Geosci. Model Dev., 18, 41374153, 2025
https://doi.org/10.5194/gmd-18-4137-2025

© Author(s) 2025. This work is distributed under
the Creative Commons Attribution 4.0 License.

Assessing the climate impact of an improved volcanic
sulfate aerosol representation in E3SM

Ziming Ke'-?, Qi Tang', Jean-Christophe Golaz', Xiaohong Liu?, and Hailong Wang*

I awrence Livermore National Laboratory, Atmospheric, Earth, & Energy Science Division, Livermore, CA, USA
2Desert Research Institute, Division of Atmospheric Sciences, Reno, NV, USA
3Department of Atmospheric Sciences, Texas A&M University, College Station, TX, USA

4Pacific Northwest National Laboratory, Richland, WA, USA
Correspondence: Ziming Ke (ke2@lInl.gov)

Received: 29 May 2024 — Discussion started: 11 June 2024

Revised: 5 March 2025 — Accepted: 19 March 2025 — Published: 8 July 2025

Abstract. Accurately simulating historical surface temper-
ature variations is essential for evaluating climate models,
yet many struggle to reproduce the mid-20th-century temper-
ature trends associated with significant volcanic eruptions.
This study examines the impact of volcanic sulfate aerosol
representation on these biases using the Energy Exascale
Earth System Model (E3SM). The standard CMIP6 proto-
col prescribes volcanic forcing through radiative perturba-
tions, omitting volcanic aerosol-cloud interactions (VACIs).
Here, we implement an emission-based approach with an up-
dated volcanic eruption inventory that directly incorporates
volcanic sulfur dioxide (SO,) emissions, enabling a more
process-based representation of volcanic forcing. This ap-
proach leads to improved surface temperature variability and
a modest reduction in cold biases between 1940 and 1980
compared to the CMIP6 setup. Additionally, we assess cloud
property responses to a more realistic volcanic sulfate aerosol
representation, which weakens cloud-induced cooling during
periods of lower volcanic activity. However, despite these re-
finements, a significant temperature cold bias remains, indi-
cating that further improvements in atmospheric chemistry,
aerosol microphysics, cloud processes, and model parame-
terizations are needed to fully resolve this issue in E3SM.

1 Introduction

Volcanic eruptions play a crucial role in modulating climate
changes (e.g., Chim et al., 2023; Hegerl et al., 2003). Nu-
merous studies have demonstrated their significant impacts

on Earth’s climate. For example, the eruption of Tambora
(Indonesia) in April 1815 led to the “Year Without a Sum-
mer” of 1816 in Europe and North America — which ex-
tended to several years in China — as well as severe disrup-
tions to the Indian monsoon and to other global climate pat-
terns (Raible et al., 2016). The 1991 eruption of Mt. Pinatubo
resulted in a peak top-of-the-atmosphere radiative forcing
of roughly 3-4 Wm~2 and cooled global temperatures up
to 0.4°C (e.g., Dhomse et al., 2014; Mills et al., 2017; Ra-
machandran et al., 2000; Rieger et al., 2020).

Intensive volcanic eruptions emit a variety of gases and
particles into the stratosphere. The emitted sulfur diox-
ide (SOy) forms sulfate aerosols through atmospheric chemi-
cal reactions, which are the primary drivers of climate pertur-
bation (i.e., Dhomse et al., 2014; Mills et al., 2016). As there
is a lack of wet removal in the water-scarce stratosphere,
sulfate aerosols can persist for months to years compared
to days in the troposphere (Mills et al., 2017). By scatter-
ing incoming solar radiation, these sulfate aerosols induce
cooling at the Earth surface while simultaneously absorb-
ing longwave radiation, thereby warming the surrounding air
(Schmidt et al., 2018). This effect caused specifically by vol-
canic sulfate aerosol is volcanic sulfate aerosol-radiation in-
teractions (VARIs). Additionally, akin to anthropogenic sul-
fate aerosols, volcanic sulfate particles can act as cloud con-
densation nuclei (CCN), facilitating the formation of cloud
droplets and change in cloud albedo properties (Schmidt
et al., 2012), resulting in cloud forcing enhancement. This
is volcanic sulfate aerosol—cloud interactions (VACIs). The
impact of VAClIs on cloud properties depends significantly
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Figure 1. Volcanic forcing representations in E3SM: prescribed stratospheric scattering and absorption following CMIP6 protocol (a) and

the interactive volcanic sulfate aerosols used in this study (b).

on background aerosol conditions and regional meteorology.
Chen et al. (2024) found that volcanic eruptions in Hawaii led
to a significant increase in cloud cover, enhancing reflected
sunlight and contributing to a substantial cooling effect. In
contrast, Malavelle et al. (2017) examined volcanic sulfate
aerosols near Iceland and found that while cloud brightness
increased, changes in cloud cover and liquid cloud water
were minimal. These differences highlight the complex in-
terplay between volcanic sulfate injection, background cloud
droplet number concentration (CDNC), and regional cloud
microphysics.

In the CMIP6 simulations, many climate models exhibit
a mid-20th-century surface temperature cold bias, primar-
ily due to the excessive cloud cooling effect associated
with aerosol—cloud interactions (Flynn and Mauritsen, 2020;
Zhang et al.,, 2021). In the Energy Exascale Earth Sys-
tem Model version 2 (E3SMv2), this temperature bias be-
comes evident around 1940 and intensifies following the
1963 Mt. Agung eruption (Golaz et al., 2022). The correla-
tion between volcanic events and temperature bias motivates
our investigation into whether the model’s volcanic sulfate
aerosol treatment contributes to this issue.

The CMIP6 protocol represents VARIs in the strato-
sphere using prescribed stratospheric aerosol optic proper-
ties (Fig. 1, left panel). During the satellite era, this approach
blends multi-satellite observations, providing relatively accu-
rate representations of VARIs. However, it neglects VAClISs,
which can significantly influence cloud albedo and radia-
tive forcing. To address this limitation, we implement an
emission-based approach, replacing prescribed stratospheric
aerosol optic properties with explosive volcanic SO, emis-
sions (Fig. 1, right panel). This method, which captures both
VARIs and VACIs, has been validated in previous studies of
volcano eruption events (e.g., Brown et al., 2024; Mills et al.,
2016).
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To improve model initialization, we incorporate historical
average volcanic SO, emissions into preindustrial (PI) con-
trol simulations, establishing a different base line for subse-
quent historical transient simulations (1850-2014). CMIP6
guidelines recommend including averaged natural forcing
in PI control simulations (Eyring et al., 2016). Schmidt et
al. (2012) demonstrated that adding natural aerosols in PI
and subsequent historical transient simulations could poten-
tially dampen the magnitude of the increase in aerosol-cloud
interactions in the historical transient period. Without vol-
canic sulfate aerosols, the ratio (Rg) of historical aerosol in-
creases (A,), which is mainly driven by anthropogenic emis-
sions, relative to the PI average level (Apy) is expressed as
Eq. (1).

Aa

Ryp=—
Apy

(1)
When volcanic sulfate aerosols (Ay) are included, the new
historical aerosol increase ratio, Ry, can be expressed as
Eq. (2), where A, is the historical average of volcanic sul-
fate aerosols.

_ Adt A

= v ()
Apr+ Ay

\
This simple algebraic relationship shows that the R, is
smaller than Ry. Since these ratios largely determine histor-
ical cloud albedo change, a lower ratio suggests a weaker
aerosol—cloud interaction and reduced cloud cooling in his-
torical transient simulations (Schmidt et al., 2012).

Furthermore, volcanic sulfate aerosols fluctuate over time,
and their effects on aerosol-cloud interaction and cloud
albedo also vary as a function of time. During periods of low
volcanic activity, volcanic sulfate aerosols remain below the
historical average (A_V), leading to a reduced Ry and a relative
dimmed cloud cooling. Conversely, active volcanic periods
result in increased volcanic SO, emissions (strengthens Ay),
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resulting in larger R, and amplifying aerosol-cloud interac-
tions. These variations highlight the necessity of accurately
representing volcanic aerosols in climate simulations.

To evaluate this improved volcanic forcing treatment, we
conducted new E3SMv2 simulations, including PI control
and transient simulations (1850-2014). The experimental
setup is detailed in Sect. 2, results are presented in Sect. 3,
and conclusions follow in Sect. 4.

2 Methods and experiments
2.1 E3SM and its aerosol and cloud parameterizations

E3SMV2 is a state-of-the-art Earth system model including
an atmosphere model at 110 km horizontal resolution, a land
model at 165 km horizontal resolution, a 0.5° horizontal res-
olution river routing model, and an ocean and sea ice model
with mesh spacing ranging from 60km in midlatitudes to
30km at the Equator and poles. The atmosphere component,
E3SM Atmosphere Model (EAM) v2, comprises 72 vertical
layers extending to approximately 60km. Within EAMv2,
the Cloud Layers Unified By Binormals (CLUBB) param-
eterization (Guo et al., 2015) handles the subgrid turbulent
transport and the macrophysics of stratiform and shallow
cumulus clouds, while the planetary boundary layer (PBL)
depth is diagnosed following the scheme by Holtslag and
Boville (1993). Deep convection is represented by a scheme
developed by Zhang and McFarlane (1995), with an im-
proved trigger function combining the dynamic convective
available potential energy (dCAPE) trigger (Wang et al.,
2020) and the unrestricted air parcel launch level (ULL).
Grid-scale cloud microphysical processes are parameterized
using the version of the Morrison and Gettelman (2008) mi-
crophysics scheme. E3SMv2 demonstrates enhanced perfor-
mance compared to E3SMv1, with nearly double the compu-
tational speed and improvements in various metrics such as
precipitation and cloud representation. Notably, its climate
sensitivity is substantially lower, with an equilibrium climate
sensitivity of 4.0 K, as opposed to the less plausible value of
5.3K in E3SMvl. However, similar to many other CMIP6
models E3SMv2 simulates a low surface temperature bias in
the middle of the 20th century, primarily due to excessive
aerosol radiative forcing (Golaz et al., 2022).

Zhang et al. (2022) characterized the aerosol and
cloud schemes in the Energy Exascale Earth System
Model (E3SM). E3SM represents aerosol processes using the
four-mode Modal Aerosol Module (MAM4), which includes
major aerosol species such as sulfate, black carbon, organic
matter, dust, sea salt, and marine organic aerosols. MAM4
tracks both interstitial and cloud-borne aerosols across four
lognormal modes, assuming internal mixing within each
mode and external mixing between modes. Aerosol optical
properties are parameterized based on mode radius and re-
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fractive index, while water uptake follows Kohler theory with
a relative humidity ceiling of 98 %.

Cloud droplet activation in E3SM follows the Abdul-
Razzak and Ghan (2000) scheme, which determines aerosol
activation based on subgrid updraft velocity and aerosol
properties such as dry size and hygroscopicity. Instead of us-
ing a spectrum of updraft velocities as in previous schemes,
E3SMv?2 applies a characteristic subgrid updraft velocity, pa-
rameterized as a function of turbulent kinetic energy (TKE)
from CLUBB. To account for unresolved turbulence ef-
fects, including cloud-top radiative cooling, a lower bound
of 0.2ms~! — adapted from CAMS5.4 — is imposed. The ac-
tivation process is coupled with an explicit vertical diffu-
sion scheme with dynamical sub-stepping, which regulates
the vertical transport of aerosols and cloud droplet number
concentrations. E3SMv2 enforces a minimum cloud droplet
number concentration threshold at 10cm™3 (Golaz et al.,
2022).

For mixed-phase clouds, E3SM employs a classical nucle-
ation theory (CNT)-based parameterization, where dust im-
mersion freezing is the dominant mechanism for ice forma-
tion (Wang et al., 2014). Cirrus clouds, on the other hand, use
the Liu and Penner (2005) scheme to simulate both homo-
geneous and heterogeneous ice nucleation. Sulfate aerosols
in the Aitken mode serve as ice-nucleating particles for ho-
mogeneous freezing, with a 50 nm size threshold, which has
been tuned to optimize cloud fraction and radiative forcing
consistency.

2.2 The volcanic forcing representation in E3SMv2

Following the CMIP6 protocol, E3SMv2 employs
prescribed volcanic shortwave extinction and long-
wave absorption above the tropopause (Golaz et al.,
2022; Zanchettin et al.,, 2016). This CMIP6 strato-
spheric aerosol dataset (SAD) v3 can be found at
https://doi.org/10.22033/ESGF/input4MIPs.1681  (ETHZ,
2017). Particularly, the stratospheric aerosol extinction
and absorption are overwritten by prescribed values at
each time step. For the period spanning 1979-2014, data
predominantly rely on assimilated satellite data from sources
like the Stratospheric Aerosol and Gas Experiment (SAGE),
SAGEII, the Stratospheric Aerosol Measurement (SAM),
the Cloud—Aerosol Lidar and Infrared Pathfinder Satellite
Observation (CALIPSO), and the Optical Spectrograph
and InfraRed Imager System (OSIRIS), with the Cryogenic
Limb Array Etalon Spectrometer (CLAES) data utilized
for gap-filling in cases of missing data (Rieger et al., 2020;
Thomason et al., 2018). During the period from 1850
to 1978, particularly during volcanically quiescent periods,
the monthly mean background aerosol data measured by
SAGE II (during the volcanic quiescent period of 1996-
2005) are utilized. The volcanic eruption contribution is then
calculated using the two-dimensional sulfate aerosol model
developed at Atmospheric and Environmental Research Inc.,
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Lexington, MA, USA (AER-2-D). The AER-2-D model
has sulfuric acid aerosol microphysics in a global domain
with 9.5° horizontal resolution and 1.2km vertical reso-
lution. The aerosol microphysics scheme has 40 size bins
spanning the range 0.4 nm to 3.2 um. There is no interaction
between aerosols, radiation forcings, and dynamics, and the
dynamical fields, such as U, V, and T, for all simulated
cases are based on Pinatubo eruption climatology (1991).
Additionally, stratospheric aerosol optical depth (AOD) is
calibrated using the photometer data whenever available;
otherwise, the best estimate of sulfur ejection is utilized for
the volcanic contribution, often estimated from proxies such
as ice core data (Arfeuille et al., 2014). For the PI control
simulation, the volcanic quiescent background values are
used.

This study focuses on volcanic activities during the 1940-
1979 period (the reason will be described in Sect. 2.2). Dur-
ing this period, Arfeuille et al. (2014) recorded two vol-
canic eruptions (Table 1). For the Agung (1963) eruption,
the AER-2-D model evenly injected SO; in the 15-0°S and
0-15°N regions of the Southern Hemisphere and North-
ern Hemisphere, respectively. For the Fuego (1974) erup-
tion, SO, was injected evenly in the 0—15° N band only (Ar-
feuille et al., 2014). Compared to injecting emissions at lim-
ited grids, evenly distributing the emission in a broad lati-
tude band dilutes the SO, concentration and consequently
results in smaller particle sizes and thus higher efficiency of
scattering the solar radiation and prolonged aerosol lifetime
(Niemeier et al., 2019; Timmreck et al., 2010).

2.3 The interactive volcanic sulfate aerosol treatment

In E3SMv2, the aerosol process is represented by the four-
mode version of the Modal Aerosol Module (MAM4) (Liu et
al., 2012; Wang et al., 2019), which is a comprehensive ap-
proach to simulate aerosol particles in the Earth system. It en-
compasses four distinct aerosol modes representing different
aerosol types and sizes: Aitken mode, accumulation mode,
coarse mode, and primary carbon mode for black carbon and
primary organic carbon particles emitted directly into the at-
mosphere. This model accounts for aerosol processes such as
emissions, transport, chemical transformation, and removal.

In the current version of MAM4, there are six aerosol
species represented: sulfate, black carbon, organic carbon,
dust, sea salt, and secondary organic aerosols. In E3SMv2,
sulfate aerosols primarily originate from the condensation of
H;SO4 gas- and aqueous-phase production in cloud water.
The model utilizes a simple gas-phase chemistry package to
calculate the formation of H>SOy, incorporating a prescribed
oxidant, hydroxyl radical (OH), to oxidize SO, and dimethyl
sulfide (DMS) gases in the atmosphere.

It is worth noting that the MAM4 in E3SMv2 has not been
designed to accurately reproduce the volcanic sulfate aerosol
direct effect caused by volcanic eruptions. Modifications are
needed to reproduce the Mt. Pinatubo’s (1991) aerosol direct

Geosci. Model Dev., 18, 4137-4153, 2025

Z. Ke et al.: Assessing the climate impact of an improved volcanic sulfate aerosol representation in E3SM

impact on shortwave forcing well compared to observations
(Brown et al., 2024; Mills et al., 2016). But such modifica-
tions caused unexpected drawbacks of ice cloud formations
over the upper troposphere and lower stratosphere (Visioni
et al., 2017). The remedy efforts for both CESM and E3SM
will be represented in a follow-up paper that documents a
new development of adding a stratospheric sulfate mode on
top of MAM4. Furthermore, it is important to use unchanged
MAM4 and E3SMv2 configurations to provide an apple-to-
apple comparison to evaluate the impacts of the change in
volcanic sulfate aerosol representation on simulated aerosol
direct and indirect effects during the middle of the 20th cen-
tury.

To introduce interactive volcanic sulfate aerosols into
E3SMv2, we utilize the Volcanic Emissions from Earth Sys-
tem Models (volcanEESM) dataset, which serves as a source
of volcanic SO, emissions (Danabasoglu et al., 2020; Neely
and Schmidt, 2016). This dataset, funded by the NCAR/U-
CAR Atmospheric Chemistry and Modeling Visiting Scien-
tist Program and the University of Leeds School of Earth
and Environment, provides detailed information on histor-
ical volcanic eruptions, including dates, locations, injec-
tion height ranges, and SO; emission amounts. Given that
E3SMv2 lacks comprehensive stratospheric chemistry for
processing SO, gas, we employ the simplified chemistry
package where volcanic SO; is oxidized using prescribed
OH concentrations derived from the historical monthly mean
from the CESM-WACCM simulations. Past research has
demonstrated that this approach yields reasonable results
with high efficiency compared to models employing com-
prehensive stratospheric chemistry (Smith et al., 2014). We
validate this approach by comparing the simulated interac-
tive stratospheric aerosol optical depth (SAOD) in E3SMv2
with SAOD produced using the default method (see Fig. 2).

Figure 2 depicts the simulated SAOD based on the volca-
nEESM dataset and CMIP6 default method. Generally, the
two simulated SAOD curves align closely in terms of erup-
tion timing and intensity. However, notable discrepancies
emerge between 1940 and 1980 (dashed black box). Specifi-
cally, volcanEESM records two moderate-intensity eruptions
during 1940 to 1950, whereas no eruptions are recorded in
the CMIP6 volcanic dataset for this period. Additionally,
the CMIP6 shows higher SAOD values than those predicted
from the volcanEESM for the Mt. Agung (1963) eruption and
the two subsequent eruptions, which were not recorded in
the CMIP6 document (Table 1; Arfeuille et al., 2014). These
significant disparities motivate our study to investigate the
impact of the volcanEESM inventory on simulated climate
compared to that using the default E3SMv2 model with the
CMIP6 volcanic dataset. The volcanic eruptions during 1940
to 1980 from CMIP6 and volcanEESM are presented in Ta-
bles 1 and 2, respectively. Table 2 lists the recorded explo-
sive eruptions from the volcanEESM dataset for the period
1940-1979. In Sect. 3.1, we compare the simulated Agung
eruption with results from other studies, demonstrating that
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Figure 2. The simulated stratospheric AOD (SAOD) by E3SMv2 using different volcanic representations. The E3SMv2 with CMIP6 pre-
scribed volcanic scattering (V2-CMIP6) is shown as the blue line, while the E3SMv2 with interactive volcanic sulfate aerosol treatment (V2-
IVA) is shown as the red line. During the 1940-1980 period, the volcanic eruptions recorded by CMIP6 data are marked by orange stars,

while the eruptions recorded by volcanEESM are marked by dashed gray lines.

Table 1. Recorded explosive eruptions based on Arfeuille et
al. (2014) (CMIP6). NH and SH signify Northern Hemisphere and
Southern Hemisphere, respectively.

Table 2. Recorded explosive eruptions from volcanEESM during
1940-1979. ALTMIN and ALTMAX signify minimum and maxi-
mum altitudes, respectively.

Injection height NH SH

(km) (80, Tg) (S0, Ty
1963 Agung 27 34 6.5
1974 Fuego  33.5 (as Pinatubo) 2.3 0.0

the new approach better captures volcanic sulfate aerosol—
radiation interactions in terms of both magnitude and spatial
distribution than the CMIP6 prescribed stratospheric forcing.
This comparison supports the validity of the emission-based
approach in improving the representation of volcanic aerosol
forcing.

In summary, during the SAGE period, the original
method (prescribed stratospheric forcing) incorporates ob-
served aerosol extinctions, which likely provides a more ac-
curate representation of stratospheric aerosol-radiation inter-
actions compared to the SO,-emission-based approach — as-
suming that stratospheric aerosol sedimentation into the tro-
posphere does not significantly affect radiative forcing. How-
ever, for the mid-century period, both methods rely on SO,
emission estimates, which are inherently uncertain. The key
improvements in our approach stem from (1) the inclusion
of updated explosive SO; injection events, ensuring a more

https://doi.org/10.5194/gmd-18-4137-2025

Date Lat Long ALTMIN ALTMAX SO; (Tg)
29 Mar 1947  64.0 3393 15.0 19.6 23
30 Mar 1956  56.0 160.6 15.5 18.5 39
17 Mar 1963  —8.3  115.5 18.0 20.0 7.5
12Nov 1964  56.7 161.4 15.0 19.6 2.3
12 Aug 1966 3.7 1255 15.0 19.6 0.8
11Jun 1968  —0.4 267.5 15.0 19.6 0.8
10 Oct 1974 145  268.1 16.7 21.3 3.0
22 Jan 1976 594  205.6 7.0 10.0 0.8
13 Nov 1979 —-0.8 268.8 1.5 14.0 1.2

physically consistent representation of volcanic forcing, and
(2) the incorporation of aerosol—cloud interactions through
the cloud condensation nuclei (CCN) effect from volcanic
sulfate aerosols, which was absent in the original approach.

2.4 The experimental design

2.4.1 Averaged volcanic emission in preindustrial
control simulation

The CMIP6 protocol recommends using averaged volcanic

forcing in the historical period in the PI control simulations.
The average volcanic SO, emission is 2.26 x 1078 Tgs~!,

Geosci. Model Dev., 18, 4137-4153, 2025
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equivalent to 0.7 Tgyr~!, calculated by averaging emissions

from all eruptions between 1850 and 2014. To determine the
horizontal emission distribution, we assume a normal dis-
tribution along latitude and even distribution along longi-
tude. Using each eruption amount as a weight, the weighted
mean emission latitude is 20.67° N, with a standard devia-
tion of 28.83°. Vertically, the mean injection height has an
upper limit of 18 km and a lower limit of 14 km. The impact
of PI control aerosols on simulated transient climate is dis-
cussed in the Supplement (Sect. S1 and Table S1).

2.4.2 Simulation design

The V2-CMIP6 (control) run comprises a five-member en-
semble of E3SMv2 coupled historical transient simulations
spanning 1850 to 2014, conducted and archived by Golaz
et al. (2022). In contrast, the V2-IVA experiment investi-
gates the influence of interactive volcanic sulfate aerosols
on historical transient simulations by replacing the default
prescribed volcanic stratospheric forcing with volcanic SO,
emissions in E3SMv2. This experiment underwent a 100-
year spinup under the same preindustrial (PI) control con-
figuration as V2-CMIP6, except with interactive volcanic
treatment, utilizing averaged volcanic emissions from 1850
to 2014 (see Sect. 2.4.1). Following the model spinup, one
member simulation is conducted from 1850 to 2014, with
an additional two members conducted from 1940 to 2014 to
minimize noise in coupled simulations. By comparing V2-
IVA to V2-CMIP6 (Table 3), the impact of volcanic treat-
ments on simulated climate can be assessed.

3 Results
3.1 Simulated sulfate aerosols

VolcanEESM recorded eight eruptions during the years span-
ning 1940-1979 (see Table 2). These eruptions are directly
reflected in sulfate aerosol concentrations simulated by the
V2-IVA experiment (see Fig. 3a). Prior to these eruptions, the
background sulfate aerosol concentration between 100 and
50hPa was approximately 0.1 ugkg™'. Hekla (1947) and
Bezymianny (1956), emitting 2.3 and 3.9 TgSO, gas, re-
spectively, induced spikes in sulfate aerosol concentrations,
with global mean concentration peaks reaching up to 7 and
12 ugkg~! in the stratosphere, respectively. The eruption of
Mt. Agung in 1963 with an SO, emission of 7.5 Tg caused
a peak global mean concentration of up to 20 ugkg™! be-
tween 100 and 10 hPa. Subsequent to the Mt. Agung (1963)
eruption, three eruptions resulted in high aerosol concen-
trations lingering in the stratosphere until 1972, with erup-
tions in 1974 and 1976 sustaining global mean concentra-
tions above 0.5 ugkg ™! for an additional 4 years.

In addition to their significant amounts in the stratosphere,
volcanic sulfate aerosols gradually descended into the tro-
posphere. As V2-CMIP6 did not account for volcanic sul-
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Figure 3. Simulated sulfate (SO4) aerosol concentrations or dif-
ferences (ug kg_l). The x axis represents time in years, while the
y axis represents pressure levels (in hPa). The global averaged sul-
fate aerosol concentrations from V2-IVA are shown in panel (a).
Panels (b)—(e) show the SO4 concentration differences between ex-
periments V2-IVA and V2-CMIP6 over different latitude bands.
The eruptions recorded by volcanEESM are marked by dashed gray
lines (see Table 2).

fate aerosols, the sulfate aerosol difference between V2-IVA
and V2-CMIP6 illustrates the descent of these aerosols into
the troposphere, which is depicted in Fig. 4b—e. Four out of
the eight eruptions recorded by volcanEESM (1947, 1956,
1964, 1976) occurred in Northern Hemisphere high latitudes
(above 50°N), while the other four occurred in the trop-
ical regions (20°S to 20°N; see Table 2). Strong sulfate
aerosol footprints were observed in the troposphere (below

https://doi.org/10.5194/gmd-18-4137-2025
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Table 3. Experiment configurations.

Simulation piControl
volcanic volcanic
forcing setting
V2-CMIP6 V2 archived, Prescribed in Prescribed in
(E3SMv2 default) five members: stratosphere stratosphere
1850-2014 (following CMIP6) (volcanic quiescent
background)
V2-IVA One member: Interactive treatment ~ Averaged emission
1850-1940 (using volcanEESM)  (1850-2014)
Three members:
1940-2014
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Figure 4. Simulated time (in year) and latitude (in degree) varia-
tions in SAOD from V2-IVA ensemble (a) and the SAOD differ-
ence between V2-IVA and V2-CMIP6 (b). The dashed lines repre-
sent volcanic eruptions in volcanEESM (Table 2), while the stars
indicate volcanic eruptions in the CMIP6 documentation (Table 1).

the tropopause, gray lines) in northern high latitudes (Fig. 3¢c)
compared to the tropics (Fig. 3d) and southern high latitudes
(Fig. 3e). Despite no eruptions occurring in Southern Hemi-
sphere high latitudes, volcanic sulfate aerosols tended to de-
scend more over these regions compared to tropical regions
due to the Brewer-Dobson circulation. Overall, a substantial
amount of sulfate aerosols reached the troposphere from the
stratosphere, highlighting the potential aerosol—cloud inter-
actions.

SAOD describes the impact of aerosols on the optical
properties of the atmosphere in the stratosphere. The simu-
lated SAOD from the V2-IVA ensemble is shown in Fig. 4a.
Prior to eruptions, the background SAOD values were ap-
proximately 0.008 over high latitudes and 0.002 over the
tropics. The volcanic eruptions of Hekla (1947) and Bezymi-
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anny (1956) elevated SAOD to 0.06 and 0.13 over Northern
Hemisphere high latitudes (compared to Fig. 4 in Danaba-
soglu et al., 2020). Since these two volcanic eruptions were
absent in V2-CMIP6, the two red spikes emerged when com-
paring V2-IVA with V2-CMIP6 (Fig. 4, lower panel). De-
spite their relatively small magnitudes, the impact of these
two volcanoes was limited to 2 years and north of 30° in the
Northern Hemisphere.

For the Mt. Agung eruption in 1963, V2-IVA SAOD dis-
played a clear spike spreading from the tropics to the South
Pole, with peak values exceeding 0.2, consistent with previ-
ous studies (Dhomse et al., 2020; Niemeier et al., 2019). Due
to a lower strength recorded by volcanEESM, the simulated
SAOD in V2-IVA was approximately 0.03 lower than in V2-
CMIP6 (Fig. 4, lower panel). Additionally, the V2-CMIP6
simulation indicated three events with slightly higher SAOD
than V2-IVA in 1967, 1972, and 1974, spanning the trop-
ics to the Southern Hemisphere high latitudes, while V2-IVA
recorded an extra eruption in 1976 in Northern Hemisphere
high latitudes. Consequently, V2-IVA simulated two moder-
ate volcanic eruptions during the 1940-1959 period and a
relatively dimmer volcanic impact over the 1960-1979 pe-
riod.

Aerosol extinction vertical profiles measure the scattering
and absorption of solar radiation by aerosols. Figure 5 exam-
ines the difference in simulated extinction between V2-IVA
and V2-CMIP6 across time and pressure levels. In the V2-
IVA simulation, extinction resulted from simulated aerosol
scattering and absorption effects, including volcanic sulfate
aerosols, whereas in V2-CMIP6, the extinction caused by
volcanic eruptions was prescribed. In the panel for the global
mean, distinct red stripes caused by the Hekla (1947) and
Bezymianny (1956) eruptions extend from the stratosphere
into the upper troposphere, coinciding with the compari-
son of sulfate aerosol concentrations (Fig. 3). This is at-
tributed to V2-IVA’s interactive treatment of volcanic sul-
fate aerosols, allowing for their aerosol extinction effect to
penetrate below the stratosphere as particles descend into
the troposphere, a more realistic representation compared to

Geosci. Model Dev., 18, 4137-4153, 2025
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Figure 5. Difference in mean extinction between V2-IVA and V2-CMIP6 over the entire globe and at different latitude bands. The x axis rep-
resents time in years, and the y axis represents pressure level (in hPa). The vertical dashed lines represent volcanic eruptions in volcanEESM
(Table 2), while the stars indicate volcanic eruptions in the CMIP6 documentation (Table 1). The solid gray curves represent tropopause

simulated by model.

the prescribed treatment in V2-CMIP6. The aerosol extinc-
tion of the Hekla (1947) and Bezymianny (1956) eruptions
is primarily observed between 50 and 350 hPa globally. In
northern high latitudes, the impact of the Bezymianny (1956)
eruption could extend to the middle-to-lower troposphere be-
low 500 hPa, whereas its impact over the tropics was rela-
tively weaker.

Regarding the Mt. Agung eruption, V2-IVA simulated a
weaker extinction above 100hPa compared to V2-CMIP6,
resulting in negative values. However, V2-IVA simulated
stronger extinction between 100 and 300 hPa compared to
V2-CMIP6, as the injection was concentrated in the middle-
to-lower stratosphere (18-20km) in V2-IVA (see Table 2).
For the eruptions subsequent to Mt. Agung, V2-IVA simu-
lated weaker eruptions compared to V2-CMIP6 on a global
average. In detail, V2-IVA simulated slightly stronger ex-
tinctions over northern high latitudes while showing reduced
scattering over the tropics and the Southern Hemisphere.

3.2 Simulated radiative forcings

Figure 6 presents the radiative forcing anomalies from the
V2-IVA and V2-CMIP6 ensembles, calculated as deviations
from the corresponding 1850-1900 climatological mean.
These anomalies provide insight into how volcanic eruptions
influenced the radiative budget during the 1940-1980 period.

Figure 6a shows the shortwave radiative forcing anomaly
at the top of the atmosphere (TOA) under clear-sky condi-
tions, which primarily reflects the direct radiative effect of
volcanic sulfate aerosols. As expected, the 1947 Hekla and
1956 Bezymianny eruptions caused clear-sky cooling effects

Geosci. Model Dev., 18, 4137-4153, 2025

in the V2-IVA simulations, with global mean radiative forc-
ing drops of approximately 1.2 and 2.3 W m~2, respectively.
These signals persisted for several months before recovering,
while no such effects were observed in the V2-CMIP6 simu-
lations. The 1963 Mt. Agung eruption led to a 3.7 W m~2 de-
crease in shortwave radiative forcing in V2-IVA, compared
to a 4.3 Wm~2 drop in V2-CMIP6. By 1966, both simula-
tions showed similar forcing levels, with slight discrepancies
appearing in subsequent years due to differences in volcanic
forcing representation. The relatively weaker initial forcing
in V2-IVA is consistent with prior studies suggesting that the
CMIP6 prescribed stratospheric forcing for Mt. Agung may
be overestimated (Chylek et al., 2020; Dhomse et al., 2020;
Niemeier et al., 2019). These results demonstrate that the
emission-based approach in V2-IVA provides a reasonable
representation of volcanic sulfate aerosol-radiation interac-
tions (VARISs), capturing the expected radiative response to
major eruptions.

Figure 6¢c presents the cloud radiative forcing anomaly
at TOA, which is critical for understanding the role of vol-
canic sulfate aerosols in modifying cloud properties. The V2-
IVA and V2-CMIP6 simulations exhibit distinct cloud forc-
ing responses due to their respective volcanic aerosol treat-
ments. During the 1940-1959 period, the V2-IVA ensem-
ble mean anomaly is —0.61 W m~2, which is 0.11 Wm™2
higher (less cooling) than the V2-CMIP6 mean anomaly of
—0.72W m™2. This difference is statistically significant at
the 95 % confidence level. In the 1960-1980 period, the V2-
IVA ensemble mean anomaly is —0.98 W m~2, compared to
—0.91 Wm™2 in V2-CMIP6, indicating a stronger cooling

https://doi.org/10.5194/gmd-18-4137-2025
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Figure 6. Time series of simulated global mean radiative forcings anomalies by V2-IVA and V2-CMIP6 ensembles, including the clear-
sky shortwave forcing (a), net forcing at TOA (b), and net cloud forcing at TOA (c). The ensemble means of forcings are shown as solid
lines, with the 1-standard-deviation range represented as color shading to indicate uncertainty. The vertical dashed lines represent volcanic
eruptions in volcanEESM (Table 2), while the stars indicate volcanic eruptions in the CMIP6 documentation (Table 1).

effect in V2-IVA by —0.07 W m~2, which is also statistically
significant. The V2-CMIP6 cloud forcing values are in line
with Golaz et al. (2022) and comparable to values from other
models during the similar period (Bauer et al., 2020; Flynn
and Mauritsen, 2020; Zhang et al., 2021), which contributes
to the simulated surface temperature low bias by E3SMv2
(Golaz et al., 2022).

These differences in cloud forcing anomalies between two
ensembles align with expectations based on the inclusion of
volcanic sulfate aerosols in the preindustrial (PI) background
in V2-IVA. As discussed in the Introduction, incorporating
historical average volcanic sulfate emissions into PI con-
trol simulations alters the baseline for aerosol-cloud inter-
actions, % (Eq. 2). During the 19401959 period, char-
acterized by relatively low volcanic activity, the low volcanic
sulfate aerosols (Ay) in V2-IVA with large baseline aerosols
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(Apr + ‘Ay) and the same other aerosol increase (A,) resulted
in a lower aerosol relative increase (Ry) compared to the
V2-CMIP6 aerosol increase ratio f_}; during the same pe-
riod. In contrast, the 1960—1980 period, marked by more fre-
quent and intense volcanic eruptions, saw additional sulfate
aerosols injected into the atmosphere, indicating larger Ay,
enhancing aerosol—cloud interactions and leading to stronger
cloud cooling in V2-IVA. This effect is evident in the lower
(more negative) cloud forcing anomaly compared to the
1940-1960 period, confirming that volcanic sulfate aerosol
variability plays a crucial role in modulating cloud radiative
effects.

Figure 6b shows the net radiative forcing anomaly at TOA,
which integrates both shortwave and longwave contributions.
The Mt. Agung eruption in 1963 is the only event in the
1940-1980 period that produces a clear negative forcing sig-

Geosci. Model Dev., 18, 4137-4153, 2025
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nal. The V2-CMIP6 simulation exhibits a maximum radia-
tive forcing drop of 3.5 W m™2, which takes approximately
3 years to recover, while V2-IVA simulates a smaller ini-
tial drop of 2.5W m™2. Apart from Mt. Agung, no signif-
icant changes in TOA net radiative forcing are evident for
other volcanic events, highlighting the dominance of anthro-
pogenic aerosol trends in shaping the overall radiative bal-
ance during this period.

3.3 Simulated cloud changes with volcanic activities

This section examines cloud property changes over time to
support the cloud forcing differences discussed in Sect. 3.2.
The difference in net cloud forcing anomalies between the
V2-IVA and V2-CMIP6 ensembles is 0.11 W m~? (warming
effect) for the 1940-1959 period and —0.08 Wm™2 (cool-
ing effect) for the 1960-1979 period. These changes align
with variations in volcanic activity levels during these pe-
riods, with relatively low volcanic emissions in 1940-1959
and elevated emissions in 1960-1979. The shortwave cloud
forcing exhibits a similar pattern (Table 4).

In the V2-IVA experiment, volcanic sulfate aerosols (Ay)
actively participate in aerosol-cloud interactions, modify-
ing cloud properties in response to fluctuations in volcanic
emissions. During 1940-1959, the volcanEESM inventory
recorded two moderate eruptions, Hekla (1947) and Bezymi-
anny (1956), contributing a total of 6.2 Tg of SO, emissions
or an average of 3.1 Tg per decade. This is lower than both
the historical average (7.0 Tg per decade) and the 1850-1899
climatology (6.5 Tg per decade), indicating a reduction in
volcanic sulfate emissions during this period. Since the to-
tal aerosol burden in the atmosphere is determined by both
historical aerosol increase (A,) and volcanic aerosols (Ay),
a lower A, value in this period partially compensates for
the A, increase and lowers the aerosol increase ratio Ry
(Eq.2) compared to the V2-CMIP6 experiment. This lower
R, results in relatively lower cloud droplet number concen-
tration (CDNC), cloud cover, and cloud liquid water content,
leading to weaker aerosol—cloud interactions in the historical
transient simulation (Fig. 7, left column). These reductions
occur relatively uniformly across latitudes rather than being
concentrated in specific regions.

In contrast, the 1960-1979 period experienced signifi-
cantly higher volcanic SO, emissions, totaling 16.4 Tg or
8.2 Tg per decade (Table 2), which exceeds the 1850-1899
climatology of 6.5 Tg per decade. The larger A, value dur-
ing this period lowers the Ry ratio, meaning that volcanic
aerosols contribute more to the total aecrosol burden, as well
as the other aerosol increase. The increase in volcanic sul-
fate aerosols results in a 28 % increase in low cloud fraction
anomaly, a 5 % increase in cloud liquid water path anomaly,
and a 1 % increase in vertically integrated CDNC in V2-IVA
compared to V2-CMIP6 (Fig. 7, right column, and Table 4).
These cloud property changes support a cooling effect on net
cloud forcing of —0.08 W m~2. The simulated cloud fraction

Geosci. Model Dev., 18, 4137-4153, 2025

anomaly values are reasonable and in line with the study that
evaluates CMIP6 cloud fraction variations across different
climate models (Vignesh et al., 2020).

3.4 Simulated historical temperature

Since each historical experiment began with a different base-
line derived from distinct PI control simulations, directly
comparing simulated temperatures across ensembles is not
meaningful. Instead, it is more appropriate to compare tem-
perature anomalies from ensemble means, which represent
temperature departures from its 1850—-1899 climatology. For
instance, the temperature anomaly for V2-CMIP6 during the
1940-1979 period was calculated by the V2-CMIP6 ensem-
ble mean temperature during the 1940-1979 period subtract-
ing the V2-CMIP6 ensemble climatology during the 1850-
1899 period. This approach intends to evaluate the changes
relative to the climate before anthropogenic emissions took
off.

Figure 8 illustrates the difference in temperature anoma-
lies between V2-IVA and V2-CMIP6. During the 1940-
1959 period, the eruptions of Hekla (1947) and Bezymi-
anny (1956) lead to brief stratospheric warming. However,
V2-IVA shows cooler temperatures in the troposphere shortly
after these eruptions compared to V2-CMIPG6, particularly
over northern high latitudes. This contrast becomes more
pronounced when examining temperature anomalies at dif-
ferent pressure levels in Fig. 9. At the 200 hPa level, V2-IVA
exhibits higher temperature anomalies than V2-CMIP6 af-
ter these two eruptions, whereas the situation has been re-
versed at 500 hPa and the surface. Notably, eruptions only
cause short-lived cooling in the troposphere. In general, V2-
IVA simulated a warmer troposphere than V2-CMIP6 during
the 1940-1959 period.

During the 1963-1972 period, updated volcanic erup-
tions resulted in a cooler middle-to-upper stratosphere in
V2-IVA due to reduced aerosol absorption (Fig. 5). Con-
sequently, temperatures at the 200hPa level to the sur-
face are moderately warmer in the V2-IVA ensemble com-
pared to the V2-CMIP6 ensemble. Figure 9 shows that V2-
IVA-simulated temperature anomalies are greater than V2-
CMIP6-simulated ones at all three levels. By 1968, the tem-
perature difference between V2-IVA and V2 reaches 0.16 °C
at the surface, 0.21 °C at 500 hPa, and 0.22 °C at 200 hPa.
These findings highlight how differences in the volcanic
representation impact interannual temperature changes. In
general, V2-IVA simulates a slightly warmer troposphere
than that simulated by V2-CMIP6 during the 1960-1979
period mainly due to warmer clear-sky shortwave forcing,
0.13 W m~2, resulting from less volcanic sulfate aerosol ra-
diation interaction from volcanic eruptions, which agrees
with previous studies (Chylek et al., 2020). Previous studies
(Dhomse et al., 2020; Niemeier et al., 2019) indicated that
the smaller Mt. Agung (1963) emission, around 7 Tg SO»,
should be used in climate models compared to the 9.9 Tg SO,
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Figure 7. Simulated difference in cloud property anomalies between V2-IVA and V2-CMIP6 ensembles for the 1940-1959 period (a, c, e)
and the 1960-1979 period (b, d, f). The comparison includes (a, b) zonal mean vertical integrated cloud droplet number concentra-
tion (CDNC) (in units of no.m_z), (c, d) low cloud cover, and (e, f) cloud liquid water path (LWP) (in units of kg m_z). The y axis in
each panel represents latitude (degree). The dotted red points represent the differences that are significant at the 95 % confidence level.
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Table 4. Differences in global mean cloud property anomalies between V2-IVA and V2-CMIP6. The numbers in the parentheses are anoma-
lies resulting from, in order, V2-IVA and V2-CMIP6 ensembles. Values with * represent statistically significant values at the 95 % confidence

level.
Anomaly difference 1940-1959 1960-1979
Net cloud forcing (W m~2) 0.11* (=0.61, —0.72) —0.07* (—0.98, —0.91)

Shortwave cloud forcing (W m_z) 0.16* (—=0.50, —0.65)
Vertically integrated CDNC (no. m~2)
Total cloud fraction

Low cloud fraction

High cloud fraction

Cloud liquid water path (kg m~2)
Cloud ice water path (kgm~2)

—1.27 x 107 (2.46 x 10°, 2.48 x 10°)

—1.46 x 1073* (1.37 x 1073, 2.83 x 10793)
—1.13x 1073* (1.31 x 1073, 2.44 x 1073)
—1.09 x 1073* (=0.09 x 1073, 1.00 x 1073)
—0.07 x 1073 (0.97 x 1073, 1.05 x 103)
—0.05x 1074 (=1.13 x 10~%4, —=1.08 x 10~%)

—0.04 (—0.78, —0.74)
6.41 x 107 (4.44 x 10%, 4.37 x 10%)

—0.01 x 1073 (3.06 x 1073, 3.11 x 1073)
0.81 x 1073 (3.69 x 1073,2.89 x 1073)
—0.61 x 1073 (—0.56 x 1073, 0.03 x 1073)
0.05x 1073 (1.48 x 1073, 1.41 x 1073)
—0.45x 1074 (=137 x 1074, —0.92 x 10~%)
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Figure 8. Time—pressure cross section of global mean tempera-
ture difference (K) between V2-IVA and V2-CMIP6 ensembles.
The vertical dashed lines represent volcanic eruptions in volca-
nEESM (Table 2), while the stars indicate volcanic eruptions in the
CMIP6 documentation (Table 1). The solid gray curves represent
tropopause simulated by model.

used in CMIP6 volcanic forcing simulations (Arfeuille et al.,
2014).

Figure 10 presents the simulated surface temperature
anomalies compared to observations, with three observa-
tional datasets shown as solid gray to black lines. We se-
lect the HadCRUTS-Analysis product (Morice et al., 2021),
NOAA’s National Climatic Data Center (NCDC) National
Centers for Environmental Prediction (NCEP) reanalysis
dataset, and the NASA Goddard Institute Surface Tem-
perature (GISTEMP) dataset (Hansen et al., 2010). Be-
tween 1940 and 1959, observations exhibit interannual vari-
ability of up to 0.25 °C, along with a moderate cooling trend.
In contrast, V2-CMIP6 produces a nearly flat temperature
curve during this period. V2-IVA improves the interannual
variability by incorporating two additional volcanic erup-
tions, Hekla (1947) and Bezymianny (1956), which intro-
duce episodic cooling events. As a result, the correlation
coefficient between the simulated and observed temperature
anomalies increases from 0.15 in V2-CMIP6 to 0.38 in V2-
IVA, suggesting an improved representation of temperature
temporal variability. However, the mean surface temperature
anomaly simulated by V2-IVA is only slightly warmer (by
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Figure 9. Time series of temperature anomalies at 200 hPa (a),
500 hPa (b), and the surface (c¢). The dashed lines represent vol-
canic eruptions in volcanEESM (Table 2). The mean temperature
differences during the 1940-1959 period between V2-IVA and V2-
CMIP6 are shown as text on the left side of all panels, while the dif-
ferences during the 1960-1979 period are shown on the right side
of all panels. The temperature difference in the red color means it is
significant at the 95 % confidence interval.

0.02°C) than that of V2-CMIP6, indicating that the main
cold bias remains largely unchanged.

Between 1960 and 1979, the observations show a moder-
ate temperature drop (up to 0.3 °C) following the Mt. Agung
eruption, but temperatures quickly recover to pre-eruption
levels in the early 1970s, with an overall weak warming
trend. In contrast, while V2-IVA simulates a slightly warmer
temperature anomaly after Mt. Agung compared to V2-
CMIP6, the model does not capture the observed temperature
rebound. Instead, both simulations exhibit a continued cool-
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Figure 10. Temperature anomaly trends from 1850 to 2014. Black
and gray lines represent observational data. The blue line represents
the V2-CMIP6 ensemble mean, while the red line represents the V2-
IVA ensemble mean during 1940-1980. The purple line represents
the single-member results of V2-IVA from 1850 to 1940.

ing trend over this 2-decade period. This result suggests that
while the revised volcanic forcing in V2-IVA slightly mod-
erates the excessive cooling seen in V2-CMIP6, it does not
clearly correct the underlying bias, indicating that additional
factors beyond volcanic forcing may contribute to the mid-
20th-century temperature discrepancies.

4 Conclusions and discussion

This study evaluates the impact of an improved volcanic sul-
fate aerosol representation in E3SM version 2 on mid-20th-
century climate simulations. By implementing an emission-
based approach that accounts for both volcanic sulfate
aerosol-radiation interactions (VARIs) and volcanic sulfate
aerosol—cloud interactions (VACIs), we aimed to address the
substantial surface temperature cold bias observed in E3SM
historical simulations. The revised model (V2-IVA) exhibits
moderate improvements in surface temperature variability
and a slightly warmer simulated climate compared to the de-
fault CMIP6 volcanic forcing treatment (V2-CMIP6). The
inclusion of additional volcanic events, such as Hekla (1947)
and Bezymianny (1956), enhances the representation of tem-
perature fluctuations, while the revised Mt. Agung erup-
tion (1963) intensity and the more realistic treatment of
VACISs contribute to the slightly warmer climate simulated
in V2-IVA. However, despite these improvements, the cold
bias in historical simulations remains largely uncorrected.
One key finding is that cloud forcing anomalies in V2-IVA
are more consistent with expected aerosol—cloud interaction
processes. During the 1940-1959 period, when volcanic sul-
fate emissions (Ay) were below the historical average, cloud
forcing anomalies were reduced relative to V2-CMIP6, lead-
ing to a warmer cloud cooling effect (0.11 Wm™2). Con-

https://doi.org/10.5194/gmd-18-4137-2025

4149

versely, during the 1960—1979 period, elevated volcanic sul-
fate emissions strengthened aerosol—cloud interactions, re-
sulting in a colder cooling effect (—0.07 W m~2). This aligns
with theoretical expectations based on the aerosol increase
ratio (Ry), as described in Eq. (2). While these cloud forcing
changes help explain some differences in the temperature re-
sponse, they are not sufficient to fully resolve the cold bias.

Several factors may explain why the temperature cold bias
remains substantial. First, the overall aerosol cooling effect
in E3SM is approximately twice as strong as the CMIP6
multi-model mean (Golaz et al., 2022). This discrepancy
could be attributed to an overestimation of the aerosol bur-
den. The E3SM development has incorporated the interac-
tive tropospheric chemistry to constrain sulfate aerosol pro-
duction (Tang et al., 2025) and enhanced aerosol wet re-
moval processes (Shan et al., 2021, 2024) for better scav-
enging. Additionally, while E3SMv2 implements the inter-
active stratospheric ozone (O3v2) module to better represent
stratospheric ozone (Tang et al., 2021), its treatment of tro-
pospheric ozone lacks historical variability, potentially miss-
ing a warming contribution from tropospheric ozone changes
(Tang et al., 2025). Another limitation is the use of the Liu
and Penner (2005) scheme for homogeneous and heteroge-
neous ice nucleation in cirrus clouds, which considers only
sulfate aerosol particles in the Aitken mode, potentially un-
derestimating the impact on high clouds. Volcanic aerosols
in the stratosphere rapidly grow from Aitken to accumula-
tion and even coarse mode when large eruptions occur, sug-
gesting that ice nucleation from these larger particles should
be considered, as implemented in CESM2 (Visioni et al.,
2017). Furthermore, one important source of background
stratospheric sulfate, carbonyl sulfide (OCS), is not included
in the current study. Missing this source may lead to an un-
derestimation of stratospheric sulfate aerosol levels, particu-
larly during periods of low volcanic activity, accounting for
as much as one-third of the background sulfate burden in the
stratosphere (Mills et al., 2016). Addressing these limitations
in future model versions could further improve the repre-
sentation of aerosol—climate interactions and help reduce the
persistent temperature bias.

Code and data availability. The datasets analyzed in this
study are available at https://doi.org/10.5281/zenodo.11246313
(Ke, 2024a), the E3SMv2 source code at
https://doi.org/10.5281/zenodo.11403736  (Ke, 2024b), and
the E3SMv2 run script at https://doi.org/10.5281/zenodo.11403988
(Ke, 2024c). The E3SM project, code, simulation config-
urations, model output, and tools to work with the output
are described on the E3SM website (https://e3sm.org, E3SM
Project, 2025). Instructions on how to get started running
E3SM and its components are available on the E3SM website
(https://e3sm.org/model/running-e3sm/e3sm-quick-start, E3SM
Guide, 2025).
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