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Abstract

Indonesia’s Ruang volcano erupted on April 16, 2024, with subsequent eruptions on April 17 and 30. The
resulting plume was observed rising to altitudes of up to 12 km. 10 days after the eruption of the Ruang
volcano in April 2024, the Atmospheric Chemistry Experiment (ACE) observed notable increases in SOq
volume mixing ratios and aerosol extinction at an altitude of approximately 20 km. It was confirmed that
the aerosols present were sulfate aerosols from their infrared spectra. The composition and size of the
stratospheric sulfate aerosol particles were determined by fitting the infrared transmission spectra. The
sulfate aerosols observed in the plume were about 64% (by weight) sulfuric acid, and the droplets had an

average median radius of 0.127 pm.
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1. Introduction

Volcanic eruptions are powerful natural phenomena that have a profound impact on the chemistry of the
Earth’s atmosphere and on climate. During an eruption, substantial amounts of ash, sulfur compounds
(primarily SOs), water vapor, and other molecules are released into the atmosphere [1]. Although the
amount of water vapor emitted during an eruption is usually small, the 2022 Hunga eruption injected a large
quantity of water vapor into the stratosphere [2, 3, 4]. Depending on the magnitude of the eruption, SO
can be transported into the stratosphere forming sulfate aerosols, where they can potentially significantly
alter the chemistry (for example, changing the ozone composition) [5, 6, 7]. Emitted SO9 rapidly converts to
sulfuric acid in the troposphere within a few days, whereas in the stratosphere, this process can take several
weeks or months [1]. Stratospheric aerosols scatter incoming solar radiation, leading to surface cooling,
and heat the stratosphere by absorbing outgoing thermal radiation. The Pinatubo eruption in 1991 caused
a decrease in the Earth’s average surface temperature by 0.4 K [8, 9, 10] and led to a 3-4% reduction in
stratospheric ozone [11, 12].

The Ruang volcano is situated on the Sangihe volcanic island near the equator (2.3°N, 125.37°E), one

of 22 volcanic islands in Indonesia [13]. The volcano erupted on April 16, 2024, and the Darwin Volcanic
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Ash Advisory Center (VAAC) noted an ash plume visible in satellite images rising to 1.2 km above sea level.
Later, on 17 April, an ash plume rose to 9.1 km, and another plume reached 12.2 km, detaching from the
summit [14].

The Advanced Himawari Imager (AHI) on Japan’s Himawari-9 satellite [15] captured the Ruang eruption
as it ejected a massive ash and SO4 plume into the atmosphere [16]. The Ozone Monitoring Instrument
(OMI) [17], combining data from April 17 - 19, observed the SO, plume initially moving east.
However, as higher altitude (4-19 km) winds took effect, the plume moved west [18]. About
ten days later, ACE captured the plume to the west of Ruang. The Support to Aviation Control
Service (SACS), hosted by the Royal Belgian Institute for Space Aeronomy [19], provides near-real-time SOq
and ash data from various satellite instruments, including Global Ozone Monitoring Experiment (GOME-2)
[20], Tropospheric Monitoring Instrument (TROPOMI) [21], Ozone Mapping and Profiler Suite (OMPS)
[22], and OMI in the UV /Visible range, as well as Infrared Atmospheric Sounding Interferometer (IASI) [23]
and Atmospheric InfraRed Sounder (AIRS) [24] in the infrared. On April 18, 2024, GOME-2, TROPOM]I,
OMPS, AIRS, and TASI[C] reported SO5 vertical column densities of more than 50 DU. TROPOMI and
TASI indicated SOz plume heights reaching 18 km and above. OMPS data reveal the SOs plume extending
across 30° and reaching 90°E by April 20. By April 24, these instruments showed that the entire plume
had moved west and risen above 18 km. Fig. 1 illustrates the SOy plume observed by TROPOMI, OMPS,
and TASI, with images sourced from SACS [19]. On April 18, TROPOMI captured the plume, as shown in
Figs. 1a and 1b. A secondary eruption occurred on April 30, resulting in at least three eruptive events that
produced ash plumes reaching heights of at least 1.5 km [25]. The VAAC reported that these ash plumes
detached from the summit and drifted west and southwest. Fig. 1d shows SO plumes from both eruptions,
with the plume from the initial eruption drifting west. Satellite images continued to capture these
plumes moving west through early May (Figs. le, 1f, 1g, and 1h). The Himawari satellite measured
a total SO5 emission of approximately 0.5 Tg on April 17, while other satellites recorded about 0.3 Tg the
following day [26]. During the secondary eruption, the ACE satellite captured measurements
near tropical latitudes, detecting injections from the eruption, which were later observed at
around 20 km altitude in June, likely originating from the later eruption. Section 2 discusses

ACE measurements and locations.
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Figure 1: Ruang eruption observed by TROPOMI, OMPS, and IASI using SOg vertical column densities and plume height.
All Images are from SACS [19]. Gray areas are the regions that were not covered by the satellite on that particular day. a)
SO vertical column density observed on 18 April 2024 from TROPOMI. b) SO2 plume height observed on 18 April 2024 from
TROPOMI. ¢) SOg vertical column density observed on 20 April 2024 from OMPS. d) SOz vertical column density observed on
30 April 2024 from OMPS. e) SO2 vertical column density observed on 4 May 2024 from OMPS. f) SO5 vertical column density
observed on 6 May 2024 from OMPS. g) SOz plume height observed on 4 May 2024 from IASI. h) SO2 plume height observed
on 6 May 2024 from IASI. 3
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The transmittance spectra obtained from the Atmospheric Chemistry Experiment (ACE)
yield insights into the composition of gas phase molecules, aerosols, and clouds [27, 28]. The data
on SO2 volume mixing ratios (VMRs) and aerosol extinction provided by ACE offer significant potential for
monitoring volcanic eruptions [29]. ACE utilizes the solar occultation technique, which offers high sensitivity.
ACE measurements from a volcanic eruption can be used to validate other SOy data products, such as those
from the Microwave Limb Sounder (MLS) [30]. By combining infrared aerosol transmittance spectra from
the ACE-FTS with visible and near-infrared extinction data from coincident SAGE IIT/ISS measurements,
Boone et al. [31] have derived the properties of stratospheric sulfate aerosols, demonstrating the potential
of this combined approach to better characterize sulfate aerosols. The residual ACE spectra also enable a
comprehensive characterization of sulfate aerosols resulting from volcanic eruptions [32, 33]. This study

focuses on analyzing the ACE data related to the Ruang volcanic eruption that occurred in April 2024.

2. ACE measurements and location

The ACE (Atmospheric Chemistry Experiment), also known as SCISAT, is a Canadian satellite mission
collecting data since February 2004 to study Earth’s atmosphere. It uses solar occultation measurements to
gather data and has the ACE-FTS (Atmospheric Chemistry Experiment Fourier Transform Spectrometer)
as its main instrument, which provides high-resolution and broad spectral coverage (750 to 4400 cm~!). The
ACE-FTS is equipped with two filtered solar imagers around 0.525 pm (VIS - visible) and 1.02 pm (NIR -
near-infrared) to measure atmospheric extinction. Details on the ACE mission and instruments are provided
in Bernath et al. [34] and Bernath [27]. VMRs of gas phase molecules such as SO3 are derived from ACE-FTS
measurements, while aerosol extinction profiles are obtained using near-infrared (NIR) imager data.

Daily ACE sunrise measurements were on a latitude circle near 80°S at the beginning of April and moved
northwards during April 2024, crossing the equator on April 26. The SOs plume observed by TROPOMI
on April 18, 2024, is shown in Figs. la and 1b, while ACE was measuring near 60°S. After April 24, 2024,
the ACE measurements moved towards the equator. For instance, the locations of ACE on April 27, 2024,
are depicted in Fig. 2 along with the height of the SOs plume observed by the TASI aboard the MetOp-C
satellite on April 27, 2024, provided by SACS [19]. Towards the end of April, ACE captured the plume from

the Ruang eruption, as evident from Fig. 2.



7

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

S02 plume height (km) 27 April 2024

IASI — ULB/BIRAJASB/CNES/EUMETSAT  [MetOp-C] Day
150 120 90 80 ] 0 30 60 90 120 150

valbe 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 =18

Figure 2: SOz plume height observed by IASI [C] on 27 April 2024 (Data is from SACS [19]). The ACE measurement locations
on 27 April 2024 are shown in squares. Sunrise measurements are in green, and red squares mark sunset measurements.

The near global coverage provided by the ACE measurements allows background levels of gas phase
molecules and aerosols to be determined, thus allowing volcanic eruptions to be identified in the data. The
transmission spectra measured by ACE-FTS are analyzed on the ground to provide VMRs for atmospheric
gases [27]. The residual spectra, obtained by removing the absorption features of gaseous molecules, contain
broad features attributed to clouds and aerosol particles [33, 35]. Simulating these characteristic spectra
can yield information on particle composition, particle size, and shape [36]. ACE infrared transmission
spectra of aerosols uniquely provide composition information from absorption features in contrast to optical
light scattering such as measured by SAGE III/ISS. Characterization of sulfate aerosols from ACE spectra

following a volcanic eruption is detailed in Boone et al. [32] and Bernath et al. [33].

3. SO, emissions

SOy VMRs are a routine data product of ACE-FTS version 5.2 processing [37]. ACE SO, data from volcanic
eruptions have been previously published [29, 38]. Additionally, Hopfner et al. [39] compared SO,
measurements from MIPAS and ACE. MIPAS measurements had some biases relative to ACE.
After MIPAS corrected these biases, there was good agreement with ACE and with in situ
aircraft measurements.

To determine the altitude of the plume due to the Ruang volcanic eruption, SO, VMRs from
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ACE-FTS in the month of April 2024 were organized into 5° latitude bins at each altitude level on a 1
km grid. Initially, outliers, missing data (indicated by -999 in the VMR column), and scaled/extrapolated
data (indicated by -888 in the VMR error column) were filtered out [40]. VMR values ranging from -200
to 6000 ppt were selected to remove any artifacts created by very large or small values. Negative VMR
values may occur as an artifact of the retrieval process, primarily due to measurement noise in regions where
SO concentrations are extremely low. The median absolute deviation (MAD) is less sensitive to physically
unrealistic values; therefore, the MAD from the median at each altitude was calculated, and any values smaller
than 6 MADs were considered background SO; as illustrated in Fig. 3a. The average VMR values in
April are illustrated in Fig. 3b. SO, emitted from the volcanic eruption was identified by its
significantly higher values compared to the background. There is a visible SO, plume between
20 - 25 km in Fig. 3b due to the Ruang volcanic eruption, identifiable by its significantly higher

values compared with the background.
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Figure 3: Global distribution of SOz from ACE-FTS data in April 2024. The color scale indicates VMR values in ppt. a) The
background SOz distribution. b) SO2 plume from the Ruang eruption.

Some individual SO4 profiles measured by the ACE-FTS before and after the eruption are displayed in
Fig. 4. There was a noticeable increase in SO, VMRs after the eruption at around 18 - 22 km in altitude
(Fig. 4c and 4d). The large negative values in Fig. 4 are artifacts and can be ignored. The are
the result of the ACE profile retrieval of an SO; cloud that is localized and inhomogeneous
along the line-of-sight. During April 2024, ACE sunrise measurements are moving northward, and by
May 2 measurements are at 30°N, and elevated SO, values are no longer observed. The SO; plume
observed by TASI on April 27, 2024, overlaps with two ACE measurements (Fig. 2), and the VMR profiles
are shown in Fig. 4c. The ACE profile indicates that the peak SO VMR is about 4000 ppt and is around
22 km in altitude. Note that the ACE retrievals allow negative VMRs to avoid bias for low VMR values.
For retrievals with small VMRs and relatively large error bars such as SO, outside of volcanic

plumes, forcing small VMRs to be positive introduces a positive VMR bias.
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Figure 4: SO2 VMR profiles measured in the tropical latitudes from ACE-FTS. a) Profiles measured on 08 April 2024. b)
Profiles measured on 12 April 2024. c¢) Profiles measured on 27 April 2024. d) Profiles measured on 28 April 2024.

4. Aerosol extinction from ACE imager

Using the NIR imager on ACE-FTS, atmospheric extinction measurements were taken at 1.02 pym. Data
were used from January 2024 through 13 April 2024 and 14 April through 30 April 2024. The former period
is treated as background prior to the eruption. The aerosol extinctions were separated into 5° latitude and
1 km altitude bins. Fig 5 illustrates the calculated average value of the bins after excluding tropospheric
clouds. The periods before and after the eruption show similar aerosol extinctions outside of the tropical
region. Aerosol extinction for April and August 2022, as plotted by Bernath et al. [33] following the Hunga
eruption, illustrates how aerosols were injected into the stratosphere and subsequently transported to lower
altitudes in the Southern Hemisphere. Raymond et al. [4] also show sulfate aerosols following the Hunga
eruption extend to southern latitudes and in early 2023 spreading through Antarctica. The persistence of the
aerosol extinction pattern observed in Bernath et al. [33] and Raymond et al. [4], in Fig. 5, suggests that the

elevated aerosol levels at lower altitudes in the Southern Hemisphere are likely due to sulfate aerosols from
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the 2022 Hunga eruption. Boichu et al. [41] further demonstrates that volcanic aerosols remained visible
in the Southern Hemisphere until May 2023, over a year after the eruption. Enhanced water vapor caused
the rapid conversion of SOy into sulfate aerosols [42, 43, 44] and sulfate aerosols can persist for years in the
stratosphere. The latter period, post Ruang eruption, displays a similar pattern but additionally there was
an increase near 0° latitude from 18 km up to 22 km, as seen in Fig. 5b, consistent with the regions of
elevated SO, shown in Fig. 3b. This shows the plume of the Ruang eruption rising in altitude up to

around 22 km.
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Figure 5: Aerosol extinction measured by ACE-FTS NIR imager. a) Measurements from January to 13 April 2024. b)
Measurements from 14 April through 30 April 2024. Elevated SOz indicated in Fig. 3b are shown as black contour lines.

5. Sulfate aerosols and ash

The increased levels of SO5 (Section 3) and aerosols (Section 4) suggest the presence of stratospheric sulfate
aerosols. Analyzing the ACE-FTS residual spectra offers insights into the type, size, and composition of
the aerosols [32, 33]. The process for calculating the sulfate aerosol extinction spectra is described in Boone
et al. [32] and Bernath et al. [33]. Essentially, sulfate aerosols are modeled as spherical liquid droplet
mixtures of HySO,4 and H2O. The simulated transmission spectra were determined using the Beer-Lambert

law: 7 = Ae

, in which [ (cm) represents the path length, o (cm™!) is the extinction coefficient calculated
assuming Mie scattering, and A is an arbitrary baseline parameter adjusted to better match the ACE spectra.
The extinction coefficient as a function of wavenumber was computed using the optical constants provided
by Lund Myhre et al. [45]. A mono-modal lognormal distribution was assumed [32, 33] with the geometric
width parameter S fixed to 1.6. The observed residual spectra (753-4234 cm™! at 2 cm ™! point spacing) were
fitted by adjusting the parameters: median radius (r,,), 4, the composition (wt% H2S0O4), and slant column
density (N1), where N is the particle density. The path length through the aerosol plume is unknown; hence,
only the column density (N1) can be determined. The temperatures were fixed to the values from ACE-FTS

version 5.2 retrievals.
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Figure 6: Aerosol extinction coefficient profiles from ACE NIR imager and SOz VMR profiles from ACE-FTS. a) Aerosol

extinction coefficient profiles from sr111575 (red) taken on April 26, 2024 at 0.86°S, 20.54°E and sr111607 (blue) taken on April
28, 2024 at 11.52°N, 18.35°W. b) SO2 VMR profiles from the same sr111575 (red) and sr111607 (blue) occultations.

Individual aerosol extinction coefficient profiles during April between 15°S and 15°N were
studied. Most of the occultations after the eruption of Ruang have background sulfate aerosols
from the Hunga eruption at similar levels to the measurements before the eruption. The median
radii calculated from the April 8 - 12 measurements vary from 0.05 - 0.25 um. For example, the fitted
median radius and the sulfuric acid composition for a Hunga-influenced background sulfate from April 9,
2024 (ss111336 at 20.4 km) are 0.206 pm and 65%, respectively. Some measurements capture the Ruang
plume after the eruption (Table 1), and these occultations are analyzed in detail. The average particle size
and composition of the Ruang aerosol plume are similar to those for the Hunga sulfate aerosols. Occultations
sr111575 and sr111607 were recorded two days apart, April 26 and 28, 2024. The enhanced aerosol extinction
coefficients and the SO, VMR profiles for these occultations can be seen in Fig. 6.

Fig. 7 displays the results for measurements at a tangent height of 20 km, where the occultations sr111575
and sr111607 show a distinct peak. The presence of sulfate aerosols is evident, as the calibrated measurements
(Observed spectra shown in blue in Fig. 7a and 7c) are reproduced by the fitted spectra, except for

mainly two regions near 1000 cm™! and 1400 cm™?.
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Figure 7: a) The observed (blue) and calculated (red) spectra for the occultation on April 26 at 0.86°S, 20.54°E (sr111575) at
a tangent altitude of 20 km. b) The residual (observed-calculated) values for the occultation sr111575. c) The observed (blue)
and calculated (red) spectra for the occultation on April 28, 2024 at 11.52°N, 18.35°W (sr111607) at a tangent altitude of 20
km. d) The residual (observed-calculated) values for the occultation sr111607.

Parameters in Table 1 were used to calculate the spectra shown in red in Figs. 7a and 7c. The path
length across the limb is unknown; therefore, the slant column density (NI) in particles/cm? is calculated.
These findings indicate that the sulfate aerosols in the plume near 20 km contain approximately 65% sulfuric
acid. Bernath et al. [33] characterize the stratospheric sulfate aerosols released from the Hunga volcano
providing wt% HySO4 ranging from 50% to 80% depending on the atmospheric temperature. Boone et al.
[31] combining ACE-FTS and SAGE III/ISS measurements indicate sulfuric acid levels ranging from 65.6%
- 73.8% for the 2019 Raikoke eruption and 68.4% - 74.3% for the Hunga eruption. Boone et al. [32] show a
blanket of sulfate aerosols ranging from the tropopause to 20 km over northern latitudes for many months,
and the sulfuric acid composition was as low as 53%. Although many sulfate aerosol studies conventionally
fix the sulfuric acid content at 75% for simplicity, these findings highlight that the actual content can vary
depending on atmospheric conditions [31]. The observed - calculated plots (in blue Figs. 7b and 7d) show

10
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feature at about 1400 cm™" is an artifact from the strong SO lines that are not simulated properly in

calculating the experimental residual spectrum (in red on the left). The wide feature near 1000 cm~! is
from silicate in volcanic ash [35]. Minimizing the residuals around 1000 cm™' to account for the missing ash
contribution in that spectral region results in a slight mismatch between the measured and fitted spectra
near 3500 cm ™!, introducing a systematic feature in the residuals. In addition to the two occultations shown
in Fig. 7, other occultations were also fitted, and the results are provided in Table 1. Occultations sr111575
and sr111607 are the only two that show spectral features due to volcanic ash in addition to sulfate aerosol
features. Ash particles are relatively large and settle quickly out of the stratosphere. The transmittance
spectrum indicating sulfate aerosols without ash from the Ruang plume is illustrated in Fig. 8 along with
the residual spectra. The calculated sulfate aerosol spectra agree well with the observed spectra as evident

by Fig. 8. Calculated sulfate aerosol spectra agree with the observed spectra in each of the occultations in

Table 1 at the given tangent altitudes.
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Figure 8: a) The observed (blue) and calculated (red) spectra for the occultation on April 26 at 0.42°S, 3.95°E (sr111576) at a
tangent altitude of 20.6 km. b) The residual (observed-calculated) values for the occultation sr111576.
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The complete fitted result for each occultation is provided in the

Table 1: Fitting results for some selected occultations.

supplementary files.
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The occultations detailed in Table 1 indicate that ACE captured the plume from the Ruang eruption
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in tropical latitudes at the end of April and early June. The sulfate aerosol spectra calculated from all the
occultations given in Table 1 show H2SO4 content by weight ranging from 62.59% to 70.55%, with an average
of 64%. The median radius of the sulfate aerosols varies from 0.085 pm to 0.196 pm, averaging 0.127 pm.
The sulfate aerosols released from the Hunga volcano had an average median radius of 0.297 + 0.002 ym and
an average HoSOy4 content of 70.4% [33]. Balloon-borne characterization of the Hunga plume a week after
the eruption by Kloss et al. [46] reports predominant sulfate aerosol particles with sizes between 0.5 - 1 pm
and small sulfate particles with sizes below 0.5 pm.

The expected HoSO4 content of a volcanic plume for a given temperature and ambient HoO vapor pressure
can be calculated from the model provided by Bernath et al. [33], which was derived using the data from
the Hunga and Raikoke eruptions. The calculated wt% H5SO,4 for the occultations sr111575 (April 26),
sr111576 (April 26), sr111608 (April 28), sr112218 (June 8), and sr112231 (June 9) along with the sulfuric
content obtained from the fitting (Table 1) is illustrated in Fig. 9a. The estimated H2SO4 content from
the formula has an uncertainty of 5%. Water vapor pressure is calculated from ACE-FTS retrievals. Fig.
9b illustrates the temperature dependence of the fitted wt% H5SO,4 provided in Table 1. As shown in Fig.
9b, the wt% of HySOy4 increases with temperature, which occurs as water evaporates from the aerosols with

rising temperatures.
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Figure 9: a) wt% H2SO4 as a function of altitude for selected occultations. Solid lines represent the calculations from the
empirical formula given in Bernath et al. [33]. Dashed lines represent the values taken from Table 1. b) wt% H2SO4 obtained
from the fitted results as a function of temperature.
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The effective radius was calculated using a monomodal distribution, as outlined by Boone et al. [31] using
equation (4) in that paper, to compare with the observed sulfate aerosol sizes from various volcanic events.
The monomodal fitting results for the Ruang, Raikoke, and Hunga eruptions, as well as background sulfate
aerosols, are illustrated in Fig. 10. The effective radii calculated for the Raikoke eruption fall within
the values derived from SAGE III measurements by Wrana et al. [47] and Khaykin et al. [48]
report a maximum effective radius of 0.4 ym for Hunga eruption from April 2022 SAGE III
measurements. The effective radii calculated for Ruang in April show significant scatter, suggesting high
variability in particle size shortly after the eruption. By June, aerosols above 17 km are similar in size to
those observed after the Raikoke eruption, which were taken 3-10 months post-eruption. The aerosol size
from the Ruang eruption is larger than the background levels but significantly smaller than those from the

Hunga eruption.
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Figure 10: Effective radius profiles using monomodal distribution. The results for the Ruang are calculated from the fitting
results shown in Table 1. The background, Raikoke, and Hunga results are from Boone et al. [31]

6. Conclusion

ACE was conducting measurements in southern latitudes when the Ruang volcano erupted on April 16, 2024.

Later in that month, it captured the plume from the eruption. ACE measured enhanced SO correlated with
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sulfate aerosol extinction at approximately 20 km altitude, extending west of the volcano after the initial
event. The observed aerosols were identified as stratospheric sulfate aerosols using the ACE residual spectra,
which also showed silicate features from volcanic ash in two occultations. The average size of the observed
sulfate aerosols is 0.127 pm, with 64% of HoSO,4 content by weight. The observed sulfate aerosols are similar
in size to the ones observed from the Raikoke eruption and smaller than the Hunga eruption. Data from

the ACE-FTS and the 1-micron imager prove valuable in observing and characterizing volcanic eruptions.
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