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a b s t r a c t 

Large volcanic eruptions create an enhanced layer of sulfate aerosols in the stratosphere. These sulfuric 

acid droplets persist for many months, altering the climate and stratospheric chemistry. Sulfate aerosols 

scatter sunlight back to space, cooling the surface of the Earth and absorb outgoing thermal radiation, 

heating the stratosphere. The calculation of the climate impact of sulfate aerosols depends on their phys- 

ical properties such as droplet size and chemical composition. These properties are not well known, and 

this uncertainty contributes to the errors in climate model predictions. Here we derive the first empiri- 

cal formula that predicts the composition of stratospheric sulfate aerosols from volcanic eruptions from 

the air temperature and water vapor pressure. Measurements of atmospheric infrared transmittance of 

the Hunga Tonga-Hunga Ha’apai sulfate aerosol plume by the Atmospheric Chemistry Experiment (ACE) 

satellite were analyzed to determine composition (weight percent of sulfuric acid) and median particle 

radius. These data are supplemented by measurements of the Raikoke and Nabro eruptions. Our analy- 

sis allows the properties of volcanic aerosols in the stratosphere to be predicted reliably in atmospheric 

models. 

© 2023 Elsevier Ltd. All rights reserved. 
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. Introduction 

Stratospheric sulfate aerosols from volcanic eruptions play an 

mportant role in the physical and chemical processes in the 

arth’s atmosphere [1] . They have a strong impact on climate by 

bsorbing and scattering both incoming and outgoing radiation 

1] . Stratospheric aerosols cool the surface of the Earth by scat- 

ering incoming solar radiation and heat the stratosphere by ab- 

orbing outgoing thermal radiation. For example, the large 1991 

olcanic eruption of Mt. Pinatubo in the Philippines resulted in 

 reduction of the average surface temperature of the Earth 

4 by 

.4 K [2] . In addition to their climate impact, these aerosols af- 

ect stratospheric chemistry; for example, the Mt. Pinatubo erup- 

ion decreased stratospheric ozone by 3–4% [3] . Sulfate aerosols 

re seed particles for the formation of Polar Stratospheric Clouds 

PSCs), which are responsible for the Antarctic ozone hole [1] . The 

tratospheric circulation is also altered by large tropical eruptions 

s the stratospheric heating increases the pole-to-equator tem- 

erature gradient resulting in a stronger Arctic polar vortex [4] . 

erosols are essential components of climate models, but to date 

heir contributions are incomplete and have large error bars [5] . 
∗ Corresponding author. 
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mproved climate predictions depend on improved aerosol physi- 

al and chemical parameters. 

The Hunga Tonga-Hunga Ha’apai volcano (hereafter just Tonga) 

rupted violently on 15 January 2022 with an energy release 

6] comparable to the largest atmospheric nuclear test explosion. 

he Tonga eruption reached a record altitude of 57 km in the 

esosphere based on the analysis of visible satellite images [ 7 , 8 ].

he Tonga volcano is located underwater near 20.54 °S latitude 

nd 175.38 °W longitude. This underwater eruption injected a large 

uantity [ 9 , 10 ] of water vapor into the stratosphere, which has a

ooling effect in the enhanced water layer [ 11 , 12 ]. 

The amount of SO 2 injected into the stratosphere was a rela- 

ively modest 0.41 ± 0.02 Tg compared to ∼1 Tg from the 2019 

aikoke eruption and 17 Tg emitted by the 1991 Pinatubo eruption 

9] . The enhanced water vapor caused the SO 2 lifetime to be de- 

reased by a factor of two by increasing the concentration of the 

H radical [13] . SO 2 was therefore rapidly (12-day lifetime) con- 

erted to sulfate aerosol [13] . 

Stratospheric sulfate aerosols from the Tonga eruption were ob- 

erved by several satellite, balloon-borne and ground-based instru- 

ents. Kloss et al. [14] used laser light scattering to measure par- 

icle size distributions in the Tonga plume with a balloon-borne 

nstrument on the 23 and 26 January 2022 at La Réunion (21.1 °S, 

5.3 °E). Lidar measurements of the sulfate plume were also made 

https://doi.org/10.1016/j.jqsrt.2023.108520
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jqsrt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jqsrt.2023.108520&domain=pdf
mailto:pbernath@odu.edu
https://doi.org/10.1016/j.jqsrt.2023.108520
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Fig. 1. Location of ACE measurements. Latitude distribution of ACE occultations for 

2021. This latitude distribution is approximately the same for each year. 
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rom the Maïdo observatory on La Réunion at about the same time. 

adir images of the Tonga plume based mainly on the IASI (In- 

rared Atmospheric Sounding Interferometer) instrument were also 

rovided. Taha et al. [15] used the OMPS LP (Ozone Monitoring and 

rofiler Suite, Limb Profiler) to track the aerosol plume in space 

nd time for about 150 days. Taha et al. [15] found that the Tonga

ruption had the largest stratospheric aerosol optical depth since 

he 1991 eruption of Mt Pinatubo. 

The climate impact of stratospheric sulfate aerosols is deter- 

ined by several factors including particle number density, parti- 

le size distribution, average particle size, and particle composition. 

acis et al. [16] showed that particle size is an important factor and 

arge particles (effective radii greater than 2 μm) can cause global 

urface heating, rather than cooling. Composition (weight percent 

f sulfuric acid) directly affects the extinction of sunlight and the 

bsorption of thermal radiation from the Earth. This composition 

1] is typically assumed to be 75% by weight of H 2 SO 4 although 

e will show that the composition varies from about 45% to 79%. 

As illustrated by Fig. 1 a) of Boone et al. [17] , composition has a

ramatic effect on infrared aerosol extinction, so this assumption 

f 75% introduces a serious systematic error in stratospheric heat- 

ng by sulfate aerosols. Optical constants of sulfate aerosols used 

o model scattering in the visible region also depend on composi- 

ion [18] and again an assumed composition introduces systematic 

rrors in climate models as well as lidar, limb scattering, solar oc- 

ultation and nadir retrievals of sulfate aerosol properties. Our em- 

irical function for aerosol composition can generate more realistic 

alues and improve the accuracy of these analyses. 

The deliberate formation of sulfate aerosols, for example by 

sing aircraft to directly inject SO 2 or H 2 SO 4 into the strato- 

phere, has been suggested in order to temporarily counteract 

lobal warming [ 19 , 20 ]. Prediction of the radiative effects of such

eoengineering requires accurate knowledge of the composition 

nd size of sulfate aerosols. 

The ACE (Atmospheric Chemistry Experiment) satellite [21] has 

een making extensive observations of the Tonga eruption and we 

ocus on the characterization of Tonga sulfate aerosols with the 

CE-FTS (ACE Fourier Transform Spectrometer). ACE-FTS records 

nfrared atmospheric transmittance spectra in the limb geome- 

ry using the Sun as a light source. “Residual” spectra are calcu- 

ated by removing the retrieved spectral features due to gas phase 

olecules, leaving the spectra of aerosols and clouds [ 17 , 22 ]. For

he stratospheric sulfate aerosols, we determine median particle 

ize and composition, and derive a general empirical equation that 
2

redicts the composition of stratospheric sulfate aerosols from vol- 

anic eruptions based on ambient atmospheric conditions. 

. Methods 

The ACE satellite [21] was launched by NASA in August 2003 

nd is still operating with little degradation in performance. The 

rimary instrument is a high-resolution Fourier transform spec- 

rometer operating in the 750–4400 cm 

−1 (2.2–13.3 μm) spectral 

egion. The ACE-FTS uses the Sun as a light source and measures 

tmospheric transmittance spectra during sunrise and sunset in 

he limb geometry (solar occultation). There are also 2 solar im- 

gers that provide atmospheric extinction at 0.525 and 1.02 μm. 

ACE-FTS spectra are processed on the ground [23] to provide 

oncentration profiles as a function of altitude for 44 gaseous 

olecules [24] for version 4.1/4.2. The absorption features due to 

hese molecules can be removed from the spectra to create “resid- 

al” spectra that contain broad features due to cloud and aerosol 

articles [22] . These residual spectra contain some artefacts, for 

xample from molecules such as HNO 3 for which the experimen- 

al line lists are incomplete. Thus, each spectrum is divided by 

 suitable reference spectrum that does not contain the volcanic 

lume but does contain background sulfate aerosol contributions. 

he background sulfate aerosol contributions in these reference 

pectra are removed by fitting. The final, corrected residual spec- 

rum therefore has artefacts largely removed, and sulfate contribu- 

ions from both the background and the volcanic eruption. 

Simulation of these characteristic spectra can provide informa- 

ion on composition, particle size and particle shape. For exam- 

le, transmittance spectra of Polar Stratospheric Clouds (PSCs) have 

hown that binary nitric acid and water particles (supercooled ni- 

ric acid, SNA) are common in addition to nitric acid trihydrate 

NAT), supercooled ternary solutions of nitric acid and sulfuric acid 

STS), and ice [25] . The sulfate aerosols from the Raikoke volcanic 

ruption have also been characterized using residual ACE-FTS spec- 

ra [17] . 

The retrieval of sulfate aerosol properties is described in de- 

ail by Boone et al. [17] . Briefly, the simulated transmission spectra 

ere calculated using the Beer-Lambert equation 

= A exp ( −σext N� ) = A exp ( −α� ) (1) 

n which � (cm) is the path length, α (cm 

−1 ) is the extinction 

oefficient, N is the particle concentration (particles/cm 

3 ), σ ext 

cm 

2 /particle) is the extinction cross section. The extinction co- 

fficient α was calculated with the Oxford University Mie scat- 

ering code for spherical particles ( http://eodg.atm.ox.ac.uk/MIE/ 

ndex.html ) and A is a baseline parameter fitted to improve the 

greement with ACE spectra. 

The extinction cross section σ ext includes both absorption and 

cattering, and depends on wavenumber, particle size distribution 

nd optical constants of the material at a particular temperature. 

he temperatures were fixed to the values from ACE-FTS version 

.1/4.2 retrievals [23] . A single lognormal particle size distribution 

as used ( Eq. (2) ) as defined by the particle density N , median

adius r m 

and width S (S is the distribution standard deviation σ
n ln(r) space, σ = ln( S )). 

 ( r ) = 

N √ 

2 π

1 

ln ( S ) 

1 

r 
exp 

[
− ( ln r − ln r m 

) 
2 

2l n 

2 ( S ) 

]
(2) 

For sulfate aerosols, we fixed S to 1.3 because the distribution 

idth cannot be determined from infrared data alone. The value 

f 1.3 is based on some preliminary sulfate aerosol retrievals that 

ncluded infrared ACE data and co-incident optical SAGE III/ISS ex- 

inction data for the Raikoke volcanic eruption. The aerosol path 

ength is not known so the column density N � (particles/cm 

2 ) in 

he limb direction is determined in the fit. The optical constants 

http://eodg.atm.ox.ac.uk/MIE/index.html
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Fig. 2. Altitude profile of aerosol extinction. Aerosol extinction at 1.02 μm for 

ss99611 (ss for sunset and 99,611 is the orbit number from the start of the mission) 

on 6 February located at 19.85 °S and 127.59 °E. An extinction profile for a reference 

occultation (ss78053) recorded on 7 February 2018 without a volcanic plume is also 

displayed. 
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Fig. 3. Observed and calculated sulfate aerosol spectra. Tonga sulfate aerosol spec- 

trum (blue) and fit (red) for ss99611 at 23.1 km altitude located at 19.85 °S and 

127.59 °E recorded on 6 February 2022. The observed spectrum has been divided 

by the reference spectrum ss78053 to remove artifacts from incomplete removal of 

molecular lines. 
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or sulfuric acid in water are based on the values of Lund Myhre 

t al. [26] . The observed transmittance spectra are therefore fitted 

y adjusting 4 parameters, the baseline A , the median radius r m 

, 

he composition (weight percent of H 2 SO 4 ) and the column den- 

ity, N � . 

As discussed by Boone et al. [17] , the fixed value of S , the width

f the particle size distribution, has little effect on the retrieved 

alue of the composition, which is determined by the infrared ab- 

orption features. However, the median radius is affected by the 

ssumed value of S . For example, if the value of S is set to 1.2

ather than 1.3 in the example in figures below, the median radius 

hanges from 0.323 ± 0.002 μm to 0.365 ± 0.002 μm and the 

omposition changes from 62.5 ± 0.2 wt% H 2 SO 4 to 62.6 ± 0.2%. 

herefore, the retrieved one standard deviation statistical error 

ars on composition are reasonable error estimates, but a more 

easonable error for the retrieved radii is ±0.04 μm. 

In all cases, the aerosol temperature was assumed to be the re- 

rieved air temperature at the tangent point [23] . To determine the 

ffect of tem perature on the retrieved parameters, the temperature 

as shifted by + 5 K and −5 K (much larger than our temperature

rror of about 2 K) for a typical fit. Only the composition changed 

nd in each case the shift was 0.2%, which is about half of the sta-

istical error. The assumed temperature therefore has a negligible 

ffect on the retrieved sulfate aerosol properties. 

. Results and discussion 

ACE was measuring in Antarctica on 15 January 2022 when 

onga erupted. Fig. 1 shows the latitude distribution of ACE occul- 

ations for 2021, which is approximately the same each year. Typi- 

ally, every day ACE measures up to 15 occultations in a longitude 

ircle in each hemisphere. By 4 February the Southern Hemisphere 

ccultations had moved northwards to about 28 °S and encountered 

he Tonga plume. 

The ACE satellite [21] also has a solar imager at a wavelength 

f 1.02 μm, from which the atmospheric extinction is retrieved. 

ig. 2 shows this aerosol extinction as a function of altitude for 

s99611 (ss for sunset and 99,611 is the orbit number from the 

tart of the mission) on 6 February located at 19.85 °S and 127.59 °E.
3 
n extinction profile for a reference occultation (ss78053) without 

 volcanic plume is also displayed. Strong extinction in the plume 

aused a jump in pointing that resulted in a negative artifact below 

he peak in the ss99611 extinction profile. This figure shows that 

he aerosol cloud was so optically thick at about 24 km altitude 

hat no sunlight at 1.02 μm penetrated the plume. 

The corresponding residual stratospheric transmittance spec- 

rum at 23.1 km altitude is provided in Fig. 3 . The simulated spec- 

rum (see Methods) shows that the plume is due to spherical sul- 

uric acid droplets with a median radius r m 

of 0.323 ± 0.002 μm, 

omposition of 62.5 ± 0.2 wt% H 2 SO 4 , and column density of 

.2 ± 0.1 × 10 8 particles/cm 

2 . The temperature was fixed to the 

etrieved value of 212.5 K [23] and the width of the monomodal 

ognormal particle size distribution S was fixed to 1.3. As discussed 

bove, the assumed temperature has a negligible effect on the re- 

rieved parameters, but this assumed valued of S introduces a sys- 

ematic error of about 10% in the median radius. The retrieved 

roperties for the occultations in the Tonga aerosol plume are pro- 

ided in Supplementary Information Table 1. Reported uncertain- 

ies are random errors from least squares fitting and do not include 

ystematic error contributions. 

The latitude of the Tonga plume was tracked with the 1.02 μm 

CE imager. During February 2022 the plume was located between 

0 °S and 10 °N latitude and by April 2022 covered 40 °S and 20 °N
 Fig. 4 ). By June 2022, the plume had reached Antarctica and in 

ugust ( Fig. 5 ) extended from 25 °N to within the Antarctic po- 

ar vortex, where Polar Stratospheric Clouds (PSCs) were observed 

long with sulfate aerosols. In August 2022, the plume was near 

2 km altitude at the equator, but descended steadily to about 

8 km at 60 °S. The plume persisted and was present in October 

022 from 30 °N to Antarctica. By late November 2022 the Tonga 

lume reached the Arctic at about 21 km in altitude and was still 

trongly present in Antarctica. Tonga stratospheric aerosols have 

herefore spread around the globe. Daily plots of atmospheric ex- 

inction from the 1.02 μm imager are available on the ACE website, 

ttps://ace.uwaterloo.ca/ . 

The composition of the Tonga aerosols was observed to depend 

n both temperature and water vapor pressure ( Fig. 6 ). In order to

https://ace.uwaterloo.ca/
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Fig. 4. Aerosol extinction for April 2022. ACE Imager aerosol extinction at 1.02 μm 

for 5 ° latitude by 1 km altitude bins. 

Fig. 5. Aerosol extinction for August 2022. ACE Imager aerosol extinction at 

1.02 μm for 5 ° latitude by 1 km altitude bins. 
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Fig. 6. Observed composition of sulfate aerosols. The H 2 SO 4 concentration (weight 

%) using the color scale on the right as a function of temperature (K) and log 10 (H 2 O 

vapor pressure in Pa). As the temperature decreases and the water vapor pressure 

increases, the sulfuric acid concentration decreases. Points from Tonga, Raikoke and 

Nabro volcanic eruptions are included. 

Fig. 7. Composition of Tonga aerosols. H 2 SO 4 concentration (weight %) as a function 

temperature. 
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est the generality of these correlations, points from the Raikoke 

17] and 2011 Nabro [27] volcanic eruptions are included in Fig. 6 . 

ote that Tonga points are mainly on the left of Fig. 6 and Raikoke 

oints on the right: two overlapping data sets whose combination 

rovides excellent coverage of the range of possible stratospheric 

onditions for sulfate aerosols. The retrieved properties from the 

aikoke and Nabro volcanic plumes are provided in Supplemen- 

ary Information Tables 2 and 3, respectively. As the temperature 

ecreases and the water vapor pressure increases, the % sulfuric 

cid in the aerosol decreases, presumably a consequence of H 2 O 

aken up by the droplet. The dependence on temperature is partic- 

larly strong; Fig. 7 plots the composition of the Tonga plume as a 

unction of temperature. 

The points for the Tonga and Raikoke eruptions were fitted with 

 multiple linear regression model with temperature, T in K, and 

ater vapor pressure, log 10 ( P H2O ) with P H2O in Pa, as independent 

ariables and% sulfuric acid ( w H2SO4 ) as the dependent variable. 

oints from Tonga eruption from February 2022 and points from 

aikoke eruption from July 2019 were excluded from the fit to al- 

ow time for rapid changes such as coagulation and chemistry to 

e finished after the eruption. The non-linear dependence of com- 
4 
osition on temperature ( Fig. 7 ) was accounted for by adding a T 2 

erm to the model, and the model includes a cross term between 

he independent variables as well as between log 10 ( P H2O ) and T 2 .

he fitted expression is: 

 H 2 S O 4 = −3247 . 97853 − 2006 . 27938 · log ( p H 2 O ) + 29 . 50612 

·T + 18 . 09112 · log ( p H 2 O ) · T − 0 . 06570 · T 2 

− 0 . 04091 · log ( p H 2 O ) · T 2 (3) 

The coefficient of determination statistic R 2 has a value of 0.88 

nd errors for the six fitting parameters are given as 95% confi- 

ence intervals in Table 1 . 

The strong dependence on temperature of aerosol composition 

s not unexpected because the vapor pressure of water is an expo- 

ential function of temperature (at equilibrium). Therefore as tem- 

eraure decreases, water vapor pressure decreases and more water 

ill go into sulfate solution, diluting the H 2 SO 4 concentration. 

In contrast to the composition, the median radii, r m 

, of the sul- 

ate aerosols depend relatively weakly on temperature and wa- 
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Table 1 

Model Fitting Parameters 95% confidence intervals for expression. 

W H 2 SO 4 = b 1 + b 2 · log ( p H 2 O ) + b 3 · T + b 4 · log ( p H 2 O ) · T + b 5 · T 2 + b 6 · log ( p H 2 O ) · T 2 

b 1 b 2 b 3 b 4 b 5 b 6 

−3247.978526 −2006.279378 29.50611648 18.09111791 −0.065698667 −0.040907737 

b-lower margin b-upper margin 

b 1 −3402.87290 −3093.08416 

b 2 −2126.71903 −1885.83972 

b 3 28.06348 30.94875 

b 4 16.96591 19.21632 

b 5 −0.06906 −0.06234 

b 6 −0.04353 −0.03828 

Note that the parameters are strongly correlated. 

Fig. 8. Observed median particle radius. Particle size r m in μm as a function of 

temperature and logarithm (base 10) of the water vapor pressure in Pa. 
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er vapor pressure ( Fig. 8 ). The average value of r m 

for the Tonga

lume is 0.295 ± 0.022 μm, with one standard deviation error 

ar. The values for Raikoke and Nabro are 0.257 ± 0.027 μm and 

.214 ± 0.031 μm, respectively. The median radii for Tonga and 

aikoke are the same with error limits, but Nabro is smaller; com- 

ining all three data sets gives r m 

= 0.261 ± 0.035 μm. 

Data from the Nabro volcanic plume were not included in the 

erivation of Eq. (3) . As a test of its general applicability, the pre-

ictions for Nabro are included as Supplementary Information Ta- 

le 4. The mean of the absolute values of observed and predicted 

omposition differences, and the standard deviation is 1.0 ± 0.9% 

 2 SO 4 with outlying points ( > 5.9% deviation) excluded. There- 

ore Eq. (3) can be used for the prediction of stratospheric sulfate 

erosol composition in climate and chemical transport models for 

olcanic eruptions. The model works best for temperatures greater 

han 205 K. 

There are thermodynamic predictions for the size and composi- 

ion stratospheric sulfate aerosols [ 28 , 29 ]. The size of the aerosols

epends on the mass of sulfuric acid in the droplet but depends 

nly weakly (as we find, Fig. 8 ) on temperature and water vapor 

ressure for typical stratospheric conditions [29] . The composition 

t a given temperature depends only on the water vapor pressure 

nd the predicted thermodynamic values are in reasonable agree- 

ent with our observations [29] . For three examples from Raikoke, 

he composition predictions [29] for 225 K, 220 K and 215 K are 

2.4%, 69.4%, 68.1% compared to the observed 72.8%, 69.9% and 

8.8%, respectively. Although our analysis and model are for vol- 

anic plumes, the work is based on thermodynamic variables, so 
5 
q. (3) likely applies to background stratospheric aerosols; further 

ork on this topic with ACE data is underway. 
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