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Abstract. Stratospheric aerosols, most of which originate
from explosive volcanic sulfur emissions into the strato-
sphere, are a key natural driver of climate variability. They
are thus a forcing provided by the Coupled Model Intercom-
parison Project (CMIP) Climate Forcings Task Team to cli-
mate modelling groups participating in phase 7 of CMIP.
For the historical period, we provide two datasets covering
1750-2023: (i) a volcanic upper tropospheric-stratospheric

sulfur emission dataset, documented in a companion pa-
per; and (ii) a stratospheric sulfate aerosol optical property
dataset, documented in this paper. For the satellite era (from
1979 onwards), stratospheric aerosol optical properties are
derived from the Global Space-based Stratospheric Aerosol
Climatology (GloSSAC) dataset. For the pre-satellite era
(1750-1978), optical properties are derived from our vol-
canic SO, emission dataset using a new version of the
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reduced-complexity volcanic aerosol model Easy Volcanic
Aerosol (Height) (EVA_H v2). A background, non-volcanic
stratospheric aerosol climatology is derived from the 1998—
2001 period with a trend over 1850-1978 accounting for
increasing anthropogenic aerosols. A monthly stratospheric
aerosol climatology is derived from the 1850-2021 average
for both pre-industrial and scenario (future) simulations, with
a 9-year ramp over 2022-2030 for scenario simulations to
ensure a smooth transition from the historical period. CMIP7
simulations should use version 2.2.1 of our pre-industrial and
historical datasets, and version 2.2.2 of our scenario dataset.
Our methodology to produce historical aerosol optical prop-
erties significantly differs from CMIP6 for the pre-satellite
era, and the resulting forcings in turn largely differ. In partic-
ular, the CMIP6 dataset was mostly based on the sparse and
uncertain pyrheliometer record, which resulted in strongly
underrepresented emissions from small-to-moderate magni-
tude eruptions. The resulting bias is addressed in CMIP7,
which is entirely emission-derived in the pre-satellite era and
uses more recent ice-core-based volcanic sulfur emission in-
ventories than CMIP6. Our approach results in an overall
larger volcanic aerosol forcing for CMIP7, with the 1850-
2014 mean mid-visible global mean stratospheric aerosol op-
tical depth (SAOD) in CMIP7 (0.0138) being 29 % higher
than in CMIP6 (0.0107). The pre-industrial mean of the same
variable is 26 % higher in CMIP7 (0.0135, derived from the
historical 1850-2021) than CMIP6 (0.0107, derived from
the historical 1850-2014 mean). Using a reduced-complexity
climate model, we simulate a global mean surface temper-
ature that is 0.07 °C colder for 1850-1900 when using the
CMIP7 dataset instead of CMIP6, whereas 2000-2014 is
0.03 °C warmer in CMIP7. Our dataset also exhibits lower
forcing for 1960-1980, resulting in temperatures 0.06 °C
warmer when averaged over 1960-1990, a period for which
CMIP6 climate models exhibit a cold bias. Given the large
uncertainties characterizing the dataset, in particular for the
pre-satellite era, we advise against treating the CMIP7 or
CMIP6 dataset as uniquely superior for any specific year and
highlight the need for further evaluation. We conclude the
study by discussing sources of uncertainty for the dataset, fu-
ture research avenues to improve it, as well as requirements
to operationalize the production of the dataset, i.e. extend it
and update it on an annual basis instead of every 5-7 years
following CMIP cycles.
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1 Introduction

1.1 Climate forcings for the CMIP7 Assessment Fast
Track

The Assessment Fast Track (AFT) of Phase 7 of the Cou-
pled Model Intercomparison Project (CMIP7) is delivering
a set of key climate model experiments across all participat-
ing modelling centers, including pre-industrial control simu-
lations, historical (1850-2021) simulations and scenario sim-
ulations (2022 to 2100 and beyond) (Dunne et al., 2025).
Key to these experiments is the provision of forcing datasets
used consistently by all participating models. To this end, a
CMIP Climate Forcing Task Team (https://wcrp-cmip.org/
cmip7-task-teams/forcings/, last access: 5 May 2026) was
formed to provide key forcings, i.e. external drivers of cli-
mate change prescribed in climate model simulations. In
addition to forcing provision, the documentation of forcing
datasets and progress towards operationalization of forcing
production (Durack et al., 2025; Naik et al., 2025) are key
objectives of the task team. Among the forcings provided,
stratospheric aerosol represents one of the most important
natural drivers of climate variability (e.g. Santer et al., 2015;
Sigl et al., 2015). Sulfate aerosols formed from sulfur gases
injected by high-intensity volcanic eruptions are the main
contributor to stratospheric aerosols (Kremser et al., 2016).
Other contributions include injections by pyrocumulonimbus
(pyroCb, e.g. Peterson et al., 2021; Damany-Pearce et al.,
2022), aerosols from meteorites (e.g. Schneider et al., 2021),
and transport of aerosol or aerosol precursors from the tropo-
sphere, some of which originate from anthropogenic emis-
sions (e.g. Hannigan et al., 2022; Brodowsky et al., 2024).
Stratospheric aerosols originating from spacecraft have re-
cently been measured in-situ and their contribution to strato-
spheric aerosol loading is expected to increase in the future
(Murphy et al., 2023).

1.2 Overview of the CMIP6 stratospheric aerosol
optical property dataset

Unlike in CMIPS5 (Taylor et al., 2012), for CMIP6 (Eyring et
al., 2016) the then new input datasets for Model Intercompar-
ison Projects (input4MIPs; Durack et al., 2018) initiative was
established, and for the first time a consistent dataset suite
was provided to all modelling centres, representing a major
coordinated undertaking. As part of this effort, a new histor-
ical stratospheric aerosol forcing was generated, comprising
a set of aerosol properties which were provided customized
to bespoke wavelengths for each target model (Luo, 2018;
Fig. 1). No peer-reviewed documentation of the full dataset
is available to our knowledge, and the following descrip-
tion represents our best understanding of the CMIP6 dataset
based on Jorimann et al. (2025) and Thomason et al. (2018)
who document the 1960-2015 dataset, the existing brief doc-
umentation of the full dataset (Luo, 2017, 2018), and the data
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provided. For the satellite era (from 1979), aerosol optical
properties were derived from the Global Space-based Strato-
spheric Aerosol Climatology version 1.1 (GloSSAC, Thoma-
son et al., 2018), which provides extinction at two wave-
lengths (525 and 1020 nm) (Fig. 1a). Before the satellite era,
aerosol optical properties were derived from a combination
of the following (Fig. 1a):

i. For seven large eruptions, they were derived from an
ice-core-based volcanic emission inventory (Gao et al.,
2008) using the AER2D aerosol model (Arfeuille et
al., 2014) (Fig. 1c). The considered eruptions are an
eruption in the early 1860s with uncertain attribution,
Krakatau (1883), Tarawera (1886), Santa Maria (1902),
Katmai (1912), Agung (1963), and Fuego (1974). Some
of the simulations, or injection parameters used, might
have been rescaled to better match available pyrhe-
liometer measurements (Stothers, 1996).

ii. Outside of the periods associated with the above seven
eruptions, the CMIP6 documentation states that pyrhe-
liometer data from Stothers (1996) were used to re-
construct “minor” volcanic perturbations if a signif-
icant perturbation was detected in these instruments.
From Stothers (1996), we understand that over 1881—
1960, this approach was used for a total of 97 months
distributed within 11 years. To obtain a stratospheric
aerosol optical depth (SAOD) at 550 nm, the pyrhe-
liometer optical depth was scaled by an unspecified size
dependent conversion factor taking values typically be-
tween 1.2—-1.5. SAOD at the station(s) location(s) are
then used to derive SAOD perturbation over 90-0° S, 0—
90° N or 30-90° N (Fig. 1b and d). Based on Luo (2018)
and Stothers (1996), we understand that for most of the
months where pyrheliometer data was used, only 1-3
stations were available. Although the CMIP6 documen-
tation only mentions “pyrheliometer” or “photometer”
data and cites Stothers (1996), this paper only covers
1881-1960. 1850-1881 SAOD perturbations that are
not model-derived might have been derived from lu-
nar eclipse measurements (Stothers, 2007). 1961-1978
SAQOD perturbations that are not model-derived have
likely been derived from the pyrheliometer measure-
ments compiled in Stothers (2001).

iii. For any other time period (i.e. pre-1979 and not covered
by (i) or (ii)), a climatology derived from the volcani-
cally quiescent 1999-2005 period was imposed, with
a linear trend between 1850 and 1978 to represent in-
creasing anthropogenic tropospheric aerosol emissions,
some of which is transported into the stratosphere. The
climatology was added to volcanic perturbations as-
sessed for large ((i), emission and model derived) and
small ((ii), mostly pyrheliometer derived) eruptions.

No matter the source dataset used in CMIP6, the REMAPv1
algorithm (Jorimann et al., 2025) was used to convert avail-
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able data to full aerosol optical properties (e.g. extinction co-
efficient, single-scattering albedo, asymmetry factor, or sur-
face area density) at wavelengths requested by each mod-
elling center (for wavelength-dependent variable). 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 dataset, i.e. 1850—
2014 average.

The CMIP6 dataset is characterized by long periods with
no perturbation in stratospheric aerosol optical properties
prior to the satellite era. Over 1850-1978, we estimate that
78 years have no perturbation, with the longest period with
no perturbation lasting 28 years, and seven periods with no
perturbation that are at least 5-year long. The satellite record
evidences that small-to-moderate magnitude eruptions (de-
fined here as injecting less than 3 Tg SO;) injecting sulfur
into the stratosphere in fact typically occur multiple times
per year (e.g. Carn et al., 2016; Schmidt et al., 2018; Chim
et al., 2023). In addition to contributing to the mean strato-
spheric aerosol forcing, these eruptions also contribute to
decadal climate variability (Santer et al., 2015). For example,
the 1998-2007 period was relatively quiescent, whereas the
2008-2017 period saw several small-to-moderate magnitude
eruptions contributing a radiative forcing of —0.1 Wm™?2
(Schmidt et al., 2018). The lack of representation of small-
to-moderate magnitude eruptions for the pre-satellite era in
CMIPS is likely caused by the difficulty of detecting these
eruptions in the sparse and uncertain pyrheliometer and lunar
eclipse record. Recently, Chim et al. (2023, 2025) demon-
strated that even for lower-end scenarios for volcanic strato-
spheric sulfur emissions for the rest of the century, the
CMIP6 ScenarioMIP 2015-2100 mean stratospheric aerosol
forcing is very likely to be exceeded. The primary reason
is that both the CMIP6 pre-industrial (Eyring et al., 2016)
and 2015-2100 scenario (O’Neill et al., 2016) stratospheric
aerosol forcing are the 1850-2014 average of the histor-
ical forcing, and that this average value largely does not
account for small-to-moderate magnitude eruptions before
1979. Such bias would thus affect scenario simulations, pre-
industrial control simulations as well as forcing mean level
and trends in historical simulations.

Whereas the CMIP6 historical stratospheric aerosol forc-
ing dataset was generated from a range of methods, for
some CMIP6 community MIPs, stratospheric aerosol forc-
ing was derived from volcanic emissions using the reduced-
complexity aerosol model Easy Volcanic Aerosol model
(EVA, Toohey et al., 2016). This includes the Paleoclimate
Model Intercomparison Project last millennium experiment
(Jungclaus et al., 2017) for which the recommended vol-
canic forcing dataset was EVA-eVolv2k (Toohey and Sigl,
2017), as well as experiments from the Model Intercom-
parison Project on the climatic response to Volcanic forcing
(VoIMIP, Zanchettin et al., 2016), such as volc-long and volc-
cluster experiment series. One important technical evolution
since the creation of the CMIP6 dataset is the increasing
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Figure 1. (a) CMIP6 global mean SAOD at 550 nm. Shaded labelled periods show where the data is primarily derived from pyrheliometer
measurements (blue shading, labelled “pyr” or “pyr?” if CMIP6 reports pyrheliometer use but we suspect a different data source), model
simulations (yellow shading, labelled “mod”) or satellite measurements (purple shading, labelled “sat”). For any other period, there is no
volcanic SAOD perturbation. Panels (b)—(e) show the latitudinal SAOD distribution for four selected 3-year periods, illustrating examples
for which the data was primarily derived from pyrheliometer measurements, model simulations or satellite measurements.

number of climate models capable of interactively simulat-
ing stratospheric aerosol from precursor emissions, including
those participating to the Interactive Stratospheric Aerosol
MIP (ISA-MIP, Timmreck et al., 2018; Clyne et al., 2021;
Quaglia et al., 2023) and more recent additions (e.g. Gao et
al., 2023; Ke et al., 2025). These models push the frontiers
of our understanding of stratospheric aerosol processes and
are critical to understand volcanic impacts on climate (e.g.
Marshall et al., 2022), the potential forcing and impacts of
climate intervention through stratospheric aerosol injections
(e.g. Visioni et al., 2021), and the forcing of increasingly
frequent pyrocumulonimbus emissions into the stratosphere
(e.g. Yu et al., 2023). No stratospheric aerosol precursor
emission dataset was provided for CMIP6, although Neely
and Schmidt (2016) curated the VolcanEESM volcanic SO,
emission dataset, which was used by one modelling group to
run historical simulations (Davis et al., 2023).

1.3 Overview of the CMIP7 stratospheric aerosol
optical property dataset

To make progress on the challenges identified for CMIP6,
the CMIP7 stratospheric aerosol dataset was created with the
following objectives:

— Provide detailed documentation of the dataset in peer-
reviewed publications.

— Cater to the needs of models with interactive strato-
spheric aerosol models by providing a corresponding
volcanic SO, emission dataset.

Geosci. Model Dev., 19, 3725-3756, 2026

— Ensure consistency between the provided emission and
aerosol optical property datasets, as well as between the
methodology used to provide our datasets, and that ex-
pected to be used in community MIPs.

Minimize biases in the representation of small-to-
moderate magnitude eruptions in the pre-satellite era.

Produce the dataset from 1750 to support potential ex-
tended historical simulations starting from 1750, as well
as simulations from reduced-complexity climate models
which commonly start in 1750.

Here we document the aerosol optical property dataset pro-
duced for CMIP7 (Fig. 2). This includes a brief overview
of the CMIP7 upper tropospheric-stratospheric (UTS) vol-
canic sulfur emission dataset, documented in detail in the
same special issue (Aubry et al., 2026). Version 2.2.1 of
both historical datasets are documented, i.e. the version
frozen for use in the CMIP7 AFT. The CMIP7 stratospheric
aerosol optical property dataset is derived from GloSSAC for
1979-2023 (Sect. 2.2). For 1750-1978, volcanic perturba-
tions are derived from the CMIP7 UTS volcanic sulfur emis-
sion dataset (Sect. 2.1 and Aubry et al., 2026) using version
2 of the EVA_H model (Sect. 3). Consistency between the
satellite and pre-satellite era parts of the datasets as well as
between the emission and aerosol optical property dataset is
maximized by calibrating EVA_H v2 against the satellite-era
portion of both datasets. Section 4 provides details on the
production of the dataset including merging of satellite and
pre-satellite era products, making of pre-industrial (v2.2.1)

https://doi.org/10.5194/gmd-19-3725-2026
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and scenario (v2.2.2) datasets, and provision of scripts to in-
terpolate our dataset at arbitrary wavelength. A brief compar-
ison between the CMIP6 and CMIP7 datasets is presented in
Sect. 5. Last, Sect. 6 discusses requirements to operationalize
the production of our aerosol optical property dataset, as well
as key uncertainties and directions for future improvements.

2 Source datasets

2.1 Overview of the upper tropospheric-stratospheric
volcanic SO, emission dataset

Version 2.2.1 of our emission dataset (Fig. 3) is documented
in a companion paper (Aubry et al., 2026) and only briefly
summarized here. In short, it provides the SO, injection
mass, altitude, location (latitude and longitude) and date for
all eruptions that led to potential stratospheric aerosol en-
hancement for 1750-2023 (Fig. 3). These include eruptions
with upper-tropospheric volcanic plume heights, although
their emissions largely will not contribute to stratospheric
aerosol enhancement in the CMIP7 stratospheric aerosol op-
tical property dataset, or in interactive stratospheric aerosol
models that will use the CMIP7 emission inventory. For
the satellite era (1979-2023), we use the Multi-Satellite
Volcanic Sulfur Dioxide L4 Long-Term Global Database
(MSVOLSO2L4, Carn, 2022). Prior to the satellite era, we
rely on the following emission datasets:

eVolv2k (Toohey and Sigl, 2017) for 1750-1900 and
Sigl et al. (2015) for 1901-1978, which are both derived
from bipolar ice-core arrays. These datasets capture large-
magnitude eruptions and enable one to constrain the date,
SO, mass and broad latitudinal band of emission (northern
hemisphere, tropical and southern hemisphere).

The D4i high-resolution Greenland core (Fang et al., 2023)
for 1750-1900. This dataset captures numerous northern
hemisphere and tropical small-to-moderate magnitude erup-
tions not detected in the above (i) datasets, and enables one
to constrain the date and SO, mass.

The Global Volcanism Program (GVP) Volcanoes of the
World database (Global Volcanism Program, 2025), for
which we use Volcanic Explosivity Index 4 and 5 eruptions
not identified in (i) and (ii). This dataset enables us to account
for more small-to-moderate magnitude eruptions, which re-
main difficult to detect in bipolar ice-core arrays (i) and are
still largely underrepresented even in high-time resolution
D4i Greenland ice-core (ii), especially for eruptions in the
southern hemisphere (expected to not be captured at all in
D4i) and tropics. The GVP database provides the exact vol-
cano and, in some instances, detailed information on eruption
date or plume altitude, but it does not provide information
on SO mass. To minimize reliance on the GVP database,
we matched detected volcanic sulfur injection events in (i)
and (ii) to eruptions from the GVP whenever a plausible
match existed, with more details on matching provided by
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Aubry et al. (2026). This resulted in 4 VEI 5 eruptions and
64 VEI 4 eruptions added over 1750-1978 from the GVP
database. The chosen VEI 5 SO, mass for GVP events is
2.78 TgSO», i.e. the average of the SO, mass for all other
VEI 5 eruptions in the dataset, where the mass was con-
strained from satellite or ice-core data. The chosen VEI 4
SO, mass for GVP events is 0.08 Tg SO, and it was chosen
so that the time-averaged volcanic SAOD over 1750-1978
for small-to-moderate magnitude eruptions is equal to the
satellite constrained mean SAOD anomaly over 1998-2023,
a period with no large-magnitude eruptions. The 1998-2023
global mean SAOD anomaly is defined as the deviation from
its minimum monthly value of 0.0040 reached in April 2002.
Regardless of the source dataset used for emissions
(MSVOLSO2LA4, eVolv2k, Sigl et al., 2015, D4i and GVP),
numerous injection parameters are not directly constrained
(e.g. SO, injection altitude or latitude for unattributed ice-
core events). We attributed these parameters based on de-
tailed literature review for each eruption or from empirical
relationships detailed in Aubry et al. (2026). The emission
dataset is affected by one known error in parameter attribu-
tion (see Sect. IV.3 in Aubry et al., 2026). When the erup-
tion month is unknown, the CMIP7 dataset was supposed
to always follow the convention adopted in Toohey and Sigl
(2017) and Sigl et al. (2022) and assign January as the emis-
sion month. However, a typo for D4i-derived eruptions re-
sulted in a default month of December for 13 eruptions in-
jecting 1.6-6.5Tg SO, between 1750 and 1849, as well as
eruptions in 1868 (2.9 TgSO,), 1885 (4.2 TgSO,) and 1894
(1.9 TgSO,). Emission dates associated with these 16 erup-
tions are thus likely ~ 1 year too late. This will have little im-
pacts for the CMIP7 1850-2021 historical period with only
three eruptions injecting 1.9—4.2 Tg SO, affected, but repre-
sents a notable error for any modelling group using the early
extension of the historical period (1750-1849) we provide.

2.2 GloSSAC dataset

The Global Space-based Stratospheric Aerosol Climatol-
ogy (GloSSAC) was first introduced in 2018 (Thomason
et al., 2018) as an extension of the SPARC Assessment of
Stratospheric Aerosol Properties (ASAP) (SPARC, 2006).
It provides a multi-sensor record of stratospheric aerosol
optical properties from 1979 onward and has been ex-
tensively used in modelling (e.g., Timmreck et al., 2018;
Aubry et al.,, 2020; Quaglia et al., 2023) and observa-
tional studies (e.g., Stocker et al., 2019). The dataset con-
sists primarily of aerosol extinction coefficients at 525 and
1020 nm (although three or four wavelengths are available
for specific periods), reported on a monthly 5° latitude
by 0.5km altitude grid. GloSSAC includes a zonal mean
tropopause height climatology, derived from the SAGE II
1984-2006 period using the MERRA reanalysis (Rienecker
et al., 2011) and WMO thermal tropopause height defini-
tion (Thomason et al., 2018). CMIP7 datasets used version

Geosci. Model Dev., 19, 3725-3756, 2026
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CMIP7 UTS VOLCANIC SO, EMISSIONS v2.2.1 (companion part 2 paper)

Bipolar ice-core arrays (eVolv2k & Sigl et al., 2015) + high-resolution Greenland ice-core (D4i) + VEI 4-5 eruptions not in ice-cores (GVP).
Above key datasets complemented by IVESPA and extensive literature search for injection source parameters.

Satellite (MSV!(

calibration

Satellite (GloSSAC)

CMIP7 STRATOSPHERIC AEROSOL OPTICAL PROPERTIES v2.2.1 (this paper)

Historical datasets cover 1750-2023 at version 2.2.1. Preindustrial control and Scenario climatologies derived from 1850-2021 average of historical.

Figure 2. Graphical depiction of the CMIP7 stratospheric aerosol forcing datasets, i.e. the upper tropospheric-stratospheric (UTS) volcanic
SO, emission dataset (see overview in Sect. 2.1, Aubry et al., 2026, and upcoming documentation in a companion paper) and the stratospheric
aerosol optical property dataset (documented here). Key source datasets for pre-satellite (1750—-1978) and satellite (1979-2023) era emissions
as well as satellite-era aerosol optical properties are indicated. Version 2 of the EVA_H volcanic aerosol model (Sect. 3) used to derive pre-
satellite era aerosol optical properties is calibrated against satellite-era emission and optical property datasets.
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Figure 3. CMIP7 upper tropospheric and stratospheric volcanic SO, emission dataset (version 2.2.1). Each circle represents an eruptive
event shown as a function of latitude and time, with the circle size indicating the mass of SO, and the shading the injection height. Dashed
lines show the equator and tropic lines. Modified from Aubry et al. (2026).

v2.22 of GloSSAC (https://doi.org/10.5067/GLOSSAC-L3-
V2.22, NASA/LARC/SD/ASDC, 2023). The latest GloS-
SAC release, version 2.23, spans 1979-2024 (NASA/LAR-
C/SD/ASDC, 2025).

The Stratospheric Aerosol and Gas Experiment (SAGE)
series provides the foundation for GlIoSSAC, with measure-
ments from 1979-1981 (SAGE), 1984-2005 (SAGE II),
and 2017—-present (SAGE III/ISS). High-latitude regions not
observed across the SAGE missions are supplemented by
complementary spaceborne and ground-based observations
(Thomason et al., 2018; Kovilakam et al., 2020), producing
a continuous long-term record. Remaining gaps, particularly
between December 1981 and September 1984 overlapping
the perturbation resulting from the 1982 El Chichén eruption,

Geosci. Model Dev., 19, 3725-3756, 2026

and in the aftermath of the 1991 Pinatubo eruption, have been
reconstructed from multiple data sources (Thomason et al.,
2018; Kovilakam et al., 2020), with ongoing work to improve
their representation. Additionally, single-wavelength extinc-
tion coefficients from the Optical Spectrograph and Infrared
Imaging System (OSIRIS, Rieger et al., 2019) and Cloud
Aerosol Lidar and Infrared Pathfinder Satellite Observations
(CALIPSO, Kar et al., 2019) were used to bridge post-SAGE
II period (August 2005-May 2017), with a conformance pro-
cedure to reduce instrument biases (Kovilakam et al., 2020).
Current efforts focus on applying reconstruction methods
based on Thomason et al. (2021) to improve extinction coef-
ficient estimates during volcanic events in this period, and on
evaluating Ozone Mapping and Profiler Suite Limb Profiler
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(OMPS) aerosol extinction products (Kovilakam et al., 2025)
to improve coverage following the termination of CALIPSO
and the decline in OSIRIS observations.

To produce the CMIP7 aerosol optical property dataset,
three pre-processing steps were applied to GloSSAC’s ex-
tinction at 525 and 1020 nm, the two variables we used.
First, we masked any data strictly below the altitude of the
tropopause height provided in GIoSSAC. Second, we cor-
rected a few values of 1020 nm/525 nm extinction ratios,
mostly in the lowermost tropical stratosphere, in the after-
math of the Pinatubo 1991 eruption. Very low values of this
extinction ratio, highly localized in periods and areas of the
stratosphere with relatively high values, resulted in unre-
alistically small values of effective radius when processed
through our Mie scattering code. We chose to correct any
datapoint with 525 nm extinction > 0.0028 km~! and with
1020 nm/525 nm extinction ratio < 0.25. We left the value
of 525 nm extinction unchanged and corrected the 1020 nm
extinction value by setting the extinction ratio equal to that
of the closest data point with an uncorrected value, where
we defined “closest” as closest in altitude, at the same time
and latitude. This resulted in correcting a total of 974 data
points (0.1 % of the dataset), with 95 % of them in the ex-
tratropical lowermost stratosphere. Less than 4 % of the data
was corrected for any given month over 1991-1994, and less
than 0.6 % of data for the handful of months affected over
2005-2021. Overall, this correction prevents unrealistic val-
ues of effective radius, surface area density, volume density
and HpSO4 number density whilst having no effect on the
mid-visible extinction from GloSSAC. Third, the GloSSAC
dataset covers 77.5°S-77.5°N with 5° resolution. To pro-
duce a global dataset, we added data at 82.5 and 87.5° S/N
by simply assuming the same value of extinction at these
latitudes as at 77.5° S/N. This ad-hoc assumption to obtain
global coverage affects less than 1.5 % of Earth’s surface
area.

3 Volcanic aerosol model (EVA_H, v2)
3.1 EVA_H vl: overview and challenges

The aerosol model we employ (EVA_H version 2) is an
update to EVA_H version 1 (Aubry et al., 2020), which
was itself an extension of the Easy Volcanic Aerosol (EVA)
model, a reduced-complexity volcanic aerosol model devel-
oped by Toohey et al. (2016). Using simple parameteriza-
tions for stratospheric sulfate aerosol production, loss, ef-
fective radius and SAOD, EVA takes as input volcanic SO,
injection parameters (SO, injection mass, latitude and date)
to produce 4-dimensional (latitude, altitude, time and wave-
length) aerosol optical properties. In EVA, the stratosphere
is divided into three boxes corresponding to three latitudi-
nal bands, and shape functions are used to produce spa-
tially resolved output. EVA was originally calibrated using
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the Pinatubo 1991 eruption. The model is extremely sim-
ple compared to global atmospheric models simulating the
chemical, microphysical and transport processes required to
simulate the life cycle of stratospheric aerosols, and much
simpler than the AER2D model (Arfeuille et al., 2014) used
to generate the forcing associated with a few eruptions in
CMIP6 (Fig. 1). However, the VoIMIP Tambora experiment
demonstrated major discrepancies between complex interac-
tive stratospheric aerosol models (Zanchettin et al., 2016;
Clyne et al., 2021) and EVA represents a computationally
inexpensive, semi empirical middle-ground between them. It
has been used in numerous climate modelling applications
including CMIP6 VoIMIP (Zanchettin et al., 2016), PMIP
(Jungclaus et al., 2017), and decadal projections (Sospedra-
Alfonso et al., 2024). Employing a low-cost model was also
critical in producing the CMIP7 dataset, allowing us to eas-
ily revise the numerous dataset versions produced e.g. when
revisions to the emission dataset were decided.

From EVA, Aubry et al. (2020) developed the EVA_H
(version 1) extension, going from a 3-box to an 8-box
model by adding three vertical bands corresponding to the
lowermost extratropical stratosphere, the lower stratosphere
(16-20km), and the middle stratosphere (20—40km). With
aerosol loss timescales dependent on both latitude and alti-
tude, the simulated evolution of total sulfate aerosol burden
and global mean aerosol optical properties is dependent on
SO; injection latitude and altitude, which was not the case in
EVA. The vertical structure of the aerosol optical properties
also evolves in time, whereas only the latitudinal structure
was evolving in EVA. Last, EVA_H v1 was calibrated against
the 1979-2015 eruption time series using an earlier version
of MSVOLSO2L4 (for volcanic SO, emissions) and GloS-
SAC (for stratospheric aerosol optical properties) instead of
Pinatubo 1991 only for EVA. Differences between EVA and
EVA_H vl generated forcing and their implications for sim-
ulating the climate response to volcanic eruptions are inves-
tigated in Bilbao et al. (2025).

When calibrating EVA_H v1, one of the main challenges
was to implement parameterizations better capturing the
forcing evolution for eruptions spanning a broad range of
injection mass, latitude, altitude and season. Aerosol loss
timescale dependent on altitude and latitude significantly im-
proved the model performance. However, this was not the
case for the aerosol production timescale which led to a sin-
gle, prescribed aerosol production timescale of 7.8 months,
whose value was largely driven by the good resulting fit
for the Pinatubo 1991 eruption. Despite EVA_H vl loss
timescales dependence on injection latitude and altitude, the
long, prescribed aerosol production timescale limits the sen-
sitivity of the model to eruption characteristics and led to
overestimated aerosol lifetime for relatively small eruptions
over the 2001-2015 (Aubry et al., 2020). The same issue was
evident for the 2019 Raikoke eruption, for which a produc-
tion timescale of 2.8 months was more adequate (Vernier et
al., 2024). More sophisticated parameterization of aerosol
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production timescale did not significantly improve model
performance because of the difficulties in reconciling the
MSVOLSO2L4 emission inventory and GloSSAC aerosol
optical property dataset, with important trade-offs between
more realistic temporal evolution of SAOD perturbations and
better matching of SAOD perturbation magnitude. For exam-
ple, EVA_H vl already tends to overestimate the peak SAOD
of numerous eruptions over 2001-2015, which could largely
be caused by biases in MSVOLSO2L4 or GloSSAC, both for
Pinatubo 1991 (the eruption with the largest SAOD perturba-
tion and thus the most weight in the calibration) and small-to-
moderate magnitude eruptions (challenging to simulate with
EVA_H vl when matching Pinatubo). When decreasing the
model aerosol production timescale, peak SAOD becomes
even larger which thus decreased the model performance de-
spite a more realistic time-evolution of SAOD perturbation.

In the following, we describe all updates to EVA_H vl
made to develop EVA_H v2 used to produce the CMIP7
dataset. Although we strive to provide a basic understanding
of EVA_H vl in this paper, we refer to Aubry et al. (2020)
for an extensive documentation of v1 of the model.

3.2 Updates to aerosol production timescale and model
calibration

To improve EVA_H vl, we introduce a new parameteriza-
tion of the aerosol production timescale dependent on SO,
injection parameters. Fitting EVA_H vl to single eruptions
instead of the full 1979-2023 sequence suggested that the
aerosol production timescale was a power-law function of
the injected SO, mass (Mso,), and a linear function of the
injection height (Hso, ). The latter is consistent with previous
findings that the SO, e-folding time increases linearly with
altitude (Carn et al., 2016). Consequently, we parameterize
the aerosol production timescale as:

Tprod = a1 (1+ a2 Hso,) Mgd), )

where ay, a; and a3 are three model parameters replacing
the previous single value of the production timescale, and
imposing a minimum value for 7pq of 0.1 month.

As in Aubry et al. (2020), we used a genetic algorithm
to calibrate EVA_H v2 using MSVOLSO2L4 as model in-
put, and minimizing the error on the aerosol optical depth
(AOD) in each EVA_H v2 box when compared to GloS-
SAC. Whereas calibration of EVA_H vl was against the
19792015 period, we used the 1979-2023 period to cal-
ibrate EVA_H v2, a significant extension of the calibra-
tion dataset given the short duration of our satellite record.
GloSSAC was pre-processed by removing the 1998-2001
monthly mean climatology of extinction to obtain extinction
anomaly, and tropospheric extinction values were masked
using the GloSSAC-provided tropopause height (Fig. 4a,
black line). MSVOLSO2L4 was pre-processed by group-
ing together injections from the same volcano and eruption,
by summing SO, masses, averaging SO; injection height
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weighted by SO, mass, and taking the date of the first in-
jection. Additionally, we introduced an ad-hoc SO; injection
of 0.7 Tg SO, at 20 km above sea level (a.s.l.), 33°S in De-
cember 2019 to represent Australia’s Black Summer pyrocu-
mulonimbus (e.g. Peterson et al., 2021). EVA_H v2 does not
presently have the capability to represent wildfire injections
which are primarily organic and black carbon (e.g. Yu et al.,
2023). Introducing an ad-hoc SO; injection enables us to not
bias the model calibration. The absence of significant injec-
tion to realistically reproduce the large Southern Hemisphere
SAOD perturbation in 2020-2021 (e.g. Kloss et al., 2021)
could indeed have been compensated during calibration by
biases in values of model parameters such as fast aerosol
transport from the tropics to the extra tropics, or long produc-
tion and/or loss timescales for 2019 eruptions of Raikoke and
Ulawun which would have biased values of a; —a3 (Eq. 1). A
very large uncertainty was used for the SO, mass of the Aus-
tralia’s Black Summer pyrocumulonimbus to ensure that it
has minimal influence on the calibration. Numerous other py-
rocumulonimbus perturbations could have been introduced
(e.g. 2017 Canadian pyrocumulonimbus, Kloss et al., 2019,
2021). However, owing to their smaller magnitudes, these
events are less likely to have driven SAOD perturbations that
would strongly bias the model calibration in the absence of
corresponding SO» injection. The processed emission inven-
tory used to calibrate EVA_H v2 is provided in Table S1 in
the Supplement.

Critically, we modified the calibration process to ensure
that it does not favor closest matching of GloSSAC aerosol
optical properties given specific SO, injection estimate from
MSVOLSO2L4 at the expense of realistic time evolution of
aerosol optical property perturbations. In addition to model
parameters, calibration parameters for v2 include the SO»
mass of all eruptions considered in the calibration. We cal-
culate an uncertainty on injected stratospheric mass by as-
suming that eruptions other than Pinatubo have a factor 2
uncertainty on mass reported in MSVOLSO2L4, and 4 km
uncertainty on plume height. Pinatubo has the most weight
in the calibration so no matter what the SO, mass used, the
resulting model will fit the Pinatubo signal. Consequently, we
fix the Pinatubo mass to its best estimate in MSVOLSO2L4
(15TgS0O3), but add an uncertainty of 33 % for all other
masses (corresponding to an assumed 33 % uncertainty on
Pinatubo mass). When calibrating the model, we then look
for the combination of model parameter values and erupted
SO, mass, within uncertainty for each eruption, minimizing
our error metric. This enables the genetic algorithm to adjust
SO, masses within a realistic range, facilitating matching of
both SAOD perturbation magnitude and time-evolution. To
keep the model calibration reasonably quick, we first did an
initial model parameter search allowing for adjustment of
SO, masses for the 44 eruptions (out of 182) with a best
estimate of stratospheric SO, mass higher than 0.1 Tg SO;.
We then did a refined search allowing for adjustment of
SO, masses for the 88 eruptions with an upper end (as op-
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posed to best) estimate of stratospheric SO, mass higher than
0.1 TgSO;.

Table 1 shows all calibrated model parameter values. The
resulting global mean SAOD predicted by EVA_H v2, the
newly calibrated model, is shown as a red-dotted line on
Fig. 4a, The red continuous line showing the same model run
without adjusted SO, masses. When running EVA_H v2 with
MSVOLSO2L4 unadjusted SO, masses, both v1 (yellow line
on Fig. 4a) and v2 typically overestimate SAOD perturba-
tions associated with 21st century small-to-moderate magni-
tude eruptions, with v2 typically worst. However, thanks to
the implementation of a new parameterization for the pro-
duction timescale (Eq. 1) combined with the new calibra-
tion process, EVA_H v2 clearly captures much better than
EVA_H v1 the rise and decay timescales of SAOD perturba-
tions associated with a broad range of eruptions (Fig. 4b—f).
EVA is not shown in these figures, but it would exhibit the
same time evolution of global mean SAOD independently
from SO; injection parameters. Comparing model parame-
ters in EVA_H v1 vs v2, vl has an 18 % smaller scaling fac-
tor to convert the total stratospheric sulfate aerosol burden
into global mean SAOD at 525 nm. This difference is largely
consistent with the fact that the estimated Pinatubo 1991 SO,
injection mass decreased by 17 %, from 18 to 15 Tg SO», be-
tween the MSVOLSO2L4 used to calibrate vl and v2 ver-
sions of EVA_H. The difference between tropical and extra-
tropical aerosol loss timescales is greater in EVA_H v2 com-
pared to v1, which is an improvement given the lack of sen-
sitivity to eruption latitude of EVA_H v1 compared to in-
teractive stratospheric aerosol models (Aubry et al., 2020).
The aerosol production timescale of 7.8 months in EVA_H
vl is now Eq. (1) with gyroq = 0.012 (1+9.8 Hso,) Mg3)
months. For Pinatubo 1991 (15 Tg SO,, 25 km a.s.1.), this re-
sults in a production timescale of 6.8 months. For Soufriere
Hills 2006 (0.2 TgSO,, 18kma.s.l.), this results in a pro-
duction timescale of 1.3 months. Overall, the production
timescale scales linearly with height and increases by a fac-
tor of 2 when SO, mass increases by a factor of 10. Last,
we updated the effective radius calibration (Table 1) in line
with both changes to the model equations (this section) and
aerosol size distribution and resulting Mie look-up table
(Sect. 3.3). We also allow local effective radius as small as
0.06 um instead of 0.1 um in EVA_H vl1, which enables us
to better match high 525 nm/1020 nm extinction ratios from
GloSSAC.

3.3 Updates to aerosol size distribution and Mie
look-up tables

As in EVA, the EVA_H vl reduced-complexity volcanic
aerosol model produces an estimate of the sulfate aerosol
mass, effective radius and extinction at 525 nm, then uses a
lookup table to convert this extinction to other wavelengths
and other optical and physical properties. This lookup ta-
ble is produced using Mie theory, which requires assump-

https://doi.org/10.5194/gmd-19-3725-2026

tions about the complex refractive index of the aerosol so-
lution, and the aerosol size distribution. For EVA_H v2, the
complex refractive index of sulfuric acid solution in water
is taken from Biermann et al. (2000), which provides values
for a temperature of 215 K and a sulfate-water solution with
sulfate concentration of 75 %. The complex refractive index
data was then interpolated to a wavelength grid with 298 data
points between 0.15 to 100 um using the Akima interpolation
method (Akima, 1970). The imaginary part of the complex
refractive index for wavelengths smaller than 2.65 ym are all
set to equal values from Hummel et al. (1988). This value is
around 0.004 at 2.5 ym and decreases to near zero at shorter
wavelengths indicating negligible absorption by sulfuric acid
solution in this part of the spectrum. In comparison, EVA and
EVA_H vl lookup tables were produced using complex re-
fractive index values from Palmer and Williams (1975) and
a coarser spectral resolution complex refractive index with
only 29 data points.

Another important update that was made for EVA_H v2
is the use of a more representative aerosol particle size
distribution. EVA_H v1 used a unimodal lognormal distri-
bution with a geometric standard deviation of 1.2. In-situ
measurements from ballon-borne measurements have shown
that the particle size distribution of volcanic aerosols fol-
lowing the Pinatubo eruption is better represented by a bi-
modal distribution (Deshler et al., 1993). Furthermore, recent
multi-wavelength SAGE III measurements indicate that par-
ticle size distributions following small-to-moderate eruptions
have a geometric standard deviation around 1.6-2.0 (Wrana
etal., 2023). To simultaneously account for eruptions at these
different scales, EVA_H v2 uses a bimodal lognormal distri-
bution with a geometric standard deviation of 1.8 and 1.25
for the smaller and larger sized modes respectively. The bi-
modal distribution becomes relevant for the EVA_H v2 in
the effective radius range of 0.4-0.75 um, i.e., the bimodal
assumption is applicable only for larger eruptions like the
El Chichén 1982 and Pinatubo 1991 eruptions, whereas for
smaller sized eruptions where aerosol effective radii are be-
low 0.4 um, it is consistent with a unimodal distribution with
a geometric standard deviation of 1.8. The complex refrac-
tive index along with the particle size distribution function
are then input into the Mie scattering code PyMieScatt (Sum-
lin et al., 2018) to compute look-up tables of extinction effi-
ciency, single scattering albedo and asymmetry parameter as
a function of wavelength and effective radius. Figure 5 shows
the resulting dependency of the 1020/525 nm extinction effi-
ciency ratio on effective radius.

Beyond optical properties, climate models running with
prescribed stratospheric aerosol properties might require the
aerosol surface area density, volume density and the HySOg4
number density. These properties were not output in EVA_H
vl, which is addressed in v2. The look-up tables described
above include values for the volume and surface area density
for a nominal sulfate aerosol number density of 1 cm™3. We
calculate the sulfate aerosol number density as the ratio of
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Table 1. Parameterization and parameter values used in vl and v2 of EVA_H. Symbols in parenthesis refer to symbol used in the EVA_H
vl documentation paper (Aubry et al., 2020), with superscripts for loss timescales referring to model boxes. For the aerosol production
timescale parameterization, Hso, refers to the SO, injection height in kma.s.l., and Mg, to the mass of SO in TgS. For the effective
radius parameterization, Mg, refers to the mass of sulfate aerosol in Tg S.

Parameter EVA_H vl EVA_H v2
Scaling factor between total stratospheric sulfate aerosol burden and 0.0187 0.0229
global mean SAOD at 525 nm (A, (Tg S)_l)
Aerosol production timescale (Tprod, month) 7.8 0.012 (1+9.8 Hso,) MSO&I
Aerosol loss timescale (extratropical middle stratosphere) (1'110’335, month) 2.3 1.9
Aerosol loss timescale (tropical middle stratosphere) (rﬁ)ss, month) 9.5 18.8
Aerosol loss timescale (extratropical lower stratosphere) (rli’fs, month) 2.7 2.7
Aerosol loss timescale (tropical lower stratosphere) (ﬁfms month), 16.1 57.7
month)
Aerosol loss timescale (extratropical lowermost stratosphere) (rlzj’i, 3.8 4.5
month), month)
Mixing timescale (Ty,ix, month) 10.7 9.2
. . 1/3 1/3
Global mean effective radius (Reff, um) 0.25M, S 0.15M S
Minimum local value Minimum local value of
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Figure 4. Global mean SAOD time series for GloSSAC, EVA_H vl and EVA_H v2 (the newly calibrated model), run using the
MSVOLSO2L4 emission inventory modified as specified in Sect. 3.3. In panel (a), we additionally show EVA_H v2 run with adjusted
SO, masses constrained as part of the calibration process (Sect. 3.3). Panels (b)—(f) shows selected time periods with SAOD normalized by
its maximum, highlighting how SAOD time evolution compares between models and GIoSSAC. Eruptions dominating the sulfur budget for
each period and their SO, injection parameters are labelled above each panel.
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Figure 5. 1020 : 525 nm (GloSSAC wavelengths) extinction effi-
ciency ratio as a function of effective radius for the Mie look-up
tables used in EVA_H v1 and v2. The shading shows the 0.5-99.5
interquantile range of values in GloSSAC.

the extinction efficiency at 550 nm and the aerosol effective
cross section, which is also calculated as part of the look-up
table. Last, the HoSO4 number density (nd) is calculated as:

_ vd 03 Nay wy

nd @)

Muy,s0,

where vd is the aerosol volume density, w, = 0.75 is the as-
sumed fraction of sulfate in the aerosol, p, is the aerosol den-
sity, Nay the Avogadro number, and My,so, the H>SO4 mo-
lar weight. The aerosol density is calculated following Sand-
vik et al. (2019) as:

pa = (—0.4845 —0.7074 w,) T, + 1186.1

+621.4w, + 573.54w? 3)
where T, = 215 K is the assumed temperature, and p, is ex-
pressed in kg m™3.

4 Stratospheric aerosol optical properties for
pre-industrial, historical (1750-2023) and scenario
simulations

4.1 Non-volcanic background stratospheric aerosol
optical properties

Section 3 introduces the model used to derive volcanic
aerosol optical property perturbation during the pre-satellite
era. However, stratospheric aerosol optical properties also in-
clude a background, non-volcanic component (Kremser et
al., 2016). Note that “non-volcanic” refers to the fact that
these aerosols did not originate from eruptions injecting sul-
fur directly into the stratosphere, nor from eruptions that in-
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jected sulfur into the upper troposphere that was rapidly (typ-
ically within weeks) transported into the stratosphere, e.g.
through radiative lofting (e.g. Muser et al., 2020) or Mon-
soon circulation (e.g. Bourassa et al., 2012). Some sulfur
originating from tropospheric volcanic plumes, along with
tropospheric sulfur originating from other sources (e.g. an-
thropogenic), might still be slowly transported into the strato-
sphere and contribute to this “non-volcanic” background.
The non-volcanic background is directly measured for the
satellite era in GloSSAC, but must be accounted for dur-
ing the pre-satellite era. The late 1990s/early 2000s are
commonly used to derive a relatively volcanically-quiescent
background stratospheric aerosol optical property climatol-
ogy owing to the few and small eruptions detected dur-
ing that time period (e.g. Carn et al., 2016; Schmidt et al.,
2018). In CMIP6, 1999-2005, which has an average global
mean SAOD at 525 nm of 0.0047, was used to derive a non-
volcanic climatology. For CMIP7, we make a slightly differ-
ent choice of using 1998-2001, which has an average global
mean SAOD at 525 nm of 0.0044. We exclude year 2002,
even though the minimum global mean monthly SAOD value
(at 525 nm) over the satellite era is reached in April 2002
(0.0040), because three eruptions injecting nearly 0.1 Tg SO,
into the stratosphere occur near the end of that year (Ruang
in September, Etna in October and Reventador in Novem-
ber). These eruptions are followed by a small but clear in-
crease in tropical and Northern Hemisphere SAOD in late
2002 (Fig. 6a). We also include year 1998 because no erup-
tion injecting more than 0.01 Tg SO, occured over 1996—
1998 and although a weak SAOD decay trend is still visi-
ble over 1996-1997 as a consequence of the 1991 Pinatubo
eruption, it is strongly dampened by 1998 (Fig. 6a). Both for
extinction at 525 and 1020 nm, monthly mean volcanically-
quiescent climatologies were thus calculated from the 1998—
2001 average. Figure 6b shows the corresponding climatol-
ogy of 525nm SAQOD, with expected lower SAOD over the
tropics, and a seasonal cycle mostly characterized by an in-
crease in SAOD at northern high latitudes over April-July
and an increase in SAOD at southern high latitudes over
October—January.

In EVA_H vl1, non-volcanic background aerosol optical
properties were generated by injecting a steady SO flux in
each of the model boxes, with these fluxes calibrated to best
match the background aerosol optical properties. This ap-
proach resulted in the absence of seasonal cycle, and also
caused the background aerosol spatial distribution to be de-
termined by the model shape functions. This approach would
have resulted in inconsistencies for the non-volcanic back-
ground between the pre-satellite and satellite era part of the
dataset, which was flagged as a major concern by the group
within the CMIP Climate Forcing Task Team in charge of
producing the ozone forcing for CMIP7 (Michaela Hegglin,
personal communication, 2025). Consequently, for EVA_H
v2, to produce full stratospheric aerosol optical property
fields, we directly add the GloSSAC-derived 1998-2001 cli-
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matologies in extinction at 525 and 1020 nm (Fig. 6b) to vol-
canic perturbations in extinction generated by running the
model from volcanic emissions (Sect. 3).

Last, direct observations show an increase in stratospheric
carbonyl sulfide (OCS), one of the most important non-
volcanic sources of stratospheric sulfur, over 1986-2016,
driven by anthropogenic sulfur emissions (Hannigan et al.,
2022). This is consistent with model simulations showing
an increasing trend in non-volcanic background stratospheric
aerosol throughout the historical period (Luo, 2018, based
on a personal communication by Mike Mills; Davis et al.,
2023). In CMIP6 (Luo, 2018), based on Sheng et al. (2015),
it was estimated that the total background stratospheric sul-
fur burden was 0.074 Tg S in 1850 and 0.11 Tg S for mod-
ern times. Luo (2018) assumed a linear trend in background
extinction proportional to these burdens to scale the GloS-
SAC derived background aerosol optical properties back in
time. We follow the same assumption to produce the CMIP7
dataset, i.e. we assume that in year 2000, the background ex-
tinction at 525 and 1020 nm is the 1998-2001 mean clima-
tology (Fig. 6a), and that in year 1850, it was 0.074/0.11 =
67.5 % of the 2000 values. We linearly scale background
extinction between these two years, and assume a steady
climatology before 1850 and after 2000. Although the re-
sulting non-volcanic stratospheric aerosol background has
an increasing trend consistent with limited observations and
model simulations, it might remain too simplistic. The pre-
scribed trend in CMIP7 background SAOD over the histor-
ical period is half the magnitude of the trend in interactive
stratospheric aerosol simulations from the UK Earth Sys-
tem Model (UKESM) (Fig. 6¢). This is caused in particu-
lar by UKESM simulating much lower background SAOD
in 1850 (~ 1.5 x 1073 instead of ~ 3.3 x 10~ in CMIP7),
and a lower background in 1979 (&~ 4.5 x 1072 instead of
~33x 103 in CMIP7). The UKESM simulations also im-
ply that most of the change occurs between approximately
1950 and 1978. After 1978, when we use directly observed
stratospheric aerosol optical properties in CMIP7, UKESM
shows a slow-down and plateau of SAOD increase, followed
by an apparent decrease from around 2008. Brodowsky et
al. (2024), using the ISA-MIP experimental protocol (Timm-
reck et al., 2018), show that there is a 33 % discrepancy
in stratospheric aerosol burden simulated by nine interac-
tive stratospheric aerosol models under year 2000, volcani-
cally quiescent conditions. UKESM is at the lower-end of
these models, which might cause some of the discrepancies
observed in Fig. 6¢c. However, an interactive stratospheric
aerosol, multi-model ensemble of full historical simulations
with no explosive volcanic emission would help constraining
the non-volcanic background stratospheric aerosol, its histor-
ical evolution and its uncertainty in future forcing dataset.
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4.2 Production of historical 525 and 1020 nm extinction

Extinction at 525 and 1020 nm are the key variables on which
production of the CMIP7 aerosol optical property dataset re-
lies. To produce these variables for 1750-1981, we summed
the non-volcanic background (Sect. 4.1) and volcanic per-
turbations obtained by running EVA_H v2 (Sect. 3) using
the CMIP7 volcanic SO, emission inventory (Sect. 2.1 and
Aubry et al., 2026). One modification was made to the emis-
sion inventory before running EVA_H v2. We injected SO,
associated with the Agung 1963 eruptions at 27° S (Fig. 7b)
instead of the actual latitude of 8.3° S (Fig. 7a). This ensures
that most of the Agung aerosol is in the Southern Hemisphere
and tropics, instead of a hemispherically symmetric spread-
ing, which results in a better agreement with pyrheliome-
ter measurements (Stothers, 2001) and the CMIP6 dataset
(Fig. 7¢c, SO; injected between 0-15°S).

To produce the full (1750-2023) extinction dataset, we
simply merge the 1979-2023 extinction dataset from GloS-
SAC (Sect. 2.2 and Kovilakam et al., 2020) with the 1750—
1981 emission-derived extinction dataset. To harmonize both
datasets and avoid a small but steep jump in extinction values
at the start of the GloSSAC period (January 1979), for 1979—
1981, extinction coefficients are a weighted average of the
emission-derived (using EVA_H v2) and GloSSAC extinc-
tion coefficients, with the GloSSAC weight linearly increas-
ing from 0O in January 1979 to 1 in December 1981 (Fig. 8).
The start of the period is imposed by the start of the GloSSAC
dataset, whereas we chose December 1981 to avoid merging
over a period with large SAOD perturbations associated with
the El Chichén eruptions in 1982. Over 1979-1981, GloS-
SAC and the emission-derived extinction are in good agree-
ment in terms of latitudinal distribution (Fig. 8c—f). How-
ever, both at 525 (Fig. 8a) and 1020 nm (Fig. 8b), the emis-
sion derived-dataset has ~ 25 %-30 % smaller SAOD values
over the volcanically quiescent 1979 year. This discrepancy
comes from differences in GloSSAC between SAOD values
for volcanically quiescent year 1979 and years 1998-2001,
our chosen period to define the non-volcanic background.
The differences might either be caused by trends in back-
ground stratospheric aerosols not matching the assumptions
we made (Sect. 4.1 and Fig. 6), and/or by inconsistencies
or quality issues in the GloSSAC dataset before and after
1984, from when SAGE II measurements are used (Kovi-
lakam et al., 2020). Furthermore, for small-to-moderate mag-
nitude eruptions in 1980 (including St Helens, ~ 0.9 Tg SO,
at 27km and 46°N, and Ulawun, ~0.2 TgSO; at 20km
and 5°S) and 1981 (including Alaid, &~ 1.1 Tg SO, at 15km
and 51° N and Pagan, ~ 0.3 Tg SO, at 20 km and 18° N), the
emission-derived SAOD perturbations are greater than GloS-
SAC. This could be caused by errors in GloSSAC, in the
emission dataset, or/and biases in EVA_H v2. Altogether, al-
though these differences are relatively small in absolute term
(< 0.01 in terms of global mean SAOD, Fig. 8), they show
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Figure 6. (a) SAOD (left axis, dotted lines) and stratospheric volcanic SO, emissions (right axis, bars) for the relatively volcanically quiescent
1996-2005 period. Both SAOD and emissions are split over southern hemisphere (90-25° S), tropical (25° S-25° N) and northern hemisphere
(25-90° N). (b) 1998-2001 (shaded in grey on panel (a)) climatological SAOD at 525 nm. (¢) Annual global mean background SAOD at
550 nm in CMIP7 (shown for 1820-1978) and as simulated by UKESM v1.0 (Sellar et al., 2019) using CMIP6 emissions and forcings. The
UKESM background SAOD was obtained by running historical simulations with interactive stratospheric aerosols, but with no volcanic SO,

emissions.

why a smooth transition from the emission-derived dataset
to GloSSAC extinction is required.

4.3 Production of historical stratospheric aerosol
optical properties

Table 2 shows the variables provided in the CMIP7 aerosol
optical property dataset. All variables are provided as zonal
averages. Each variable has dimensions of time, latitude and
height, with ext, ssa and asy additionally depending on wave-
length. Time ranges from January 1750 to December 2023
with monthly resolution. Latitude ranges from —87.5°S to
87.5°N with resolution of 5°. Height ranges from 5 to
39.5kma.s.l. with a resolution of 0.5 km. We provide ext, ssa
and asy at the following 41 wavelengths (in pm): 0.16, 0.23,
0.3, 0.39, 0.46, 0.525, 0.53, 0.55, 0.61, 0.7, 0.8, 0.9, 1.01,
1.02, 1.27, 1.46, 1.78, 2.05, 2.33, 2.79, 3.418, 4.016, 4.319,
4.618, 5.154, 6.097, 6.8, 7.782, 8.02, 8.849, 9.708, 11.111,
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13.157, 15.037, 17.699, 20.0, 23.529, 35, 50, 75, and 100.
This list includes:

i. wavelengths required by the Rapid Radiative Transfer
Model commonly used in multiple climate models, e.g.,
by EC-Earth (Serva et al., 2024).

ii. wavelengths that are key to building the dataset, i.e.,
GloSSAC wavelengths (0.525 and 1.02 um) and 0.550
used by the reduced-complexity aerosol model EVA_H
v2.

iii. Additional wavelengths chosen to have a relatively reg-
ularly spaced (in logarithmic space) set of wavelengths.

To produce the full aerosol optical property dataset (Table 2,
with wavelengths listed above) from the extinction at 525 and
1020 nm dataset (Sect. 4.2), we:

Geosci. Model Dev., 19, 3725-3756, 2026
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Figure 7. SAOD (550 nm) for the 1963—-1966 period, mostly characterized by the Agung 1963 eruptions. Panel (b) and (c) respectively show
the CMIP7 and CMIP6 datasets, whereas panel a shows what the CMIP7 dataset would have been if we had not used a modified latitude for
Agung SO; injection (27° S instead of 8.3°S) to ensure a stronger Southern Hemisphere forcing.

Table 2. Summary of variables provided in the CMIP7 stratospheric aerosol optical property dataset.

Name  Full name Unit dimensions

ext Extinction coefficient m~! Time, latitude, altitude, wavelength
ssa Single scattering albedo - Time, latitude, altitude, wavelength
asy Scattering asymmetry factor — Time, latitude, altitude, wavelength
reff Effective radius m Time, latitude, altitude

sad Surface area density pm2 cm™3 Time, latitude, altitude

vd Volume density pm3 cm ™3 Time, latitude, altitude

nd H;SO,4 number density Molecule H,SO4 ecm™3  Time, latitude, altitude

1. Derived the effective radius from the ratio of 525 to
1020 nm extinction coefficient using the EVA_H v2 Mie
look-up table (Sect. 3.3). As in EVA_H v2, we impose
a minimum local effective radius of 0.06 um.

2. Derived all other properties at the list of wavelength pro-
vided above from the extinction at 525 nm and the effec-

Geosci. Model Dev., 19, 3725-3756, 2026

tive radius using the same look-up tables. These proper-
ties are provided at the specified wavelength, and do not
reflect an average over any wavelength band.

Select examples of other variables are compared with CMIP6
in Sect. 5.
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Figure 8. Merging of CMIP7 pre-satellite (EVA_H v2 run from CMIP7 emissions) and satellite (GloSSAC) era datasets over 1979-1981,
illustrated for SAOD at 525 nm (left) and 1020 nm (right). The top panels (a, b) show the global mean SAOD, whereas bottom panels (c-h)

show the SAOD.

4.4 Production of pre-industrial and scenario aerosol
optical properties

As in CMIP6 (Eyring et al., 2016), the pre-industrial control
stratospheric aerosol optical property climatology is chosen
to be the monthly mean climatology averaged over the
period covered by historical simulations, i.e. 1850-2021
(Dunne et al., 2025). For each variable provided (Table 2),
we thus provide a 12-month climatology directly calcu-
lated from the 1850-2021 average of the corresponding
variable in the historical dataset. We took an unweighted
average for all variables provided, which is different from
CMIP6 where the climatology for single scattering albedo
and asymetry were calculated as weighted averages (the
weights for single scattering albedo being the extinction; the
weights for assymetry being the product of extinction and
single scattering albedo). Although such averaging would
be preferable, we expect it to have moderate impacts on
pre-industrial forcing, with initial testing with the NorESM
model suggesting a pre-industrial net top-of-the-atmosphere
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radiative forcing of —0.28 Wm™2 when using the files
we provided, vs —0.23Wm™2 when using weights to
calculate historical averages of single scattering albedo and
asymmetry (communication from Dirk Olivié through the In-
putdMIPs GitHub, https://github.com/PCMDI/input4MIPs_
CVs/discussions/175#discussioncomment-16397980,  last
access: 5 May 2026). Because this mistake was detected
too late and for consistency with the ozone forcing dataset
that was created using our unweighted pre-industrial cli-
matologies, we recommend that modelling centers use our
pre-industrial files as provided and do not create their own
pre-industrial files with weighted averages for variables
other than extinctions.

The pre-industrial dataset to be used in CMIP7 is ver-
sion 2.2.1. As in CMIP6 ScenarioMIP (O’Neill et al., 2016),
stratospheric aerosol optical properties are the same as in pre-
industrial simulations, with a 9-year linear ramp (instead of
10 in CMIP6 ScenarioMIP) to that climatology from the end
of the historical period (i.e. December 2021) (Fig. 9). The
scenario dataset to be used in CMIP7 is version 2.2.2. Note

Geosci. Model Dev., 19, 3725-3756, 2026
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that the scenario files version 2.2.2 start in January 2022 even
though version 2.2.1 of historical datasets go up to Decem-
ber 2023 and source datasets for extension to December 2024
are already available. In particular, over 2022-2023, scenario
forcings will not include the stratospheric aerosol forcing as-
sociated with the Hunga Tonga Hunga Ha’apai 2022 erup-
tion, characterized by a global mean SAOD perturbation of
~0.008 (Fig. 9), around 15 times less than the Pinatubo 1991
eruption. In addition to the stratospheric aerosol net negative
radiative forcing, the Hunga eruption injected 146 Tg of wa-
ter into the stratosphere (Millan et al., 2022), which was as-
sociated with a positive radiative forcing. Although our sce-
nario dataset and ScenarioMIP forcing will not account for
this eruption, the surface temperature impacts of both the
aerosol and water vapor forcing are expected to be negligible,
with the combined impact assessed to be a net surface cool-
ing (APARC, 2025) despite initial debates on whether wa-
ter warming or aerosol cooling would dominate (e.g. Jenk-
ins et al., 2023; Schoeberl et al., 2024). Should the CMIP7
Climate Forcing Task Team provide regular update of their
datasets and a dataset for Hunga Tonga water forcing, as rec-
ommended by Hewitt et al. (2025) and Naik et al. (2025),
modelling groups will be able to extend CMIP7 Fast Track
historical simulations and account for this unique eruption.

The current stratospheric aerosol forcing implementation
in ScenarioMIP has two main limitations:

1. First, a constant volcanic forcing equal to the histori-
cal average. Bethke et al. (2017) and Chim et al. (2025)
show the key role volcanic forcing could have on cli-
mate variability in ScenarioMIP projections, with Chim
et al. (2025) demonstrating that projection uncertainty
associated with volcanic forcing exceeds that associ-
ated with internal climate variability. The mean 1850—
2021 volcanic forcing might also underestimate the true
mean forcing expected from long-term records of vol-
canic eruptions (e.g. Sigl et al., 2022; Chim et al., 2025).

2. Second, as in CMIP6, pre-industrial experiments and
any ScenarioMIP experiment will have the same pre-
scribed stratospheric aerosol forcing. However, both the
non-volcanic stratospheric aerosol background (Fig. 9,
UKESM simulations from Chim et al., 2023) and vol-
canic forcing (Aubry et al., 2021a) are dependent on
other forcings and/or the background climate state. Fur-
ther work is required to constrain these dependencies
and provide modelling groups with stratospheric aerosol
dataset accounting for these feedbacks and for emission
of emergent stratospheric aerosol sources (e.g. space-
craft emission, Murphy et al., 2023) in future CMIP ver-
sions. Models with interactive stratospheric aerosol ca-
pabilities, which can perform emissions-driven histori-
cal runs consistently thanks to the provision of a dedi-
cated volcanic SO, historical emission dataset (Sect. 2.1
and Aubry et al., 2026) and stochastic future volcanic
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SO, emission scenarios (upcoming in Romero-Prieto et
al., 2025), will account for these feedbacks.

4.5 Production of dataset on bespoke wavelength grid

To facilitate use of our dataset in any radiative model, we
provide the community with scripts that can be used to inter-
polate the files we provide on Earth System Grid Federation
(ESGF) to any list of wavelength ranges inputted by the user.
Optical property, p, at wavelength band i is computed from
the weighted integral over the band wavelength range 1¢ to
A1 as

LB w ) p O “
= SL B (M w (b dh

where B, is the spectral irradiance, and w is a property de-
pendent weight. For extinction, w = 1, for the single scatter-
ing albedo, w is the extinction, and for the asymmetry factor,
w is the extinction multiplied by the single scattering albedo.
This is implemented by assuming a Planck function for the
irradiance and linearly interpolating the original dataset onto
a higher-resolution grid that is used for numerical summa-
tion. A simpler, less costly, linear interpolation method us-
ing band midpoints is also provided, but this is less accu-
rate, particularly over broad bands, and therefore not gener-
ally recommended. All scripts are accessible at https://github.
com/MetOffice/CMIP7_volcanic_aerosol_forcing/ (last ac-
cess: 5 May 2026). Modelling groups tweaking these scripts
or using a different approach should simply document it.

5 Comparison with CMIP6

5.1 Historical (1750-2023) 550 nm stratospheric
aerosol optical depth

Figure 10 compares CMIP6 and CMIP7 global mean 550 nm
SAOD time series, focusing on 1850 onwards. The two
datasets are unsurprisingly in close agreement for the satel-
lite era, a period for which they both used GloSSAC. Mi-
nor disagreements are apparent over: (i) 1979-1982, the pe-
riod over which our dataset is a weighted average of GloS-
SAC and our emission-derived dataset (Sect. 4.2, Fig. 8);
(ii) the Pinatubo 1991 eruption, with peak SAOD roughly
10 % higher in CMIP7 owing to GloSSAC revisions (Aubry
et al., 2020; Kovilakam et al., 2020); (iii) the El Chichén
1982 eruption, with peak SAOD roughly 15 % higher in
CMIP6 due to revisions in the handling of airborne lidar
data used in the tropics in GloSSAC; (iv) the 2005-2017
period, where minor discrepancies likely originate from a
combination of differing treatment of the tropopause height
and dataset masking, as well as differing effective radius
values, with CMIP7’s values unrealistic owing to the lack
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of multiwavelength information in GloSSAC for that pe-
riod (Sect. 2.2). However, the most important discrepan-
cies are before 1979, the onset of the satellite era. There
are numerous instances in which only one dataset exhibits
a SAOD perturbation, including for perturbations larger than
0.02. Overall, the CMIP7 dataset contains more eruptions for
the 1850-1960 period, whereas the CMIP6 dataset contains
more for 1960—-1980. This results in a global mean SAOD of
0.0135 for CMIP7 piControl climatology, 26 % higher than
the 0.0107 value for CMIP6. Beyond eruption occurrence,
disagreements also exist on the magnitude of SAOD per-
turbations, with the CMIP7 dataset having notably higher
perturbations for the early 1860’s unidentified eruption (at-
tributed to Kie Besi 1861 in CMIP7, Aubry et al., 2026),
a cluster of eruptions injecting 0.6-3 Tg SO, in 1885-1886,
the Tarawera 1886 eruption or the Ksudach 1907 eruption.
CMIP6 has greater perturbations for the Suwanosejima 1889
and Santa Maria 1902 eruptions. Furthermore, the latitudi-
nal distribution of SAOD can also disagree between the two
datasets, even for eruptions they have in common (Fig. 11b—
i), e.g. in the early 1860s, or late 1890s. Hemispherically uni-
form perturbations in CMIP6, caused by scaling of single-
station pyrheliometer measurements to entire hemispheres
(Fig. 1), are absent in CMIP7. Last, CMIP7 also includes the
1750-1849 period (Fig. 11a) to facilitate the running of his-
torical simulations starting in 1750. This period is character-
ized by much stronger forcing than the “standard” CMIP his-
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torical period (1850—present day), with eruptions of Kie Besi
(1760), Laki (1783-1784), an unidentified volcano (1809),
Tambora (1815), Zavaritzki (1831) and Cosiguina (1835)
ranging from 10-56 Tg SO, and totaling 190 Tg SO, among
them.

We acknowledge that the differences between the CMIP6
and CMIP7 datasets will motivate questions regarding which
dataset is better, especially for the pre-satellite era. When it
comes to the magnitude and spatial distribution of the forc-
ing at any specific time, both datasets are highly uncertain.
Volcanic SO, emission parameters used in both CMIP6 (for
7 eruptions) and CMIP7 are uncertain (e.g., Verkerk et al.,
2025), although the CMIP7 emission inventory (Aubry et al.,
2026) relies on source datasets that better reflect the state of
the art in the ice-core and volcanological communities (Sigl
et al., 2015; Toohey and Sigl, 2017; Aubry et al., 2021b;
Fang et al., 2023; Global Volcanism Program, 2025) com-
pared to CMIP6, which used Gao et al. (2008) as primary
source for emissions. In particular, the CMIP7 approach en-
ables us to make progress on the strong bias in the represen-
tation of small-to-moderate magnitude eruptions in CMIP6,
albeit this is achieved by relying on an ice-core characterized
by very high uncertainties (Fang et al., 2023) complemented
by the geological record (Global Volcanism Program, 2025),
which requires ad-hoc assumptions for SO, masses. CMIP6
used a more sophisticated aerosol model (AER2D, Arfeuille
et al., 2014) than CMIP7 (EVA_H v2, Sect. 3) to translate
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Figure 10. Global mean SAOD at 550 nm for CMIP6 and CMIP7, from 1850 onwards. Thin lines show the piControl climatology, obtained
from the 1850-2014 and 1850-2021 climatology for CMIP6 and CMIP7, respectively.

emissions into stratospheric aerosol optical properties. How-
ever, given large uncertainties in state-of-the-art interactive
stratospheric aerosol models (Clyne et al., 2021; Quaglia et
al., 2023), the use of a more sophisticated model does not
imply greater accuracy. The provision of a volcanic SO,
emission dataset for CMIP7 (Fig. 3 and Aubry et al., 2026)
will ultimately foster the development of interactive strato-
spheric aerosol models, and in turn inform our understanding
of stratospheric aerosol forcing and climate impacts. Last,
unlike CMIP7, CMIP6 attempted to make use of observa-
tional pyrheliometer data to constrain pre-satellite era forcing
(Fig. 1). However, the scarcity of measurements, the reliance
on single stations (for most months) to derive global-scale
aerosol optical properties, and the conversion of pyrheliome-
ter measurement into SAOD are also subject to high uncer-
tainties. Overall, we thus recommend to not consider either
dataset superior to the other for any specific month or year,
and highlight the need for further evaluation.

5.2 Potential implications for simulating historical
climate in CMIP7

The changes in mid-visible SAOD in CMIP7 relative to
CMIP6 might have implications for simulating the historical
climate in CMIP7. To provide an initial assessment, we esti-
mate the global annual mean top-of-the-atmosphere effective
radiative forcing (ERF) associated with each forcing dataset
using the scaling from Marshall et al. (2020):

ERF = —20.7 (1 - e—ASAOD) (5)

where ASAOD is the global annual mean 550 nm SAOD
anomaly, calculated with respect to the minimum historical
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value. We then simulate global mean surface temperature
using FalR v2.1.4 (Smith et al., 2018; Leach et al., 2021),
a reduced-complexity climate model calibrated using emis-
sions from the IPCC Sixth Assessment Report (calibration
1.4.1, Smith et al., 2024). We force FalR with historical
CMIP6 greenhouse gases, ozone and aerosol precursor emis-
sions and solar and land use forcings from the RCMIP dataset
(Nicholls et al., 2020). Forcings linked to aerosol-radiation
interaction, aerosol-cloud interaction, ozone, light absorbing
particles on snow and ice, and stratospheric water vapor are
calculated by the model based on emissions. We run two en-
sembles of simulations for the CMIP6 and CMIP7 volcanic
forcing time series, where volcanic forcing is expressed in
FalR as an anomaly with respect to the pre-industrial clima-
tology, i.e. 1850-2014 mean and 1850-2021 mean for the
CMIP6 and CMIP7, respectively.

Consistent with SAOD (Fig. 10), both the stratospheric
aerosol radiative forcing (Fig. 12a) and simulated global
mean surface temperature (Fig. 12b) are lower in CMIP7
for 1850-1900, with CMIP7 forcing being more negative
by up to 1.5W m~2, and associated temperatures cooler by
up to 0.2 °C. The greatest change occurs after the unidenti-
fied 1860 eruption, but overall, over 1850—1900, the radiative
forcing is typically more negative in CMIP7. Also consistent
with SAOD changes, for 1963-1982, CMIP6 radiative forc-
ing is more negative by up to 1 Wm~2, and associated tem-
peratures cooler by up to 0.05 °C.

Table 3 summarizes key metrics in terms of global mean
SAOD, effective radiative forcing and surface air temper-
ature associated with each dataset. Over 1850-2014 (the
period common to CMIP6 and CMIP7), the CMIP7 mean
SAOD (0.0138) and radiative forcing (—0.22Wm™2) are
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Figure 11. Latitudinal distribution of SAOD at 550 nm (logarithmic scale) for CMIP7 (left, panels a, b, d, f and h) and CMIP6 (right, panel
¢, e, g and i). For CMIP7, the top panel (a) shows 1750-1850 which is not included in CMIP6.

amplified by 29 % and 37 % compared to CMIP6 (0.0107
SAOD, —0.16 Wm™? forcing). Preindustrial control simu-
lations, forced by the historical mean forcing, are cooler by
0.03 °C in CMIP7 compared to CMIP6 (not shown). Last,
relative to their respective pre-industrial baseline, simula-
tions forced by the CMIP7 stratospheric aerosol dataset are
0.07 °C cooler than CMIP6 over 1850-1900, but 0.03 °C
warmer over 2001-2014. Relative to 1850-1900, a key ref-
erence period for assessment reports by the Intergovernmen-
tal Panel on Climate Change (IPCC, 2021), simulated 2000—
2014 global mean surface temperatures are thus warmer by
0.1 °C when using the CMIP7 stratospheric aerosol dataset
instead of the CMIP6 one. Over 1960-1990, the period in
which CMIP6 models are affected by a cold bias (e.g. Flynn
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and Mauritsen, 2020; Zhang et al., 2021), simulations forced
by the CMIP7 dataset are 0.06 °C warmer relative to pre-
industrial (0.13 °C warmer relative to 1850-1900) compared
to simulations forced by the CMIP6 dataset. Our new dataset
could thus affect tuning of CMIP7 climate models, and/or
for their performance in reproducing historical temperature
trends.

5.3 Other stratospheric aerosol properties

To complement the 550nm SAOD comparison between
CMIP6 and CMIP7 presented in Sect. 5.1, Fig. 13 compares
the global stratospheric mean effective radius, surface area
density, and H»SO4 number density for CMIP6 and CMIP7.
The CMIP7 global mean effective radius (0.132 ym) is 12 %

Geosci. Model Dev., 19, 3725-3756, 2026
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Figure 12. Global mean top of the atmosphere (TOA) effective radiative forcing (ERF) (top, a) and surface air temperature (SAT) anomaly
relative to pre-industrial (bottom, b) for CMIP6 and CMIP7, for 1850-2023.

Table 3. Global mean of key metrics (SAOD, TOA ERF and SAT anomaly) for selected time period, when using CMIP6 or CMIP7 strato-
spheric aerosol optical properties (all other forcings as in CMIP6). The asterisks (*) highlight the global mean SAOD value characterizing

the preindustrial climatology for each dataset. NA — not available

Global mean metric

Stratospheric aerosol optical property dataset

CMIP6 CMIP7
1850-2014 mean SAOD at 550 nm 0.0107* 0.0138
1850-2021 mean SAOD at 550 nm NA 0.0135*
18502014 mean TOA ERF (W m~2) —0.16 —0.22
1850-1900 mean SAT relative to pre-industrial (°C) 0.06 —0.01
1960-1990 mean SAT relative to pre-industrial (°C) 0.23 0.29
2001-2014 mean SAT relative to pre-industrial (°C) 0.89 0.92
2001-2014 mean SAT relative to 1850-1900 (°C) 0.83 0.93

larger than that of CMIP6 (0.118 um) over the common pe-
riod (1850-2014). This difference is largely driven by the dif-
ference in non-volcanic background effective radius, which
is 0.115um in CMIP7 with no trend (inconsistent with the
trend in non-volcanic background SAOD), and exhibits a lin-
ear trend in CMIP6 (0.09 in 1850, reaching 0.115 in 1978).
The datasets also exhibit large discrepancies over the satel-
lite era, despite good agreement on peak effective radius for
the El Chiché6n (1982) and Pinatubo (1991) eruptions. First,
over 1980-2004, CMIP7 has larger effective radius with the
notable exception of good agreement for the peak effective
radius following the El Chichdn (1982) and Pinatubo (1991)

Geosci. Model Dev., 19, 3725-3756, 2026

eruptions. Given that both datasets use GloSSAC for this
time period, differences are driven by differences in method-
ologies to derive effective radius from multiwavelength ex-
tinction efficiency measurement. In particular, the REMAP
algorithm (Jorimann et al., 2025) used in CMIP6 fits a single-
mode log-normal size distribution with a variable geomet-
ric standard deviation to fit extinction efficiency measure-
ments, whereas CMIP7 uses a bimodal lognormal distribu-
tion with fixed geometric standard deviation of 1.8 and 1.25
for smaller and larger size mode respectively (Sect. 3.3). Sec-
ond, over 2005-2017, the effective radius exhibits no vari-
ability in GIoSSAC because this period only has constraint
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on 1020 nm extinction efficiency, with 525 nm scaled from it,
resulting in constant extinction ratio and thus effective radius
using our methodology. In contrast, the effective radius or the
standard deviation was parameterized in CMIP6 for periods
with single wavelength (Jorimann et al., 2025), resulting in a
more realistic, time-varying effective radius.

The CMIP7 mean surface area density (1.31 pum? cm~3)
is similar to the CMIP6 mean (1.30 me cm~3) over 1850-
2014. This is caused by a ~35 % lower non-volcanic
background surface area density in CMIP7 compared to
CMIP6 (e.g. 0.65um?cm™3 vs 1.06 um? cm™> over 1998
2001) compensated by the increased number of small-to-
moderate magnitude eruption pre-satellite era in CMIP7. The
global 1850-2014 mean H>SO4 number density in CMIP7
(8.0 x 10% molecules cm ™) is 60 % higher than in CMIP6
(5.4 x 10% molecules cm—3), which is again largely driven by
the increased number of eruptions pre-satellite era, with a
good agreement between CMIP6 and CMIP7 over the satel-
lite era. The enhanced H>SO4 number density over 1850-
1978 might influence stratospheric ozone forcing. Overall,
for all three variables shown in Fig. 13, peak values associ-
ated with the Agung (1963), El Chichén (1982) and Pinatubo
(1991) eruptions are in reasonable agreement.

6 Stratospheric aerosol optical properties for CMIP:
Challenges, opportunities and operationalization

6.1 Key uncertainties and challenges in the CMIP7
dataset

This study focuses on documenting the CMIP7 stratospheric
aerosol optical properties and preliminary comparison to
CMIP6, especially for SAOD. However, a comprehensive
evaluation of the CMIP7 dataset remains required, and
such evaluation is currently being undertaken as part of
the Fresh Eyes on CMIP Modern Forcing project (https://
wcrp-cmip.org/cmip7-task-teams/fresh-eyes-on-cmip/, last
access: 5 May 2025). It will include comparisons of cli-
matology and background aerosols between CMIP6 and
CMIP7, and evaluation of CMIP7 aerosol optical proper-
ties against independent observational measurements such
as pyrheliometers, total lunar eclipses, and stellar extinction
(Sato et al., 1993; Stothers, 1996, 2001), and satellite datasets
such as Scanning Imaging Absorption Spectrometer for At-
mospheric Chartography (SCTAMACHY) and Climate Data
Record of Stratospheric Aerosols (CREST) (Bovensmann et
al., 1999; Pohl et al., 2024; Sofieva et al., 2024). This work
will shed light on the main limitations and uncertainties of
our dataset, and on differences in stratospheric aerosol forc-
ing between forcing generations.

Despite the pending evaluation of our dataset against in-
dependent data, the major sources of uncertainties are well
identified. Whilst the satellite-era aerosol optical properties
are subject to uncertainties, in particular before the Pinatubo
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1991 eruption, the much longer pre-satellite era part of the
dataset is without doubt more uncertain, with volcanic con-
tributions dominating uncertainties. Pre-satellite era volcanic
SO, emission uncertainties, which are discussed in more de-
tails in Aubry et al. (2026) are highly uncertain whether in
terms of how much SO, was injected, its emission height
and how much reached the stratosphere, and even its emis-
sion location (in particular latitude) and date. Despite our
best efforts to correct biases in small-to-moderate magnitude
eruptions (injecting less than 3 Tg SO,) in CMIP7, it is also
clear that many such eruptions are missing in the pre-satellite
era. These emission uncertainties are compounded by vol-
canic aerosol modelling uncertainties, with simulated global
mean SAOD differing by over a factor of 2 among different
interactive stratospheric aerosol models (Clyne et al., 2021).
Our use of a reduced-complexity aerosol model (EVA_H v2,
Sect. 3), calibrated against the CMIP7 satellite-based vol-
canic SO, emission and stratospheric aerosol optical prop-
erties datasets, ensures consistency of the model output with
recent observations. However, these are subject to signifi-
cant uncertainties too. For the 1991 eruption of Pinatubo, the
SO; mass is 15 Tg SO, in our emission dataset (Aubry et al.,
2026). However, observational estimates of SO, mass reach
up to 22 Tg SO, (Guo et al., 2004), whereas a recent model
inversion suggest that only 10.4 Tg SO, was injected into the
stratosphere (Ukhov et al., 2023), with other modelling stud-
ies suggesting that an “effective” mass of 10 Tg SO is jus-
tified by the fact that a large fraction of SO, was scavenged
rapidly by ash and ice in the volcanic cloud (e.g. Mills et al.,
2016; Dhomse et al., 2020; Quaglia et al., 2023). This range
of plausible SO, mass for the eruption with the most weight
in the EVA_H v2 calibration translates into a 50 % uncer-
tainty for 525 nm extinction and SAOD pre-satellite era in
the CMIP7 aerosol optical property dataset, without even ac-
counting for emission uncertainties of pre-satellite era erup-
tions. This is illustrated by the change in aerosol mass-SAOD
scaling factor (Table 1) from 0.0187 to 0.0229 (Tg S)~! from
EVA_H vl to EVA_H v2, largely driven by a correspond-
ing update of the Pinatubo SO, mass from 18 to 15Tg SO,
in MSVOLSO2LA4. The combined changes in model parame-
terization (Eq. 1), calibration method (Sect. 3.2) and updates
and extension of calibration datasets also resulted in a change
in EVA_H’s lowermost tropical aerosol loss timescale from
16.1 months in v1 (i.e. relatively moderate aerosol loss in the
tropics given the 10.7 months latitudinal transport timescale
and 2.3 months extratropical lowermost stratosphere loss
timescale) to 57.7 months in v2 (i.e. virtually no aerosol
loss in the tropics). This further illustrates the large volcanic
aerosol modelling uncertainties, even when using a reduced-
complexity, empirical model.

Beyond pre-satellite volcanic uncertainties, the pre-
satellite non-volcanic stratospheric aerosols, which con-
tribute 20 % of the global mean 550 nm piControl SAOD
(i.e. the 1850-2021 historical average), is a highly uncer-
tain component of our dataset. First, defining a non-volcanic
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Figure 13. Global stratospheric mean (a) effective radius (in pm), (b) surface area density (in pmz cm73), and (c¢) HySO4 number density

(in molecules cm™3, log scale) for CMIP6 and CMIP7, for 1850-2023.

background from satellite-era measurements is challeng-
ing (Fig. 6a). Second, assessing how this background has
evolved throughout the historical period is difficult. His-
torical simulations from multiple interactive stratospheric
aerosol models with no volcanic emission would support this,
with UKESM run suggesting that the linear trend imposed
in CMIP7 is inadequate (Fig. 6¢). Third, scenario and pi-
Control climatologies are currently equal and constant, even
though the non-volcanic background stratospheric aerosol
levels are expected to be different (Fig. 6¢), and evolving
in time for scenario simulations with the evolution depen-
dent on the underlying shared socioeconomic pathway (SSP)
considered (Fig. 9). Fourth, developing datasets that iso-
late the volcanic and non-volcanic contributions to strato-
spheric aerosols should be considered in the future. For ex-
ample, some models generate stratospheric aerosol interac-
tively but choose to run historical simulations with prescribed
stratospheric aerosol optical properties (and zeroed volcanic
emissions) to ensure a stratospheric aerosol forcing consis-
tent among simulations, and with other CMIP models. How-
ever, unless the radiative transfer models within these cli-
mate models ignore the optical properties of non-volcanic
stratospheric aerosols simulated interactively, the contribu-
tion of non-volcanic aerosol would be double-counted when
imposing the CMIP7 (or CMIP6) stratospheric aerosol op-
tical properties. As another example, existence of a sin-
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gle dataset accounting for both volcanic forcing and a non-
volcanic background influenced by anthropogenic aerosol
emission biases the hist-nat and hist-aer experiments of the
Detection and Attribution MIP (DAMIP, Gillett et al., 2016),
which are part of the CMIP7 AFT (Dunne et al., 2025). Fifth,
we currently do not account for any significant non-volcanic
emission of stratospheric aerosol precursor pre-satellite era
(e.g. pyroCb emissions, Kloss et al., 2019; Peterson et al.,
2021, 2025) nor do we account for volcanic emission other
than SO, (e.g. water, LeGrande et al., 2016; Millan et al.,
2022).

Altogether, the development of an uncertainty product
for our dataset is important. Although differences between
CMIP6 and CMIP7 stratospheric aerosol optical properties
might be partially indicative of uncertainties, both datasets
are subject to specific biases and a more comprehensive un-
certainty assessment is required.

6.2 Opportunities for future improvements

Key future directions to improve the volcanic SO, emissions
dataset, and in turn the stratospheric aerosol optical prop-
erties dataset, are discussed in detail in a companion paper
on the emission dataset (Aubry et al., 2026). Three selected
highlights are:
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Enhance efforts to have a multidisciplinary perspective on
emissions by incorporating together ice-core, remote-sensing
and geological datasets. This was key in CMIP7 to better
capture small-to-moderate magnitude eruptions underrepre-
sented in ice-core datasets using the GVP database, as well
as to constrain emission heights. For the latter, the use of the
Independent Volcanic Eruption Source Parameter Archive
(IVESPA, Aubry et al., 2021b) curated by the International
Association of Volcanology and Chemistry of the Earth In-
terior (IAVCEI) enabled us to: (i) use well-constrained val-
ues for SO, injection height for numerous events from 1900;
(ii) through IVESPA-derived relationships (Engwell et al.,
2023), correct heights derived from isopleths, the most com-
mon method to estimate plume height from deposit, but
which typically overestimates SO injection height by 50 %.

Analyze more ice cores, and at high resolution. The
datasets we use incorporate a relatively low number of ice
cores, in particular in Greenland with 1 (Fang et al., 2023)
to 3 (Toohey and Sigl, 2017) used over 1750-1900. There
is a strong potential to produce a continuous historical vol-
canic SO, record using a larger number of cores (e.g. Gao
et al., 2007; Crowley and Unterman, 2013; Gabriel et al.,
2024). The use of the high-resolution D4i ice-core (Fang
et al., 2023) was key in CMIP7 to better capture small-to-
moderate magnitude eruptions and have direct constraints on
their SO, mass, which is not the case with geological datasets
(e.g. GVP). However, the fact that the D4i dataset is based
on a single Greenland core means it is characterized by very
high uncertainties, that it does not provide any constraint on
eruption latitude, and that it only records some tropical erup-
tions and no southern hemisphere eruptions.

Incorporate existing information from ice-core isotope
analyses, and push for new analyses focused on the histor-
ical period. Analysis of sulfur isotopes in ice cores provides
information about the height of the sulfate aerosol perturba-
tion (e.g. Burke et al., 2019), which would be a crucial ad-
dition to our pre-satellite era dataset. These analyses suggest
that even for large-magnitude eruptions, a large fraction of
sulfate deposited in ice cores might originate from the tropo-
sphere (Lee et al., 2024). For small-to-moderate magnitude
eruptions, e.g. those constrained from D4i, we expect that
this fraction might be even higher.

Future versions of the CMIP stratospheric aerosol dataset
could make an important step forward for the pre-satellite
era by combining the approaches used for CMIP7, i.e. en-
tirely deriving the dataset from emissions, and CMIP6,
i.e. relying as much as possible on pyrheliometer mea-
surements, which are characterized by high uncertainties
(Sect. 1) but are the main observational source pre-satellite
era. Should this approach be followed, it will be crucial
to not let aerosol optical property measurements affect fu-
ture version of the emission dataset, but instead to de-
rive the aerosol optical dataset from a modified version
of the emission dataset, with modifications rigorously doc-
umented and aimed at better matching the pyrheliometer
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record. Beyond pyrheliometer data, future dataset versions
could consider in-situ measurements coming out from the
SSiRC “data rescue of stratospheric aerosol measurements”
effort (https://www.aparc-stratosphericaerosol.org/activities/
data_rescue, last access: 5 May 2026; Antufia-Marrero et al.,
2020, 2021, 2024; Dhomse et al., 2020), and indirect evi-
dence from lunar eclipses (Guillet et al., 2023). In addition to
data, advancing interactive stratospheric aerosol models and
reducing uncertainties among them (e.g. Clyne et al., 2021)
is a key priority as it will in turn improve estimates of strato-
spheric aerosol optical properties from emissions. Future ver-
sions of our dataset are likely to continue to use a reduced-
complexity volcanic aerosol model such as EVA_H, because
the trivial computational cost is key to facilitate the explor-
ing of new developments and to operationalizing dataset pro-
duction (see next section). In particular, should the ozone
CMIP Climate Forcing team continue to use complex mod-
els with prescribed stratospheric aerosol optical properties to
produce the ozone dataset, the use of computationally expen-
sive interactive stratospheric aerosol models to produce these
aerosol optical property would result in two time-consuming,
dependent forcing datasets which would significantly slow
down forcing production. A future alternative could be that
both the stratospheric aerosol optical properties and ozone
datasets are produced by the same set of models, with in-
teractive stratospheric aerosol capability and driven by vol-
canic sulfur emissions, including for the satellite era. Even if
reduced-complexity models continue to be used to produce
CMIP stratospheric aerosol optical property, we acknowl-
edge that these simple models inherently rely on full-blown
interactive stratospheric aerosol models. For example, the
parameterization of the sulfate burden-SAOD scaling used
in EVA_H (Aubry et al., 2020) is derived from interactive
stratospheric aerosol models. For the satellite-era part of our
dataset, pushing for a continued record of multi-wavelength
measurements of stratospheric aerosol optical properties is
critical to extend the dataset and to be able to use future
stratospheric aerosol injection events, such as volcanic erup-
tions and pyrocumulonimbus, to improve our understand-
ing of stratospheric aerosol processes. The use of existing
multispectral satellite observations in the 2005-2017 period
(Khanal et al., 2025), for which GloSSAC currently relies on
single wavelength measurements, may help resolve biases in
effective radius and aerosol properties in the current version
of the dataset (Fig. 13).

Beyond stratospheric aerosols, bespoke forcing datasets
might need to be developed to account for volcanic water
and halogen injection forcing. The former was made partic-
ularly important by the Hunga 2022 eruption which injected
146 Tg of water into the stratosphere (Millan et al., 2022)
and will have contributed a small annual-decadal scale green-
house forcing (e.g. Sellitto et al., 2022; Jenkins et al., 2023),
even though the associated surface warming is assessed to be
dominated by the surface cooling associated with the strato-
spheric aerosol forcing (APARC, 2025 and e.g., Schoeberl
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et al., 2024; Stenchikov et al., 2025). Furthermore, as the
CMIP Climate Forcing Task Team currently does not include
a group dedicated to tropospheric aerosol forcing, modelling
groups have no recommendations to implement associated
emissions or forcing. Jongebloed et al. (2023) suggests that
tropospheric volcanic sulfur emission inventories commonly
used by climate models underestimate pre-industrial emis-
sions, which would lead to significant underestimation of tro-
pospheric volcanic aerosol forcing, and in turn overestima-
tion of anthropogenic aerosol forcing (Schmidt et al., 2012;
Carslaw et al., 2013). Recent satellite emission inventories
(e.g. Carn et al., 2017) also show significant decadal scale
variability in tropospheric emissions, which is currently ig-
nored in CMIP.

6.3 Requirements for dataset operationalization

Naik et al. (2025) highlight the critical need to operational-
ize climate forcing production, i.e. move from the produc-
tion of standardized climate forcing datasets synchronized
with CMIP cycles, every 5-7 years, to annual production.
To reach this goal for stratospheric aerosol optical proper-
ties, we review below key requirements and vulnerabilities.
Our dataset relies on the existence of the following key re-
sources:

i. GloSSAC (Thomason et al., 2018; Kovilakam et al.,
2020), which to date is the only multiwavelength strato-
spheric aerosol optical property dataset covering 1979—
present day.

ii. Version 2 of the EVA_H reduced-complexity aerosol
model (Aubry et al., 2020), an extension of the Easy
Volcanic Aerosol originally developed by Toohey et
al. (2016).

iii. MSVOLSO2L4 (Carn, 2022), which to date is the only
volcanic emission inventory covering 1979—present day.

iv. The eVolv2k (Toohey and Sigl, 2017), Sigl et al. (2015),
and D4i (Fang et al., 2023) ice core records of volcanic
emissions

v. The Global Volcanism Program Volcanoes of the World
database (Global Volcanism Program, 2025)

vi. Publications from the volcanology community docu-
menting eruption source parameters, and the IVESPA
eruption source parameter database (Aubry et al.,
2021b)

vii. Publications from the volcanology and ice-core commu-
nities fingerprinting sulfate deposition peak in ice-core
to specific eruptions (e.g. Plunkett et al., 2023).

viii. Person time to produce historical, pre-industrial and
scenario datasets from the resources listed above.
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Data from sources (iii)—(vii) were used to build our strato-
spheric volcanic SO, emission dataset (Aubry et al., 2026,
briefly described in Sect. 2.1) on which the stratospheric
aerosol optical property dataset rely for the pre-satellite era
(1750-1978). Furthermore, the MSVOLSO2L4 dataset was
key to calibrating EVA_H version 2, and thus for deliver-
ing the pre-satellite era aerosol optical property dataset. We
suggest that variables and datasets associated with (i), (iii),
(iv), (v), (vi) and (vii) could be added to the list of Essen-
tial Climate Variables provided by the World Meteorological
Organization’s Global Climate Observing System.

Among the listed resources, the operationalization of
stratospheric aerosol optical property provision is most vul-
nerable to the continued provision (including extensions) of
the GloSSAC dataset. This provision itself is vulnerable to
the continued availability of multiwavelength measurements
of stratospheric aerosol optical properties (Salawitch et al.,
2025), in particular to potential risk of discontinuity in re-
liable solar occultation records if SAGE III/ISS operations
end. Discontinuation of GloSSAC would incur significant
additional workload — a barrier to operationalization — to use
multiple stratospheric aerosol optical property records and
merge them as consistently as possible, or to change method
to produce satellite-era optical properties, e.g. by deriving
them from emission as for pre-satellite era.

The second most important resource for operational-
ization might be (viii), i.e. the person time required to
produce CMIP datasets from a collection of resources
(i—vii). The support of the CMIP International Project Office
and European Space Agency was critical to produce this
dataset for CMIP7. In the future, even for simple dataset
extensions, i.e. with no change to periods included in
previous dataset period, regular time investment is required
to communicate with source dataset providers, produce the
extension, ensure files comply with latest CMIP format
requirements, and communicate with users. This workload
is significantly enhanced for any update, i.e. changes to the
period already covered by the previous version, and their
documentation. Reasons for updates include incorporation
of new versions of source datasets (iii—vii) and models
(ii), incorporation of new source datasets or models in the
dataset production workflow (Fig. 2), or major changes to
the workflow used to produce the dataset (as was done going
from CMIP6 to CMIP7). To facilitate this workload and
make it more resilient to future changes in the team pro-
ducing stratospheric aerosol optical property for the CMIP
Climate Forcing Task Team, all scripts used to produce our
emission and stratospheric aerosol optical property datasets
from resources (i)—(vii) above are available on Zenodo
(Aubry, 2025; https://doi.org/10.5281/zenodo.17295697)
and  GitHub  (https://github.com/thomasaubry/CMIP7_
stratforcing_v2.2.1, last access: 5 May 2026) (see code
availability statement). We estimate that an extension of the
dataset requires on the order of 1 month of person time,
whereas an update of the dataset requires on the order of
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6—12 months of person time, depending on the significance
of the update, and not including any time required to update
source datasets themselves or create new ones.

Last, although vulnerabilities to the continued availability
of resources (ii)—(vii) might be less critical for operational-
ization, our comparison of the CMIP6 and CMIP7 datasets
and associated simulations using a reduced-complexity cli-
mate model (Sect. 5) demonstrate that:

— Some of the most important advances for stratospheric
aerosol optical properties might come from new devel-
opment for the pre-satellite era source datasets and the
stratospheric aerosol modelling communities.

— Such advances significantly affect historical (Fig. 12,
Table 3), pre-industrial and scenario (Chim et al., 2025)
climate simulations.

The continued provision of best-effort stratospheric aerosol
datasets to the climate modelling community thus relies on
funding agencies to continue to support the work of the ice-
core, satellite, field volcanology and stratospheric aerosol
modelling communities, including but by no means limited
to supporting data collection effort encapsulated in (iii)—(vii),
development of the EVA model family (ii), and the research
avenues highlighted in Sect. 6.2.

7 Conclusions

This paper documents the stratospheric aerosol optical
datasets (version 2.2.1 for pre-industrial and historical, ver-
sion 2.2.2 for scenario) to be used in phase 7 of the Coupled
Model Intercomparison Project. The historical dataset covers
1750-2023 and, as in CMIP6 (Luo, 2018), relies on GloS-
SAC for the satellite era (1979 onwards). For the pre-satellite
era, our methodology significantly differs from CMIP6, with
volcanic perturbations to aerosol optical properties fully de-
rived from volcanic sulfur emissions using version 2 EVA_H,
a reduced-complexity volcanic aerosol model. The volcanic
stratospheric sulfur emission dataset, documented in a com-
panion paper (Aubry et al., 2026), primarily relies on bipo-
lar ice-core arrays pre-satellite era, but it is enhanced by
the use of high-resolution Greenland ice core and geological
databases used to better capture frequent small-to-moderate
magnitude eruptions injecting less than 3 Tg SO,. Version 2
of EVA_H includes a more realistic aerosol size distribution,
an improved sensitivity of the magnitude and lifetime of forc-
ing to SO, injection mass, latitude and height, and is cal-
ibrated against satellite-derived emission and optical prop-
erties for 1979-2023. Volcanic stratospheric aerosol optical
property perturbations pre-satellite era were added to a back-
ground, non-volcanic climatology derived from the 1998-
2001 volcanically quiescent period, with a trend over 1850—
1978 accounting for increasing anthropogenic aerosols. A
monthly stratospheric aerosol climatology is derived from

https://doi.org/10.5194/gmd-19-3725-2026

the 1850-2021 average for both pre-industrial and scenario
(future) simulations, with a 9-year ramp over 2022-2031 for
scenarios simulations to ensure a smooth transition from the
historical period.

Because the historical pre-satellite optical properties are
derived differently from CMIP6, the CMIP7 dataset differs
in several ways. In particular, the representation of small-to-
moderate magnitude eruptions is improved in CMIP7, yield-
ing larger historical forcing. The 1850-2014 global mean
550nm SAOD is 0.0138 in CMIP7 versus 0.0107 in CMIP6,
representing an increase of 29 %. The pre-industrial global
annual mean 550nm SAOD is 0.0135 in CMIP7 (derived
from the 1850-2021 mean) versus 0.0107 in CMIP6 (derived
from the 1850-2014 mean), representing an increase of 26 %.
In reduced-complexity climate model simulations the global-
mean surface temperature is colder by 0.07 °C in 1850-1900
using the CMIP7 forcing compared with using the CMIP6
forcing. Over 1960-1990, simulated temperature is 0.06 °C
warmer when using the CMIP7 forcing which might par-
tially alleviate the cold bias in that period in CMIP6 mod-
els. Despite improvements in small-to-moderate magnitude
eruption representation and the use of more recent ice-core
emission inventories in CMIP7 (Sigl et al., 2015; Toohey
and Sigl, 2017; Fang et al., 2023) compared to CMIP6 (Gao
et al., 2008), large uncertainties remain, especially for the
pre-satellite era. We therefore advise against treating either
dataset as uniquely superior for any specific month or year
and highlight the need for further evaluation. We discuss
future research avenues to improve the dataset, in partic-
ular improvements to the pre-satellite era emission dataset
and volcanic aerosol model, the incorporation of indirect
stratospheric aerosol optical property observations into the
dataset, and addressing the limitation of GloSSAC to single-
wavelength measurements over the 2005-2017 period. Fi-
nally, we outline requirements to operationalize the dataset
production, i.e. update it on an annual basis instead of a
CMIP cycle (5-7 years) basis, and stress the critical impor-
tance of continuing multi-wavelength stratospheric aerosol
optical property measurements from space, as well as con-
tinued support to the CMIP Climate Forcing Task Team.

Code availability. All codes used to produce the CMIP7 pre-
industrial and historical datasets and source datasets required
to run them are available through Zenodo (Aubry, 2025,
https://doi.org/10.5281/zenodo.17295697) and GitHub (https:/
github.com/thomasaubry/CMIP7_stratforcing_v2.2.1, last access:
5 May 2026). Codes used to interpolate the files we pro-
vide on ESGF on any list of wavelength ranges inputted by
the user are available at https://github.com/MetOffice/CMIP7_
volcanic_aerosol_forcing/ (last access: 5 May 2026).
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Data availability. All  dataset produced for this paper
are available on the Earth System Grid Federation at
https://aims2.1Inl.gov/search?project=input4dMIPs&versionType=
all&&activeFacets=%7B %22source_id%22%3A%5B %
22UOEXETER-CMIP-2-2-1%22%5D%7D (last access:
1 March 2026) (pre-industrial and historical datasets, v2.2.1)
and https://esgf-node.ornl.gov/search?project=input4dMIPs&
versionType=all&activeFacets=%7B %22source_id%22%3 A%
22UOEXETER-ScenarioMIP-2-2-2%22%7D (last access:
1 March 2026) (scenario datasets, v2.2.2), as well as on Zenodo
(Aubry and CMIP Climate Forcing Task Team — Stratospheric
aerosol team, https://doi.org/10.5281/zenodo.15556387).

Supplement. The supplement related to this article is available on-
line at https://doi.org/10.5194/gmd-19-3725-2026-supplement.
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