIP7 likely underesti-
mates volcanic SO, emissions for these years, potentially due to uncertainties in the ice-core-derived estimates for the 1902
Santa Marfa eruption, the assumption of 0.08 Tg SO, assignment for VEI 4 eruptions from the GVP database, or a combination
of both. Anthropogenic sulfate pollution in Greenland ice cores after 1900 introduces substantial uncertainties in the isolation
of volcanic sulfate signals (Toohey and Sigl, 2017). In addition, satellite records show that VEI 4 eruptions can produce vol-
canic stratospheric sulfur injections spanning multiple orders of magnitude between 0 and 2 Tg SO5 (Schindlbeck-Belo et al.,
2024). For the 1861 unidentified eruption attributed to Mt. Kie Besi, a VEI 4 eruption, a value of 9 Tg SO3 is assigned based
on ice-core records. Using a fixed value of 0.08 Tg SO, for VEI 4 eruptions in CMIP7 may under- or overestimate individual
eruptions (Aubry et al., 2026a).

During the satellite period, where optical properties are derived from direct satellite observations instead of volcanic emission
estimates, the SAOD differences between CMIP6 and CMIP7 arise only from updates in GloSSAC data versions. However,
gaps between satellite observations create challenges in accurately capturing aerosol extinction following major eruptions,
including the 1982 El Chichén and the 1991 Mt. Pinatubo eruptions (Figs. 10, 11).

Our analysis shows that both CMIP6 and CMIP7 likely underestimate the peak SAOD following the 1982 El Chichén
eruption as a result of a lack of good alternative measurements to fill the satellite data gap (Fig. 10, Sect. 3.1.5). Lidar obser-
vations from Mauna Loa suggest a peak SAOD at 550 nm of up to 0.4 in the tropics (20°N) within three months following the
eruption, while CMIP6 and CMIP7 have an SAOD at 550 nm of around 0.05 and a discontinuous zonal structure (Fig. 10c).
For the 1991 Mt. Pinatubo eruption, our comparison shows excellent agreement between CMIP6, CMIP7 and other satellite
datasets, although lidar data indicate an extinction peaking at around 0.3 rather than 0.1, which may be reasonably explained
by uncertainties in conversion factors used for the lidar data (Fig. 11). The SAOD magnitude and timescale simulated with
EVA_H, albeit calibrated on GloSSAC over 1979-2015, agree with the satellite datasets for the 1982 El Chichén and 1991

Mt. Pinatubo eruptions (Figs. 10, 11). This provides confidence to derive pre-satellite aerosol optical properties from emis-
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sions. The EVA_H-simulated SAOD is smoother in space and time, and exhibits greater hemispheric symmetry, owing to the
idealised model structure (Aubry et al., 2020).

The underestimation of SAOD following major eruptions would affect the CMIP7 historical simulations regardless of
whether they use volcanic sulfur emissions or prescribed stratospheric aerosol optical properties. The potential implications of

such underestimation are discussed in Section 4.3 below.
4.2 Limitations of satellite-era observations

While the optical properties in CMIP7 are likely more realistic during the satellite period than the pre-satellite period, new
issues arise with the use of satellite observations. First, there are observational gaps during major eruptions (1982 El Chichén
and 1991 Mt. Pinatubo) that need to be filled with alternative measurements, such as ground-based lidars, or empirical func-
tions. This can lead to unrealistic spatial structures due to the spatial extrapolation of point measurements (e.g., Fig. 10c), even
though care is taken in GlIoSSAC to create a homogeneous dataset.

Secondly, only single-wavelength data are available during the post-SAGE II period (2005-2017) so that optical proper-
ties need to be derived from climatological empirical relationships rather than observed data. This introduces discontinuities
in properties other than the 525-nm extinction (Fig. 15). Integrating SCIAMACHY and OMPS-LP observations into future
GloSSAC versions may alleviate this issue (Kovilakam et al., 2020, 2025).

Thirdly, even during well-observed periods, any single satellite dataset does not provide a perfect ground truth. There can
be large differences between instruments and even retrievals from the same instrument (e.g., Kovilakam et al., 2025; Bourassa
et al., 2023), particularly for the vertical structure of optical properties following volcanic eruptions. These differences stem,
for example, from the satellite viewing geometry (which changes the instrumental sensitivity by location), sampling coverage
(limb scattering observations allow better sampling than solar occultation observations, for example, the 2022 Hunga Tonga—
Hunga Ha’apai eruption is delayed by a month in GloSSAC compared to OMPS-LP; Fig. 13), and retrieval assumptions on the
particle size. Thus, there may be a benefit in using different retrievals in addition to different instruments in multi-instrument
records like GlIoSSAC and CREST. Combining observations from different instruments necessitates wavelength interpolation,
however, which may introduce biases unless corrected (Damadeo et al., 2024).

Finally, even during periods where multi-wavelength observations are available, the optical properties derived in CMIP7
using Mie scattering theory may not be accurate. For example, the effective radius over 2002-2005 in CMIP7 and as retrieved
from SCIAMACHY bear little resemblance (Fig. 16), which could be a result of differing assumptions about the particle size

distribution, such as the number of modes and the geometric standard deviation.
4.3 TImplications for CMIP7 historical simulations

The underestimation of the SAOD from major eruptions has important implications for CMIP7 historical simulations. As dis-
cussed above, these biases stem from underestimated volcanic SO, emissions in pre-satellite eruptions (1902 Santa Maria/Pelée
and 1974 Fuego eruptions), observational gaps in satellite instruments (1982 El Chichén eruption), and eruptions missing in

CMIP7 despite evidence in independent observations (1921 Puyehue, 1928 Paluweh, and 1929 Komagatake eruptions).
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These issues have direct impacts on radiative forcing and historical temperatures. The peak global monthly-mean strato-
spheric aerosol radiative forcing following the 1902 eruptions (Soufriere St. Vincent, Pelée, Santa Maria) is 1.2 W m~2 weaker
in CMIP7 compared to CMIP6, and 0.8 W m~2 weaker following the 1974 Fuego eruption (Aubry et al., 2026b). Simulations
using a simple climate model indicate that these differences in radiative forcing correspond to approximately 0.1°C higher
global annual-mean surface air temperature in CMIP7 during the first two post-eruption years (Fig. 12 in Aubry et al., 2026b).
On longer timescales, the 1900-1980 global-mean surface temperature in the simple climate model simulation is 0.015°C
higher using CMIP7 volcanic forcing compared to when using CMIP6 forcing, suggesting a potential warm bias related to
these eruptions. Full-complexity climate models using CMIP7 stratospheric aerosol forcing would likely simulate a similar
warm bias in the historical period.

In addition to aerosol extinction, other volcanic aerosol properties, such as effective radius, surface area density, and number
density, are likely also underestimated following the 1902 and 1974 eruptions (Figs. S5, S7). Since these aerosol properties
affect stratospheric chemistry and radiative processes, their underestimation may consequently introduce biases in the simulated
response in ozone following these eruptions and thus the CMIP7 historical ozone forcing, which is partially derived from
volcanic forcing.

Given the large differences in CMIP6 and CMIP7 stratospheric aerosol forcing datasets, a multi-model intercomparison
study between the CMIP7 Assessment Fast Track and CMIP6 historical simulations for major eruptions in the historical
period would be valuable for quantifying how these revised stratospheric aerosol forcing estimates affect the simulated climate
response, and for reducing uncertainty in historical temperature and ozone reconstructions. These discrepancies highlight the

importance of independent observational constraints on volcanic forcing.
4.4 Future directions for improvement
4.4.1 Improved constraints on volcanic SO emission

To improve future forcing datasets, pyrheliometric measurements, lunar eclipse data, stellar extinction data, and ground-based
lidar measurements can be used to provide constraints on volcanic SO, emission inventories, particularly for eruptions in the
pre-satellite era with a lack of confidence in the volcanic SOy emissions, and for satellite-era eruptions with observational
gaps. Current pre-satellite volcanic sulfur emission estimates rely heavily on ice-core sulfate records, which have substantial
uncertainties related to volcanic sulfate deposition and aerosol transport processes. Additionally, the CMIP7 approach of as-
signing uniform emissions based on VEI for small-to-moderate magnitude eruptions (i.e., 0.08 Tg SO, for VEI 4 eruptions
and 2.78 Tg SO, for VEI 5 eruptions) does not capture the considerable variability in actual emissions within each VEI cate-
gory (Schindlbeck-Belo et al., 2024; Aubry et al., 2026a). Such uncertainties of different volcanic sulfur emission inventories
could be sampled using forcing ensembles with stochastic eruption parameters in simple climate models like FalR (Leach
et al., 2021; Liicke et al., 2023; Verkerk et al., 2025).

Independent observational constraints on SAOD and alternative volcanic emission inventories can help address these exist-

ing limitations by providing complementary measurements. Recent efforts to digitise and compile stellar extinction data from
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observatories worldwide (Rodgers, 2022; Rodgers and Toohey, 2026), systematic analysis of lunar eclipse observations (Bois-
sel and Guillet, 2026), and data rescue activities by the APARC project to recover historical lidar data (Antufia-Marrero et al.,
2020c, 2021, 2023) make such data more accessible for volcanic forcing reconstruction. Future work should systematically
incorporate these observational datasets to improve volcanic SO estimates for poorly constrained eruptions and reduce uncer-

tainties in historical volcanic forcing.
4.4.2 TImprovement in non-volcanic background aerosols

In addition to refining volcanic emission estimates, future forcing datasets should also improve the representation of non-
volcanic stratospheric background aerosols. Both CMIP6 and CMIP7 aerosol extinction used a similar methodology in deriving
non-volcanic stratospheric background aerosols in the pre-satellite period (Luo, 2018; Aubry et al., 2026b). Based on the
stratospheric sulfur burden simulated using SOCOL-AERvV1 in Sheng et al. (2015), the climatological mean of a volcanically
quiescent satellite period is scaled with an increasing trend between 1850 (0.074 Tg S) and 2000 (0.11 Tg S) using the total
background stratospheric sulfur burden. Our results show that the amplitude of seasonal cycles is substantially greater in
CMIP7 than in CMIP6 (Fig. S3). Additionally, the trend of SAOD from non-volcanic stratospheric background aerosols is
linear in CMIP7 and non-linear in CMIP6. A recent study revisited the global sulfur budget in volcanically quiescent periods
using nine global circulation models, showing that the multi-model mean stratospheric aerosol burden is 0.156 £ 0.051 Tg S,
compared to 0.163 Tg S derived from the SAGE-3\ observational dataset (Brodowsky et al., 2024), both of which are larger
than the values used in scaling the non-volcanic background aerosols in CMIP6/7. The treatment of non-volcanic stratospheric
background aerosols, including their scaling and seasonal cycles, should be improved in future forcing datasets, e.g. by using

historical interactive stratospheric aerosol model simulations with no volcanic emissions (Yu et al., 2016; Aubry et al., 2026b).
4.4.3 Inclusion of other stratospheric constituents

Beyond background aerosol representation, the CMIP7 stratospheric aerosol optical properties and emission datasets both con-
sider mainly stratospheric volcanic sulfur, except during the satellite period when the optical properties dataset uses GloSSAC
observations that represent total stratospheric aerosol load. Some emissions and sources of stratospheric aerosols are omitted
in CMIP7, including (1) non-volcanic emissions in the satellite era such as pyrocumulonimbus (pyroCb) injections (Damany-
Pearce et al., 2022), spacecraft emissions (Murphy et al., 2023), and meteoric dust particles (Schneider et al., 2021); (2)
tropospheric—stratospheric transport of aerosols; and (3) other volcanic emissions such as halogens and water vapour (Theys
et al., 2014; Carn et al., 2016; Khaykin et al., 2022). In the CMIP7 volcanic SO, emission dataset, the pyroCb injections
from wildfire events are not included, highlighting the need for a more systematic treatment of stratospheric wildfire aerosols.
The recent development of a global pyroCb emission inventory provides information on the injection altitude and mass of
smoke particles from pyroCb events during 2013-2023 (Peterson et al., 2025). In addition to wildfire aerosols, recent satellite
measurement studies provide data on volcanic halogen and water vapour emissions and their injection altitudes (Theys et al.,
2014; Carn et al., 2016; Khaykin et al., 2022). Incorporating these additional sources and species would further improve future

stratospheric aerosol forcing datasets.
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5 Conclusions

This study presents Part 3 of the documentation of the stratospheric aerosol forcing datasets for CMIP7. We compare CMIP6
and CMIP7 stratospheric aerosol optical properties, and evaluate them against an extensive compilation of observational records
including pyrheliometric measurements, stellar extinction observations, lunar eclipse data, lidar retrievals, and satellite data
from SCIAMACHY, OMPS-LP, and CREST. These include pre-satellite era records on which CMIP6 depends (lunar eclipses
for the 18501881 period, pyrheliometer, stellar extinction), as well as datasets not used in CMIP6 (lunar eclipses, lidar re-
trievals). CMIP7 adopts a different, emission-based approach from CMIP6, converting volcanic SO emissions to stratospheric
aerosol optical properties using the EVA_H model for pre-satellite era eruptions, an approach consistent with VoIMIP and
PMIP.

Our results show that the peak SAOD of most large-magnitude eruptions, including Krakatau (1883), Katmai (1912), Agung
(1963), El Chichén (1982), and Pinatubo (1991), agree reasonably well (within 20% difference in peak SAOD values) between
CMIP6 and CMIP7. CMIP7 incorporates more small-to-moderate magnitude eruptions in the pre-satellite era previously absent
from CMIP6, an addition supported by lunar eclipse data (Fig. 2). As a result, there are numerous years in CMIP7 with greater
SAOD perturbations than CMIP6. Comparison of satellite versus pre-satellite era datasets suggests a lack of small-magnitude
eruptions in the pre-satellite era, but that SO, emissions and SAOD are likely overestimated for moderate-magnitude eruptions
overall (Aubry et al., 2026a). However, our comparison to observational datasets suggests that CMIP7 likely underestimates
the SAOD of several moderate-magnitude eruptions that are captured in CMIP6. For instance, pyrheliometric measurements
from Stothers (1996) indicated SAOD perturbations from Puyehue (1921) and Paluweh (1928); yet these eruptions are not
included in CMIP7 because they are not detected in ice cores and have a VEI < 4. Volcanic SO, emissions and SAOD for
moderate-magnitude eruptions including Soufriere St. Vincent, Pelée, Santa Maria (1902), Komagatake (1929), and Fuego
(1974), are likely underestimated in CMIP7 because they are not detected in ice cores. In addition, we find that the SAOD after
the 1982 El Chichén eruption is likely underestimated in both CMIP6 and CMIP7, according to lidar and stellar extinction
measurements, as a result of observational gaps in satellite instruments in GloSSAC data.

Additional sources of uncertainty in the CMIP7 dataset include spatial discontinuities in satellite measurements due to data
gaps, the representation of non-volcanic background aerosols in the pre-satellite period, and the lack of other stratospheric
species in the pre-satellite CMIP7 volcanic sulfur emission inventory. Our evaluation reveals the potential SAOD underestima-
tions in both CMIP6 and CMIP7 for eruptions in the pre-satellite period, highlighting that the historical stratospheric aerosol
record remains highly uncertain.

These findings point to several opportunities for future improvement of stratospheric aerosol forcing datasets. Combining
CMIP6’s use of observational constraints to adjust emissions with CMIP7’s more extensive emission inventory, which better
captures eruptions of all magnitudes, can provide a valuable basis for constraining historical volcanic SO emissions. Contin-
uous improvements in stratospheric aerosol proxy records (e.g., lunar eclipses and stellar extinction data), alongside ongoing

data rescue activities coordinated by the APARC (Antufia-Marrero et al., 2020c, 2021, 2023), will further enhance our under-

38



745

750

755

760

765

770

https://doi.org/10.5194/egusphere-2026-4193
Preprint. Discussion started: 23 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

standing of historical stratospheric aerosol forcing. Given the large differences in forcing between CMIP6 and CMIP7, climate

model responses to these revised stratospheric aerosol forcing estimates should be assessed in historical simulations.
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1385639 ?preview=1&token=eyJhbGciOiJIUzUxMiJ9.eyJpZCI6IjhINjJAXODg4LTNhYTgtNDA3MSO4NThmLWYOM2Y0OYWQ
AMWUwWZilsImRhdGEiOnt9LCJyY W5kb20iOiJhZjE3MmIzNzNINDc2Njc5ZjBmZDcOMmZIY2ISNDZiMiJ9.xrQ-dfoBOEmJt
PkJk90xxCQr95QXtgcUtVEEQipl3TvIA4XxXRZgTHOhR4i4NCHtO-bExSFOW2yTU6_0od_gFA (Chim et al., 2026); the record
will be published upon acceptance. CMIP7 and CMIP6 stratospheric aerosol forcing data are available on ESGF under https://doi.org/
10.25981/ESGF.inputdMIPs.CMIP7/2522673 (Aubry, 2025) and https://doi.org/10.22033/ESGF/input4MIPs.1681 (ETH Ziirich,
2017), respectively. Lunar eclipse data are available on Zenodo under https://doi.org/10.5281/zenodo.18461205 (Boissel and Guillet,
2026). Pyrheliometer data are extracted from figures and tables in Stothers (1996). Stellar extinction data are available on Zenodo under
https://doi.org/10.5281/zenodo.18488959 (Rodgers and Toohey, 2026). SCIAMACHY and OMPS-LP data are available upon request
via https://www.iup.uni-bremen.de/DataRequest/ (Rozanov, 2026). CREST data are available on FMI’s research data repository under
https://doi.org/10.57707/fmi-b2share.dfe14351fd8548bcaca3c2956b17f665 (Sofieva et al., 2024a). Lidar data are available on PANGAEA
under https://doi.org/10.1594/PANGAEA.912770 (Antuiia-Marrero et al., 2020c) and https://doi.org/10.1594/PANGAEA.922105 (Antufia-
Marrero et al., 2020a), and through personal communication from John E. Barnes (Mauna Loa), Sergey M. Khaykin (Haute-Provence), and
Thierry Leblanc (Table Mountain). Searchlight data are available on PANGAEA under https://doi.org/10.1594/PANGAEA 949377 (Antufia-
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