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Preface

Two major modeling efforts arose following the
Hunga eruption. The first, designed for model-to-
model comparison with the goal of identifying model
differences and their causes, was Tonga-MIP. The
second, designed to facilitate model-to-measurement
comparison with the goal of predicting climate im-
pacts from the eruption, was the Hunga Tonga-Hunga
Ha’apai Model Observations Comparison (HTHH-
MOC, Supplementary S1). Here, Supplementary S5
has been compiled to provide a brief overview of
Tonga-MIP’s experimental protocol and participat-
ing models, and to indicate where Tonga-MIP and
HTHH-MOC differ in their design.

S5.1 Experiment protocol and model
descriptions

Tonga-MIP uses a coordinated experimental pro-
tocol that requires all participating models to inject
specified amounts of volcanic material at the same
time in the same location, and over the same dura-
tion. Participating models are not allowed to tune
their injection parameters for desired results. This is
in contrast to the HTHH-MOC design, where models
are given guidelines as to how to inject the material
into the stratosphere, but asked to tune their injection
parameters so that benchmarks comparing to observa-
tions in the early months after the eruption would be
met – a requirement to accommodate HTHH-MOC’s
differing needs. In Tonga-MIP, daily average model
outputs from January 1st, 2022 through April 30th,
2022 are used to analyze the microphysical evolution
of the volcanic cloud. Hunga’s massive water injec-
tion plays a role in the chemical lifetime of the SO2
and subsequent stratospheric aerosol effective radius,
composition, mass burden, extinction, and optical
depth.
To ease prediction of the longer term climate re-

sponse, the HTHH-MOC experiments inject the vol-
canic material at altitudes matching observations of
the plume after its initial rapid descent. In order to
retain the observed 150 Tg of water perturbation in
the stratosphere, participating models had to inject
unrealistic quantities of water or spread the water
injection over a larger area or over a longer dura-
tion to accommodate for the lower water saturation
vapor pressure at the HTHH-MOC experiments’ tar-
get altitudes, where temperatures are lower than at
slightly higher altitudes. However, when water in-
jections are made at the higher altitudes observed
by the Hunga plume, the water is retained in the

stratosphere without falling out immediately as ice.
The input values for Tonga-MIP’s experimental pro-
tocol were selected for accurate representation of the
observed injection of the volcanic material, whilst
remaining obtainable for all models to comply with
under the differing constraints of their grid and tem-
poral resolutions. The fuller justification for Tonga-
MIP’s experimental protocol and explanations of its
finer details remain unchanged, and so we refer the
reader to Clyne et al. (2024).

Table S5.1 lists the Tonga-MIP experiments. Table
S5.2 lists the participating models and references for
the configurations used in Tonga-MIP. Table S5.3
lists the stratospheric aerosol and chemistry pack-
ages used in each Tonga-MIP model. Table S5.4 lists
the requested outputs from participating models to
allow consistent analysis via a MIP postprocessing
software package for volcanoes (Clyne, 2024).

S5.2 Result preview
Tonga-MIP has enabled identification of modeling

decisions regarding size distribution scheme, stra-
tospheric chemistry, aerosol morphology, physical
constants, and algorithm solving that impact aerosol
microphysics and are causing underlying differences
in simulated stratospheric aerosols. Consequences
of differences in some of these fundamentals were
made more visible under the extreme conditions of
the Hunga event. The importance of continuing edu-
cated model developments cannot be understated. If
science and policy decisions related to solar radiation
modification are to be well informed, some of these
intermodel differences will need to be resolved. While
the preliminary results of Tonga-MIP can be found
in Clyne et al. (2024), the analysis still needs to un-
dergo peer review and additional model runs have
since been added. Improved analysis is planned for
publication in a peer reviewed journal and has been
joined by additional coauthors S. Bekki, N. Lebas, M.
Marchand, L. Falletti, and J.R. Pierce.
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Table S5.1: (Reprinted from Clyne et al., 2024). Tonga-MIP experiments. There is also a control run without the volcano.
Eruption duration: 6 hours starting at 0400 UTC January 15th. Horizontal area: [22°S, 14°S], [182°E, 186°E]. SO2 mass
injected: 0.5 Tg.

Exp. Name LowAlt LowAltH2O HighAlt HighAltH2O LowAltH2O
Free Running

HighAltH2O
Free Running

Altitude SO2 25–30 km 25–30 km 30–35 km 30–35 km 25–30 km 30–35 km
H2O Mass
injected

X 150 Tg X 150 Tg 150 Tg 150 Tg

Altitude H2O X 25–30 km X 30–35 km 25–30 km 30–35 km
Nudging Specified

Dynamics
Specified
Dynamics

Specified
Dynamics

Specified
Dynamics

Free Running Free Running

Table S5.2: Participating models and references for the configurations used in Tonga-MIP (adapted from Clyne et al., 2024).

Model Horizontal
resolution (lat ×
lon)

Model top
(levels)

Specified dynamics
source

Reference paper

CESM2-WACCM6-MAM4 0.95° × 1.25° 4.5×10-6 hPa
(70)

GEOS5 Tilmes et al. (2023)

CESM2-WACCM6-CARMA 0.95° × 1.25° 4.5×10-6 hPa
(70)

GEOS5 Tilmes et al. (2023)

GA4 UM-UKCA 1.25° × 1.875° 85 km (85) ERA5 Dhomse et al.
(2020)

SOCOLv4 1.9° × 1.9° 0.01 hPa (47) ERA5 Sukhodolov et al.
(2021)

MIROC ES2H 2.8° × 2.8° 0.004 hPa (81) MERRA-2 Tatebe et al. (2019)
and Kawamiya
et al. (2020)

GEOS-V GOCART GMIa Cubed sphere
90×90×6 ( 1°)

0.01 hPa (72) MERRA-2 / GEOS-FP Nielsen et al. (2017)

IPSLCM7b LMDZ-STRATAER-
REPROBUS

1.3° × 2.5° 0.03 hPa (79) ERA5 —

a) GEOS-V has comprehensive microphysics when configured with CARMA (Case et al., 2023), but not when configured with GOCART.
b) IPSLCM7 is a new development since the CMIP6 version of the IPSL-CM6A-LR climate model described in Boucher et al. (2020). The
IPSLCM7 version still uses the atmospheric general circulation model LMDZ (Hourdin et al., 2020), now version 6.2, and couples with

stratospheric aerosol chemistry and microphysics modules STRATAER and REPROBUS (see Table S V.3).
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Table S5.3: Overview of stratospheric aerosol and chemistry packages used in each Tonga-MIP model (adapted from Clyne
et al., 2024).

Model Aerosol size
distribution

Aerosol
package

Reference Chemistry
package

Reference

CESM2-WACCM6-
MAM4

modal MAM4 Liu et al., 2016 WACCM6 Gettelman et al.
(2019)

CESM2-WACCM6-
CARMA

sectional CARMA Tilmes et al. (2023) WACCM6 Gettelman et al.
(2019)

GA4 UM-UKCA modal GLOMAPv8.2 Mann et al. (2010) StratTrop Archibald et al.
(2020)

SOCOLv4 sectional AER Sukhodolov et al.
(2021)

MEZON Egorova et al.
(2003)

MIROC ES2H modal SPRINTARS6.0 Sekiya et al. (2016)a CHASER4.0 Sudo and Akimoto
(2007) and Sudo
et al. (2002)

GEOS-V GOCART GMI bulk GOCART Colarco et al., 2010 GMI Duncan et al. (2007)
IPSLCM7
LMDZ-STRATAER-
REPROBUS

sectional STRATAERb — REPROBUS Marchand et al.,
2012

a) The Spectral Radiation Transport Model for Aerosol Species (SPRINTARS; Takemura et al., 2000; Takemura et al., 2002; Takemura
et al., 2005; Takemura et al., 2009) is developed for modal size distribution in Sekiya et al. (2016).

b) STRATAER is an improved version of the Sectional Stratospheric Sulfate Aerosol module (S3A; Kleinschmitt et al., 2017) used in
IPSL-CM6A-LR, and is still under development.
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Table S5.4: Requested outputs from participating models to allow consistent analysis via the Tonga-MIP postprocessing
package for volcanoes (Clyne, 2024). All data are provided clearly labeled with units included in the metadata. Units
related by powers of 10 are acceptable. Variables marked with an asterisk (*) in the help description are not required if
unavailable.

Short name Long name Units Dimensions Help description

Dimensions
lev Vertical gridbox level

pressure
hPa [lev]

ilev Pressure at grid level
interface

hPa [ilev] = [lev] + 1 * not required if unavailable

lat Latitude degrees north [lat]
lon Longitude degrees east [lon]
time Time dimension days since

run start
[time] e.g., “days since 2022-01-01

00:00:00”

Variables
date Date corresponding to

time dimension
YYYYMMDD
or YYYY-MM-
DD

[time]

AREA Horizontal area of grid
box

m2 [time,lat,lon] Only need one instance in time

MASS Mass of grid box kg [time,lev,lat,lon] * Can be substituted with
density (DENS) if MASS
unavailable

TROP_P Tropopause pressure Pa [time,lat,lon]
TROP_Z Tropopause altitude m [time,lat,lon]
T Temperature K [time,lev,lat,lon]
PBLH Planetary Boundary

Layer height
m [time,lat,lon]

PS Surface pressure Pa [time,lat,lon]
Z3 Geopotential height m [time,lev,lat,lon] * not required if unavailable
OH OH mixing ratio mol/mol [time,lev,lat,lon]
O3 Ozone mixing ratio mol/mol [time,lev,lat,lon]
SO SO mixing ratio mol/mol or

kg/kg
[time,lev,lat,lon] Dry mixing ratio; * not required

if unavailable
SO2 Sulfur dioxide mixing

ratio
mol/mol or
kg/kg

[time,lev,lat,lon] Dry mixing ratio

SO3 SO3 mixing ratio mol/mol or
kg/kg

[time,lev,lat,lon] Dry mixing ratio; * not required
if unavailable

H2SO4 Sulfuric acid mixing
ratio

mol/mol or
kg/kg

[time,lev,lat,lon] Dry mixing ratio

SO4 Sulfate aerosol dry
mixing ratio

kg/kg or
mol/mol

[time,lev,lat,lon] If multiple modes, provide each
with description

WTPER H2SO4 weight percent % [time,lev,lat,lon] Weight percent in wet sulfate
aerosol (H2O–H2SO4)

SO2_CHML SO2 chemical loss rate /cm3/s [time,lev,lat,lon] * not required if unavailable,
but preferred

EXTINCTUV Aerosol extinction 350
nm

1/m or 1/km [time,lev,lat,lon]

EXTINCT Aerosol extinction 550
nm

1/m or 1/km [time,lev,lat,lon]

EXTINCTNIR Aerosol extinction 1020
nm

1/m or 1/km [time,lev,lat,lon]

SAD_AERO Aerosol surface area
density

cm2/cm3 or
𝜇m2/cm3 or
𝜇m2/𝜇m3

[time,lev,lat,lon]
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Table S5.4 (continued)
Short name Long name Units Dimensions Help description

REFF_AERO Aerosol effective radius
(wet)

cm or 𝜇m [time,lev,lat,lon]

dgnumwet Aerosol mode wet
diameter (each mode)

m [time,lev,lat,lon] Provide for each mode if modal
model

num_ax Mode number mixing
ratio

1/kg [time,lev,lat,lon] Provide for each mode if modal
model

AODUV Aerosol optical depth
350 nm

none [time,lat,lon] Total column

AODUVst Stratospheric AOD 350
nm

none [time,lat,lon] Column from tropopause to
TOA; * not required if
unavailable

AODVIS Aerosol optical depth
550 nm

none [time,lat,lon] Total column; * not required if
unavailable

AODVISst Stratospheric AOD 550
nm

none [time,lat,lon] Column from tropopause to
TOA; * not required if
unavailable

AODNIR Aerosol optical depth
1020 nm

none [time,lat,lon] Total column; * not required if
unavailable

AODNIRst Stratospheric AOD 1020
nm

none [time,lat,lon] Column from tropopause to
TOA; * not required if
unavailable

H2O Water vapor mixing
ratio

mol/mol [time,lev,lat,lon]

FLDS Downwelling longwave
flux at surface

W/m2 [time,lat,lon] * not required if unavailable

FLNS Net longwave flux at
surface

W/m2 [time,lat,lon] * not required if unavailable

FLNR Net longwave flux at
tropopause

W/m2 [time,lat,lon] * not required if unavailable

FLNT Net longwave flux at top
of model

W/m2 [time,lat,lon] * not required if unavailable

FLUT Upwelling longwave
flux at top of model

W/m2 [time,lat,lon] * not required if unavailable

FSDS Downwelling solar flux
at surface

W/m2 [time,lat,lon] * not required if unavailable

FSNS Net solar flux at surface W/m2 [time,lat,lon] * not required if unavailable
FSNR Net solar flux at

tropopause
W/m2 [time,lat,lon] * not required if unavailable

SOLIN Solar insolation (TOA
downwelling)

W/m2 [time,lat,lon] * not required if unavailable

FSNT Net solar flux at top of
model

W/m2 [time,lat,lon] * not required if unavailable

FSUTOA Upwelling solar flux at
top of model

W/m2 [time,lat,lon] * not required if unavailable

306 Hunga Eruption Atmospheric Impacts Report (2025)



S5 Tonga-MIP: experiment protocol, model descriptions and result preview

References
Archibald, A. T., F. M. O’Connor, N. L. Abraham, S.
Archer-Nicholls, M. P. Chipperfield, M. Dalvi, G. A.
Folberth, F. Dennison, S. S. Dhomse, P. T. Griffiths et
al. (2020). ‘Description and evaluation of the UKCA
stratosphere–troposphere chemistry scheme (Strat-
Trop vn 1.0) implemented in UKESM1’. Geosci.
Model Dev., 13, pp. 1223–1266. doi: 10.5194/g
md-13-1223-2020.

Boucher, O., J. Servonnat, A. L. Albright, O. Aumont, Y.
Balkanski, V. Bastrikov, S. Bekki, R. Bonnet, S. Bony,
L. Bopp et al. (2020). ‘Presentation and evaluation
of the IPSL-CM6A-LR climate model’. J. Adv. Model.
Earth Syst., 12, e2019MS002010. doi: 10.1029/201
9MS002010.

Case, P., P. R. Colarco, O. B. Toon, V. Aquila and
C. A. Keller (2023). ‘Interactive stratospheric aero-
sol microphysics-chemistry simulations of the 1991
Pinatubo volcanic aerosols with newly coupled sec-
tional aerosol and stratosphere-troposphere chem-
istry modules in the NASA GEOS Chemistry-
Climate Model (CCM)’. J. Adv. Model. Earth Syst.,
15, e2022MS003147. doi: 10.1029/2022MS003147.

Clyne, M. (2024). MIP postprocessing software package
for volcanoes. https://github.com/maclyne/po
stprocessing.

Clyne, M., O. B. Toon, T. Sukhodolov, G. W. Mann, S.
Dhomse, S. Tilmes, Y. Zhu, P. R. Colarco, K. Tsigar-
idis, T. Nagashima et al. (2024). ‘Tonga-MIP: The
Hunga Tonga-Hunga Ha’apai Volcano Model Inter-
comparison Project’. InM. Clyne (Ed.),Modeling the
role of volcanoes in the climate system (Publication
No. 31487034), https://www.proquest.com/dis
sertations-theses/modeling-role-volcanoe
s-climate-system/docview/3100397790/se-2.
PhD thesis. University of Colorado at Boulder.

Colarco, P. R., A. da Silva, M. Chin and T. Diehl (2010).
‘On-line simulations of global aerosol distributions
in the NASA GEOS-4 model and comparisons to
satellite and ground-based aerosol optical depth’.
J. Geophys. Res., 115, D14207. doi: 10.1029/2009
JD012820.

Dhomse, S. S., G. W. Mann, J. C. Antuña Marrero,
S. E. Shallcross, M. P. Chipperfield, K. S. Carslaw, L.
Marshall, N. L. Abraham and C. E. Johnson (2020).
‘Evaluating the simulated radiative forcings, aer-
osol properties, and stratospheric warmings from
the 1963 Mt Agung, 1982 El Chichón, and 1991 Mt
Pinatubo volcanic aerosol clouds’. Atmos. Chem.
Phys., 20, pp. 13627–13654. doi: 10.5194/acp-20-
13627-2020.

Duncan, B. N., J. A. Logan, I. Bey, I. A. Megretskaia,
R. M. Yantosca, P. C. Novelli, N. B. Jones and
C. P. Rinsland (2007). ‘Global budget of CO, 1988–
1997: Source estimates and validation with a global
model’. J. Geophys. Res., 112, D22301. doi: 10.102
9/2007JD008459.

Egorova, T., E. Rozanov, V. Zubov and I. Karol (2003).
‘Model for investigating ozone trends (MEZON)’.
Izv. Atmos. Ocean. Phys., 39, pp. 277–292.

Gettelman, A., M. J. Mills, D. E. Kinnison, R. R. Garcia,
A. K. Smith, D. R. Marsh, S. Tilmes, F. Vitt, C. G.
Bardeen, J. McInerny et al. (2019). ‘The Whole At-
mosphere Community Climate Model Version 6
(WACCM6)’. J. Geophys. Res., 124, pp. 12380–12403.
doi: 10.1029/2019JD030943.

Hourdin, F., C. Rio, J.-Y. Grandpeix, J.-B. Madeleine, F.
Cheruy, N. Rochetin, A. Jam, I. Musat, A. Idelkadi, L.
Fairhead et al. (2020). ‘LMDZ6A: The atmospheric
component of the IPSL climate model with im-
proved and better tuned physics’. J. Adv. Model.
Earth Syst., 12, e2019MS001892. doi: 10.1029/201
9MS001892.

Kawamiya, M., T. Hajima, K. Tachiiri, S.Watanabe and
T. Yokohata (2020). ‘Two decades of Earth system
modeling with an emphasis on Model for Inter-
disciplinary Research on Climate (MIROC)’. Prog.
Earth Planet. Sci., 7, 64. doi: 10.1186/s40645-020
-00369-5.

Kleinschmitt, C., O. Boucher, S. Bekki, F. Lott and U.
Platt (2017). ‘The Sectional Stratospheric Sulfate
Aerosol module (S3A-v1) within the LMDZ gen-
eral circulation model: description and evaluation
against stratospheric aerosol observations’. Geosci.
Model Dev., 10, pp. 3359–3378. doi: 10.5194/gmd-
10-3359-2017.

Liu, X., P.-L. Ma, H. Wang, S. Tilmes, B. Singh, R. C.
Easter, S. J. Ghan and P. J. Rasch (2016). ‘Descrip-
tion and evaluation of a new four-mode version of
the Modal Aerosol Module (MAM4) within version
5.3 of the Community Atmosphere Model’. Geosci.
Model Dev., 9, pp. 505–522. doi: 10.5194/gmd-9-5
05-2016.

Mann, G. W., K. S. Carslaw, D. V. Spracklen, D. A. Rid-
ley, P. T. Manktelow, M. P. Chipperfield, S. J. Pick-
ering and C. E. Johnson (2010). ‘Description and
evaluation of GLOMAP-mode: a modal global aero-
sol microphysics model for the UKCA composition-
climate model’. Geosci. Model Dev., 3, pp. 519–551.
doi: 10.5194/gmd-3-519-2010.

Marchand, M., P. Keckhut, S. Lefebvre, C. Claud,
D. Cugnet, A. Hauchecorne, F. Lefévre, M.-P. Le-

Hunga Eruption Atmospheric Impacts Report (2025) 307



S5 Tonga-MIP: experiment protocol, model descriptions and result preview

febvre, J. Jumelet, F. Lott et al. (2012). ‘Dynam-
ical amplification of the stratospheric solar re-
sponse simulated with the Chemistry-Climate
Model LMDz-Reprobus’. J. Atmos. Solar-Terr. Phys.,
75–76, pp. 147–160. doi: 10.1016/j.jastp.2011
.11.008.

Nielsen, J. E., S. Pawson, A. Molod, B. Auer, A. M.
da Silva, A. R. Douglass, B. Duncan, Q. Liang, M.
Manyin, L. D. Oman et al. (2017). ‘Chemical mech-
anisms and their applications in the Goddard Earth
Observing System (GEOS) earth system model’. J.
Adv. Model. Earth Syst., 9, pp. 3019–3044. doi: 10.1
002/2017MS001011.

Sekiya, T., K. Sudo and T. Nagai (2016). ‘Evolu-
tion of stratospheric sulfate aerosol from the 1991
Pinatubo eruption: Roles of aerosol microphysical
processes’. J. Geophys. Res., 121, pp. 2911–2938. doi:
10.1002/2015JD024313.

Sudo, K. and H. Akimoto (2007). ‘Global source attri-
bution of tropospheric ozone: Long-range transport
from various source regions’. J. Geophys. Res., 112,
D12302. doi: 10.1029/2006JD007992.

Sudo, K., M. Takahashi, J. Kurokawa and H. Akimoto
(2002). ‘CHASER: A global chemical model of the
troposphere 1. Model description’. J. Geophys. Res.,
107, 4339. doi: 10.1029/2001JD001113.

Sukhodolov, T., T. Egorova, A. Stenke, W. T. Ball, C.
Brodowsky, G. Chiodo, A. Feinberg, M. Friedel, A.
Karagodin-Doyennel, T. Peter et al. (2021). ‘Atmo-
sphere ocean aerosol chemistry climate model SO-
COLv4.0: description and evaluation’.Geosci. Model
Dev., 14, pp. 5525–5560. doi: 10.5194/gmd-14-55
25-2021.

Takemura, T., M. Egashira, K. Matsuzawa, H. Ichijo,
R. O’ishi and A. Abe-Ouchi (2009). ‘A simulation of
the global distribution and radiative forcing of soil
dust aerosols at the Last Glacial Maximum’. Atmos.
Chem. Phys., 9, pp. 3061–3073. doi: 10.5194/acp-
9-3061-2009.

Takemura, T., T. Nakajima, O. Dubovik, B. N. Holben
and S. Kinne (2002). ‘Single-scattering albedo and
radiative forcing of various aerosol species with
a global three-dimensional model’. J. Climate, 15,
pp. 333–352. doi: 10.1175/1520-0442(2002)015
<0333:ssaarf>2.0.co;2.

Takemura, T., T. Nozawa, S. Emori, T. Y. Nakajima and
T. Nakajima (2005). ‘Simulation of climate response
to aerosol direct and indirect effects with aerosol
transport-radiation model’. J. Geophys. Res., 110,
D02202. doi: 10.1029/2004JD005029.

Takemura, T., H. Okamoto, Y. Maruyama, A. Nu-
maguti, A. Higurashi and T. Nakajima (2000).
‘Global three-dimensional simulation of aerosol op-
tical thickness distribution of various origins’. J.
Geophys. Res., 105, pp. 17853–17873. doi: 10.1029
/2000JD900265.

Tatebe, H., T. Ogura, T. Nitta, Y. Komuro, K. Ogochi, T.
Takemura, K. Sudo, M. Sekiguchi, M. Abe, F. Saito
et al. (2019). ‘Description and basic evaluation of
simulated mean state, internal variability, and cli-
mate sensitivity in MIROC6’. Geosci. Model Dev., 12,
pp. 2727–2765. doi: 10.5194/gmd-12-2727-2019.

Tilmes, S., M. J. Mills, Y. Zhu, C. G. Bardeen, F. Vitt,
P. Yu, D. Fillmore, X. Liu, B. Toon and T. Deshler
(2023). ‘Description and performance of a sectional
aerosol microphysical model in the Community
Earth System Model (CESM2)’. Geosci. Model Dev.,
16, pp. 6087–6125. doi: 10.5194/gmd-16-6087-2
023.

308 Hunga Eruption Atmospheric Impacts Report (2025)


