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Abstract:  
Shishaldin Volcano is a remote and frequently active basaltic volcano with eruptions in 
2019–2020 and 2023 that exhibited notable variations in monitoring signals and 
explosivity. Here we combine complementary ultraviolet (TROPOMI) and infrared (IASI) 
satellite SO2 observations with airborne gas measurements, petrologic constraints, and 
degassing models to investigate magma degassing processes and quantify SO2 
emissions during these recent eruptions. Cumulative SO2 emissions differed by an order 
of magnitude between the 2019–2020 and 2023 eruptions (~40 vs ~240 kt), and SO2 
emission rates spanned a wide range (<100 to ~85,000 t/d) over the 5-year study period, 
suggesting highly variable magma supply rates. SO2 plumes are almost exclusively 
observed from satellites during or following volcanic unrest and eruption, suggesting 
substantial SO2 degassing from magma at relatively shallow depths, consistent with 
degassing models. Airborne CO2/SO2 gas ratios of 1-2 measured during 2019–2020 
and following the 2023 eruptions correspond to relatively shallow (<2-4 km) magma 
degassing depths, while a ratio of ~11 measured between these eruptions corresponds 
with magma degassing at >12 km depths. Collectively, these observations indicate that 
while exsolved volatiles can separate from their host magma, consistent with open-
system degassing in the upper crust, most SO2 is released during eruption. We speculate 
that magma ascent rates control Shishaldin’s degassing behavior and eruption style, with 
lower magma fluxes enabling open-system degassing and quiescent to weakly-explosive 
eruptions, and higher fluxes producing closed-system degassing and highly-explosive 
eruptions. These results demonstrate that satellite SO2 observations can successfully 
track magma supply to the shallow crust and if acquired at sufficient temporal resolution 
SO2 observations may provide advanced warning of impending paroxysms.   
 
1.1 Introduction: 
Volcanic gas emissions are a key monitoring metric used by volcano observatories to 
infer subsurface conditions and inform volcano monitoring and eruption warnings. 
Exsolved volatiles such as water (H2O), carbon dioxide (CO2) and sulfur dioxide (SO2) 
can separate from their host magma due to their relatively low density, and if permeable 
pathways exist, ascend through a volcanic conduit and outgas at Earth’s surface (e.g., 
Edmonds and Woods, 2018). This provides information that can be used to infer 
subsurface processes. The unique solubility controls of each volatile species in magma 
allows these volatiles to exsolve at different depths, such that the ratio of insoluble to 
soluble volatiles can provide insights into magma degassing depth (Giggenbach, 1996; 
Burton et al., 2007). Furthermore, the total output (emission rate or flux) of volcanic 
gases at the surface can provide insights into the quantity of magma degassing in the 
subsurface and controls on volatile outgassing such as conduit permeability (e.g., 
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Gerlach et al., 1994; Edmonds et al., 2003a; Aiuppa et al., 2008; Shinohara et al., 
2008). With this information scientists can use volcanic gas emissions data to monitor 
changes in magma degassing, track magma intrusion and ascent, and help forecast 
volcanic eruptions (e.g., Aiuppa et al., 2007; Burton et al., 2007; Werner et al., 2013, de 
Moor et al., 2016).   
 
Due to its low background concentration in unpolluted air, SO2 is the easiest and most 
measured major volcanic gas species (Oppenheimer et al., 2011). Its unique absorption 
of ultraviolet (UV) and infrared (IR) radiation enables SO2 to be measured using ground-
based, airborne, and satellite remote sensing techniques (Kern et al., 2025). Remote 
sensing enables SO2 emissions to be quantified over space and time, making these 
techniques well-suited for detecting changes in volcanic emissions (e.g., Quieber et al., 
2019; Burton et al, 2021; Kern et al., 2020; Esse et al., 2025a, b).  
 
In the past, routine monitoring of relatively low quantities of volcanic SO2 emissions was 
only possible using ground-based techniques (e.g., Galle et al., 2003; Edmonds et al., 
2003b; Arellano et al., 2022). This changed with the 2017 launch of the hyperspectral 
TROPOspheric Monitoring Instrument (TROPOMI) UV sensor aboard the Sentinel 5P 
satellite. Thanks to TROPOMI’s substantially higher spatial resolution relative to 
predecessor satellites, and the high sensitivity to SO2 afforded by UV sensors, 
TROPOMI can detect SO2 emission rates as low as ~100-200 metric tons per day (t/d) 
under optimal measurement conditions (Theys et al., 2019). One limitation of UV 
sensors such as TROPOMI is their dependence on scattered sunlight as a radiation 
source, which results in a substantially reduced sensitivity in winter at high latitude 
locations, such as Alaska (Carn et al., 2013; Lopez et al., 2013).  
 
Here we use observations of SO2 emissions from the TROPOMI sensor that were used 
operationally by the Alaska Volcano Observatory (AVO) to monitor magmatic degassing 
during the 2023 Shishaldin Volcano eruption. We combine these observations with 
retrospective analysis of: (a) TROPOMI data for the 2019–2020 Shishaldin Volcano 
eruption, and (b) complementary satellite SO2 data from the Infrared Atmospheric 
Sounding Interferometer (IASI) sensors for both the 2019–2020 and 2023 eruptions to 
constrain a robust SO2 degassing time series, as well as total cumulative SO2 emission 
masses for these two eruptions. We then combine these satellite SO2 observations with 
complementary airborne gas measurements, petrologic constraints, and magma 
degassing models to elucidate magma degassing processes, provide estimates of 
degassed magma volumes and magma fluxes, and recommend gas monitoring 
strategies to help forecast future Shishaldin Volcano eruptions.  
 
1.2 Geologic Setting and Eruptive History: 
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Shishaldin Volcano (54.755°N, 163.971°W, 2858 m prior to the 2019 eruption) is a 
remote and frequently active stratovolcano on Unimak Island, Alaska. Its three most 
recently sampled eruptions in 1999, 2019-2020, and 2023 produced fairly homogenous 
basalts with ~49-50 wt% SiO2 (Nye et al., 2002; Stelling et al., 2002; Izbekov et al., this 
2026), though Pleistocene eruptions have also produced andesitic and dacitic lavas 
(Nye et al., 2002; Stelling et al., 2003; Loewen et al., this issue). It is one of the most 
active volcanoes in Alaska, with over 40 historically documented eruptions since ~1700 
(Nye et al., 2002), and at least seven eruptions in the past three decades including: 
1995, 1997, 1999, 2004, 2013-2015, 2019-2020 and 2023. Recent eruptions resulted 
in lava flows, a short-lived summit lava lake, Strombolian explosions, lava fountaining, 
and sub-Plinian paroxysms. Prior to the 2023 eruption, the 1999 eruption was the most 
significant eruption of Shishaldin Volcano, consisting of two major explosive events, 
including a sub-Plinian eruption on 19 April 1999 that released a total of ~63 kt SO2 
(Nye et al., 2002; Carn et al., 2015). Eruptions sometimes occur with minimal detected 
precursory signals, making it difficult to forecast eruption onset. While Shishaldin 
Volcano is relatively remote, explosive eruptions can produce ash clouds that are 
hazardous to local populations (e.g., False Pass, population ~400, 30 km to the east 
(2020 Census)) and mariners and produce a substantial aircraft hazard to the >60,000 
passengers travelling across Alaska airspace each day (Ewert et al., 2018). 
 
1.2.1 2019-2020 and 2023 Eruption Overviews: 
Detailed chronologies of Shishaldin Volcano’s 2019-2020 and 2023 eruptions are 
provided in Loewen et al. (this issue) and summarized here.   
 
Shishaldin Volcano’s 2019–2020 eruption took place between 24 July 2019 and 31 
March 2020 (Loewen et al., this issue). The eruption onset was preceded by ~2-3 
weeks of elevated surface temperatures, long period seismicity, and seismic tremor and 
was detected when lava was seen in the summit crater during an overflight (Orr et al., 
2023). Activity throughout this eruption was dominated by spatter cone growth within the 
summit crater, Strombolian explosions, and lava effusion. Activity became more 
explosive in January 2020, with lava fountaining and the occurrence of three ash-rich 
paroxysmal events that produced ash clouds that reached ~7-8 km above sea level 
(23,000-27,000 ft; Loewen et al., 2026, Gomez-Patron et al., this issue). Low-level 
explosive activity resumed briefly in March 2020 but was confined to the ~200 m 
diameter summit crater (Orr et al., 2023; Waythomas et al., this issue). Activity declined 
and observations on 1 April confirmed that there was no lava at the surface marking the 
end of the eruption. Elevated surface temperatures and satellite SO2 detections 
continued into May 2020 (Orr et al., 2024).  
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The 2023 eruption of Shishaldin Volcano occurred between 11 July and 13 November 
2023 following three years of quiescence (Loewen et al., this issue). The first potential 
sign of renewed Shishaldin Volcano unrest was intermittent seismic tremor seen in 
March 2023 (Fee et al., this issue) followed by a possible satellite SO2 detection on 5 
April 2023. Then in early July 2023 intermittent seismic tremor and low frequency 
earthquakes were detected approximately one week prior to the 11 July eruption onset. 
Unlike the 2019–2020 eruption, 2023 eruptive activity was largely explosive. A pattern 
of weakly explosive eruptive activity (e.g., Strombolian explosions) that transitioned into 
highly explosive eruptive activity or paroxysms (e.g., large Strombolian explosions or 
lava fountaining), that produced relatively high-altitude (~5-14 km, ~17,000-46,000 ft), 
ash-rich, eruption clouds, persisted over the next four months (Fee et al., this issue; 
Loewen et al., this issue). Between July and November 2023, 13 paroxysmal eruptions 
(events) occurred, including: Event 1 (14 July), Event 2 (15 July), Event 3 (18 July), 
Event 4 (22 July), Event 5 (25 July), Event 6 (3 August), Event 7 (14 August; Fig. 1), 
Event 8 (25 August), Event 9 (5 September), Event 10 (15 September), Event 11 (22 
September), Event 12 (3 October), and Event 13 (3 November; Loewen et al., 2023). 
The eruption ended immediately following Event 13 (Loewen et al., this issue), though 
infrasound signals, elevated seismicity, surface temperatures, SO2 emissions, and 
collapse events within the summit crater occurred over the following weeks. Activity 
gradually declined but remained above background for the first half of 2024.  
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Figure 1: TROPOMI image acquired on 15 August 2023 at 21:35 UTC depicting the 
SO2 plume produced during Event 7 of the 2023 eruption of Shishaldin Volcano (labeled 
triangle). This detection produced an SO2 mass of 25.9 kt and a time-averaged 
emission rate of ~57,700 t/d. The color bar scale shows the SO2 column density in 
Dobson Units (DU) based on the 7 km TROPOMI altitude product. 
 
1.3 Monitoring by the Alaska Volcano Observatory: 
Shishaldin Volcano is monitored by AVO using ground-based seismic stations, 
infrasound sensors, tiltmeters, Global Navigation Satellite System (GNSS) stations, and 
webcams. The local monitoring network is complemented by satellite observations to 
detect and quantify surface deformation using Synthetic Aperture Radar (SAR) and 
Interferometric Synthetic Aperture Radar (InSAR (Angarita et al., this issue; Angarita et 
al., 2022); elevated surface temperatures and ash clouds using thermal remote sensing 
(Loewen et al., this issue); and SO2 emissions using the TROPOMI sensor (this study). 
Additionally, airborne gas in situ and remote sensing campaigns are conducted every 1 
to 2+ years, as conditions permit, to measure SO2 emission rates and plume gas 
composition (this study). Although infrequent, these airborne gas campaigns provide 
key geochemical context for interpreting the satellite SO2 data and time series trends.  
 
2.  Methods: 
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2.1 Constraining SO2 Masses and Emission Rates from Satellite 
 
2.1.1 TROPOMI 
Since 2020, AVO has been using TROPOMI data operationally to detect and quantify 
volcanic SO2 emissions from Alaska volcanoes (Coombs et al., 2024, Lyons et al., 
2025). TROPOMI provides better than daily global coverage at Alaska’s high latitude 
with a nadir pixel resolution of 3.5 x 5.5 km2 (as of August 2019; Theys et al., 2019). 
This is a ~16-fold increase in spatial resolution relative to the Ozone Monitoring 
Instrument (OMI), the previous best-available UV satellite sensor. TROPOMI measures 
UV solar radiation that is backscattered off Earth’s atmosphere and calculates 
absorbance by volcanic SO2 within an atmospheric column, with data here derived from 
the Differential Optical Absorption Spectroscopy (DOAS) algorithm (Theys et al., 2017). 
Comparisons with other operational satellite sensors SEVIRI, MODIS, VIIRS, TROPOMI 
and AIRS show that TROPOMI is the most sensitive of those sensors for volcanic SO2 
monitoring, followed by the IR IASI sensor (Clarisse et al., 2026; Corradini et al., 2021). 
AVO’s TROPOMI SO2 emissions dataset provides continuous observations over a 
multiyear period to allow changes in degassing to be detected and to complement 
discrete airborne gas measurements. 
  
Here we describe the TROPOMI data analysis methods used by AVO since June 2020 
to monitor and quantify volcanic SO2 emissions of Alaska volcanoes from space. 
TROPOMI near-real-time SO2 data products with coverage of Alaska are pulled from 
the Sentinel Hub Catalog API (https://dataspace.copernicus.eu/analyse/apis/catalogue-
apis) as they become available (~2 hours after overpass time). Image (png) files of 
TROPOMI SO2 Vertical Column Density (VCD) products in Dobson Units (DU, where 1 
DU = 2.69 x 1020 molecules SO2/m2) and cloud coverage are created for five spatial 
sectors of the Aleutian-Alaska Arc and pushed to AVO’s satellite image viewing 
platform, VolcView (Coombs et al., 2024). SO2 images are generated for both the 1 km 
and 7 km TROPOMI altitude products, which assume plume masses centered at these 
altitudes, encompassing the most common range of plume heights for non-explosive 
activity in Alaska. Each morning an AVO Duty Remote Sensing analyst views all 
satellite imagery acquired over the past 24 hours and reports on any possible SO2 
detections. On a weekly basis (or daily during significant volcanic unrest) an AVO Duty 
SO2 analyst: (a) reviews the past week’s imagery and characterizes the detections as 
low-, medium-, and high-confidence; (b) calculates masses and emission rates for 
medium- and high-confidence detections; and (c) shares results using AVO’s internal 
communications tools and saves them to AVO’s remote sensing database (Coombs et 
al., 2024).  
 

https://dataspace.copernicus.eu/analyse/apis/catalogue-apis
https://dataspace.copernicus.eu/analyse/apis/catalogue-apis
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We use the following criteria to characterize each plume detection: high-confidence 
detections depict an SO2 signal in the vicinity of a known degassing or potentially 
restless volcano that visually exceeds the background noise over a ~1,000 km spatial 
scale using a 0-20 DU color bar for both the 1 and 7 km altitude TROPOMI SO2 
products. High-confidence detections also have a distinct plume or cloud shape and 
provide agreement within 90° to reasonable backward wind trajectories to the source 
volcano. We consider reasonable plume altitudes to be ~6 km (~20,000 ft) or less for 
non-eruptive degassing (based on visual observations), and higher for explosive 
degassing. Medium-confidence detections are the same as high-confidence, except the 
SO2 signal is only clearly above background in the 7 km altitude product. Low-
confidence detections are those whose SO2 signal only exceeds the noise level on a 
local, but not regional, scale in the 7 km altitude product, or it does not have a distinct 
plume or cloud shape, or the SO2 source is questionable. Low-confidence detections 
may only contain a few elevated pixels and are considered possible detections, which 
may not be true volcanic signals or may be diffuse volcanic SO2 from a potentially 
different (distal) source.  While low-confidence detections are reported, no masses or 
emission rates are calculated for these observations.  Figure 2 provides examples of 
low- (a), and medium- (b) confidence detections from Shishaldin Volcano, while Figures 
1 and 3 provide examples of high-confidence detections. Because the criteria and 
analysis software evolved over this five-year study period, all Shishaldin Volcano 
detections were reviewed and reanalyzed using our most recent criteria and software 
for this study, and to fill in any new observations from 2019 and early 2020. 
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Figure 2: Examples of low- (A) and medium- (B) confidence SO2 detections as defined 
by AVO based on the 7 km TROPOMI SO2 altitude products. A) Example of a low-
confidence SO2 detection seen on 5 April 2023 following potential early precursory 
seismic unrest with plume pixels exceeding ~1 DU (dark purple to blue colors). B) 
Example of a medium-confidence detection seen on 12 July 2023 at the start of the 
2023 eruption with a calculated emission rate of ~670 t/d. 
 
SO2 masses and emission rates are calculated using an in-house Python tool called 
SO2 Explorer (https://bitbucket.org/ijbrewster/trop 
omi_gui/src/master/). For each medium- and high-confidence SO2 detection the analyst 
manually selects the plume in the 7 km altitude product. The software automatically 
calculates the mass of the plume at each TROPOMI SO2 altitude product (1, 7 and 15 
km) by multiplying each plume pixel area (m2) by the SO2 vertical column density in 
units of g SO2/m2 and summing each pixel SO2 mass to get a total plume SO2 mass 
(reported in kilotons, kt; Fig. 3). This mass is then corrected for any systematic 
background offset by subtracting the median mass of four equal-area background 
polygons distributed in all cardinal directions around the detection area, and whose 
placement can be adjusted by the analyst as needed (Fig. 3b). Next, Global Data 
Assimilation System(GDAS) modeled wind data 
(https://www.ncei.noaa.gov/products/weather-climate-models/global-data-assimilation) 

are overlain onto the TROPOMI image starting from the farthest downwind plume pixel 
at the TROPOMI image overpass time. The SO2 analyst selects either a single plume 
trajectory, or two bounding plume trajectories, that best match the plume shape to 
constrain plume height (Fig. 3c). Wind shear in the vertical profile of the atmosphere 
allows the plume’s altitude to be estimated from its downwind propagation and the 
modeled wind data. When multiple trajectories provide a good match to plume shape, 
the trajectory closest to the summit altitude, the trajectory that provides the median 
emission rate, or the trajectory that best matches plume appearance is chosen, based 
on analyst discretion and/or other observational data available (e.g., webcam imagery). 
When no trajectory provides a good match to plume shape, no plume mass or emission 
rate are reported. The software then calculates: (a) an altitude-corrected plume mass by 
linearly interpolating between the two bounding TROPOMI altitude products (1, 7 and/or 
15 km) to the identified plume height, and (b) the age of the plume in hours based on 
the transport time from the volcanic source to the selected downwind plume pixel. 
Finally, time-averaged SO2 emission rates are calculated by dividing the altitude-
corrected SO2 mass by the plume age and converting the product to metric tons per day 
(t/d).  

https://www.ncei.noaa.gov/products/weather-climate-models/global-data-assimilation
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Figure 3: Illustration of the analysis methods used to calculate SO2 masses and 
emission rates from TROPOMI data. A) Example high-confidence SO2 signal from 
Shishaldin Volcano seen on 22 July 2023 at 23:24 UTC, in the lead up to Event 4, 
approximately six hours before ash emissions were detected in satellite data. B) 
Example showing the selected plume polygon (green) and the adjacent equal-area 
background noise polygons (gray) used to do the background correction. C) Overlain 
wind trajectories from the GDAS model used to identify the best fitting plume trajectory 
(plume height, in this case 3.1 km or 10,000 ft asl) and plume age (~3.25 hrs.), to 
calculate the altitude-corrected plume SO2 mass and emission rate (~290 t/d). 
 
Here we estimate uncertainties in SO2 plume mass of ±30%, a value less than the 
±45% uncertainty calculated for satellite-derived SO2 emission rates by Corradini et al. 
(2021) which also includes uncertainties in plume speed. We acknowledge that 
uncertainties in our calculated emission rates are higher, but currently not well 
constrained. We report an emission rate precision to characterize the range in emission 
rate values based on the variability in plausible wind trajectory altitudes and plume 
ages. Here, high-precision emission rates show reasonable agreement (within 50%) 
between results calculated for the three plausible/bounding wind trajectory altitudes 
(typically 1.5, 3.0 and 6.1 km or 5,000, 10,000 and 20,000 ft); while low precision 
emission rates yield differences >50%. We estimate uncertainties in high- and low-
precision emission rates of <50% and >50%, respectively, similar to reported in 
Corradini et al. (2021). We also acknowledge that our SO2 detections and calculated 
total emissions are likely to be underestimated due to the occasional presence of clouds 
located above a volcanic plume (Theys et al., 2017, 2019; Cotterill et al., 2024) and 
decreased UV in Alaska winters (Carn et al., 2011), both of which hinder detection of 
volcanic plumes. Unfortunately, there is currently no method to accurately account for 
these missed detections, such that the total SO2 emissions calculated here should be 
considered underestimates.  
 
2.1.2 IASI 
IASI is a series of three identical hyperspectral IR satellite sensors aboard the polar 
orbiting MetOp-A, -B and -C platforms (Clerbaux et al., 2009). IASI provides twice-daily 
global coverage with volcanic SO2 products from 2007 through 2021 for MetOp-A and to 
the present for MetOp-B and -C (Clarisse et al., 2026). It is currently one of the most 
sensitive IR instruments for detecting and quantifying volcanic SO2, owing to its 
relatively high pixel resolution (~12 km at nadir) and high spectral resolution (Corradini 
et al., 2021). Compared to UV sensors, IASI sensors can detect volcanic SO2 emissions 
during nighttime and at high latitudes in winter (e.g., Lopez et al., 2020), but like other 
IR sensors, have lower sensitivity to low altitude SO2 plumes due to the strong 
interference from water vapor and reduced thermal contrast (Realmuto et al., 1994; 
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Taylor et al., 2018). IASI has a lower spatial resolution than TROPOMI, with pixel areas 
~7 times larger than TROPOMI at nadir. Therefore, combining TROPOMI and IASI 
provides more robust constraints on volcanic SO2 emissions than is possible by either 
sensor alone, with TROPOMI being more sensitive to low-altitude, low concentration 
and spatially small plumes and IASI more effective in low UV winter and night conditions 
(Taylor et al., 2018). 
 
The IASI SO2 v4.5 dataset (Clarisse et al., 2026), which contains both SO2 column 
densities and plume heights, was used to detect and quantify volcanic SO2 emissions 
from Shishaldin Volcano through a multistep process. First, IASI overpasses covering 
the North Pacific were screened for any SO2 detections over a specified region (180°W 
to 125°W, 45°N to 75°N). For flagged detections, SO2 masses were calculated over 
both this large domain and a smaller domain centered on Shishaldin Volcano (172°W to 
156°W, 50°N to 58°N). Each detection was then manually reviewed to confirm 
Shishaldin Volcano as the likely SO2 source, and to refine the integration domain to 
include only SO2 emissions from the past day. Finally, IASI detections were compared 
to the TROPOMI detections to identify signals missed in the initial IASI analysis, which 
were then reanalyzed for SO2 mass and plume height using the methods above.  
 
2.1.3 Integration of TROPOMI and IASI Observations 
To compare IASI and TROPOMI observations we use the average SO2 masses and 
plume heights derived from morning overpasses of the available IASI sensors and 
compare them with the best TROPOMI observation per local day. All three IASI 
instruments were operational for the 2019-2020 Shishaldin Volcano eruption, while 
only MetOp-B and -C were operational for the 2023 eruption. IASI morning overpasses 
generally occur ~1-3 hours before TROPOMI passes, making them well-suited for 
comparison. Because of the high latitude location of Shishaldin Volcano and 
TROPOMI’s polar orbit, there are also commonly multiple TROPOMI observations per 
day. The “best” TROPOMI observation per day is determined by the analyst as the 
overpass with the most complete coverage of a volcanic plume, the highest signal to 
noise, and/or the best fit to modeled wind data. To minimize double counting of the 
same plume SO2 signal we: (a) excluded evening IASI detections, and (b) manually 
filter residual SO2 from previous days when identifiable, based on wind trajectory 
information and/or the diffuse nature of the SO2 signal for both TROPOMI and IASI 
observations. Once the best observations per day have been identified, we merge the 
TROPOMI and IASI observations into a single data table (Table S.1). Next, we identify 
all morning IASI SO2 detections that occurred within the 3.5 hours preceding a 
TROPOMI detection (the maximum expected time difference between TROPOMI and 
IASI morning overpasses). If Shishaldin Volcano SO2 observations were made by both 
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TROPOMI and IASI within 3.5 hours of each other, we consider it a matched detection 
and directly compare the two observations.  
 

 

 

Figure 4: (A) View of Shishaldin Volcano from the northeast prior to the 30 July 2024 
gas flight showing a typical post-2023 eruption degassing plume and the summit crater 
crack. For scale, the summit crater is ~200 m across. (B) Photo of the 4 September 
2020 gas flight instrumentation showing a typical setup for AVO gas flights, including a 
multi-GAS instrument within the helicopter cabin, an airborne inlet attached to the 
passenger side window to pull gases into the multi-GAS instrument, and microDOAS 
instrument taped to the passenger-side helicopter step. AVO/USGS images from M. 
Loewen (#195819, https://mmdb.avo.alaska.edu/view/195819) and A. Lerner (#197210, 
https://mmdb.avo.alaska.edu/view/197210) with AVO Multimedia Database numbers 
and links provided.  

 
2.2 Gas Composition and Emission Rates from Airborne Gas Flights 
Seven helicopter-based airborne gas flights were conducted by U.S. Geological Survey 
(USGS)/AVO personnel at Shishaldin Volcano between 2015–2024 (Alaska Volcano 
Observatory, 2026) that can provide degassing context prior to, during, and following 
our satellite SO2 dataset (2019–2023). During these gas flights, plume gas composition 
measurements of H2O, CO2, SO2 and H2S were made using an in situ portable multi-
GAS instrument (e.g. Aiuppa et al., 2005) while flying through the volcanic plume, and 
measurements of overhead plume SO2 column density were made using a microDOAS 
instrument (Kern, 2025) while flying below the plume to calculate SO2 emission rates 
(Fig. 4). Wind speed was measured at summit plume altitude following the windcircle 

https://mmdb.avo.alaska.edu/view/195819
https://mmdb.avo.alaska.edu/view/197210
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approach (e.g., Doukas et al., 2002). Most gas flights consisted of ~5 plume intercepts 
for gas composition constraints, and a similar number of traverses for emission rate 
calculations. 
 
The multi-GAS instruments used here contained either a LI-COR 840 or PP Systems 
SBA-5 gas analyzer for measuring H2O and CO2, and electrochemical sensors for 
quantifying SO2 (City Technologies T3ST/F, 0-200 ppm range) and H2S (City 
Technologies T3H, 0-100 ppm range). The gas sensors were integrated with a Garmin 
GPS 18x receiver and a data logger (either CR1000 or CR300) into a small, field-
portable package. The airborne measurements were processed using techniques 
described previously (Kelly et al., 2013, Werner et al., 2017; 2020). The gas sensor 
responses were checked before and after each field campaign and were accurate within 
15%.  
 
The microDOAS instruments used here consist of an Ocean Optics miniature grating 
spectrometer (USB 2000+ or FLAME-S model), zenith-pointing telescope, integrated 
GPS receiver, and a single-board computer that runs the measurements (BeagleBone 
Black; Kern, 2025). During the field campaign and under plume-free conditions, dark 
and clear sky measurements are acquired. SO2 VCD measurements of the overhead 
plume were made by flying half-orbits around the volcano and on the down-wind side of 
the edifice to acquire full spatial coverage of the volcanic plume. Following the 
campaigns, microDOAS spectral data were analyzed for SO2 VCD using the DOASIS fit 
routines (Kraus, 2006) in the 310-340 nm wavelength range and following the standard 
DOAS method (Platt and Stutz, 2008). SO2 measurements were then analyzed spatially 
to derive emission rates by integrating the SO2 VCDs over the plume width and 
multiplying the product by the perpendicular component of the plume speed to get an 
SO2 emission rate (Galle et al., 2003). The SO2 emission rates were then combined with 
the measured molar gas ratios relative to SO2, as determined from multi-GAS data, to 
calculate total volatile emission rates (e.g., Gerlach et al., 1998).  
 
3. Results: 
 
3.1 Satellite SO2 Observations 
3.1.1. TROPOMI  
Between 2019 and 2023, SO2 emissions from Shishaldin Volcano were detectable by 
TROPOMI on 104 occasions, including 19 low-, 37 medium-, and 48 high-confidence 
detections. For all 85 medium- and high-confidence detections with acceptable (within 
90°) fits to modeled wind trajectories, SO2 masses and emission rates were calculated 
(Figs. 5, 6). These results can be found in Loewen et al. (2026) and Table S.2. SO2 
emissions over the study period were highly variable with masses and emission rates 
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varying by four orders of magnitude. SO2 masses ranged from 0.005 to ~35 kt, with 
calculated SO2 emission rates ranging from <100 t/d to ~85,000 t/d. Variations in SO2 
plume character were substantial, with plume ages from 0.25 to 27 hours, plume 
lengths from 14 to ~4,300 km, and plume heights from 1.5 to 12.2 km. The cumulative 
SO2 mass released by Shishaldin Volcano over the five-year study period as detected 
by TROPOMI (calculated as the sum of all mass detections) is 267 kt. 
 
Table 1: Satellite SO2 Observations for Shishaldin Volcano’s 2019-2020 and 2023 
Eruptions 
 

 Minimum Median Maximum Number Std. Dev. Cumulative 

2019-2020 

SO2 Mass (kt) 

TROPOMI 0.005 1.11 15.29 28 3.22 31.2 

IASI 0.05 0.194 6.22 20 1.68 15.7 

SO2 Emission Rate (t/d) 

TROPOMI <100 435 25,033 28 7,477 - 

2023 

SO2 Mass (kt) 

TROPOMI 0.005 0.74 34.73 57 8.22 235.7 

IASI 0.13 1.09 25.14 28 6.63 108.1 

SO2 Emission Rate (t/d) 

TROPOMI <100 2,382 84,595 56 19,454 - 

 
*Based on data from Loewen et al., (2026) and Table S.2  
 
Notable differences were seen in SO2 emissions between the 2019-2020 and 2023 
eruptions. First, more than twice as many medium- and high-confidence Shishaldin 
Volcano SO2 detections were made in 2023 (n=57) relative to 2019-2020 (n=28). Also, 
while lower quantities of SO2 masses and emission rates were similar for the two 
eruptions, consistent with instrumental detection limits, median and maximum values for 
the 2023 eruption were notably higher (Table 1). Finally, the cumulative TROPOMI 
derived SO2 mass for the 2023 eruption (235.7 kt) was 7x larger than that of the 2019-
2020 eruption (31.2 kt). To eliminate the possibility that a substantial quantity of 
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Shishaldin Volcano SO2 went unquantified by TROPOMI during winter for the 2019–
2020 eruption, we next compare our observations with IASI. 
 
 

 
Figure 5: Five years of TROPOMI derived SO2 emission rates (purple bars) from 2019 
(top) through 2023 (bottom) plotted on a logarithmic scale. AVO’s Aviation Color Code 
is plotted on the top of each figure reflecting AVO’s public notices about volcano status, 
which we use here as a proxy for volcanic activity, acknowledging that this by nature 
sometimes lags volcanic activity. Here green represents background activity, yellow 
indicates above background activity, orange indicates an eruption is underway or 
imminent, red indicates that a substantial explosive eruption is underway or imminent, 
and gray indicates the monitoring network is impaired such that activity cannot be 
accurately characterized. Black triangles on the top of each figure mark major explosive 
events as identified by AVO (Loewen et al., 2026). 
 
3.1.2. IASI  
During the two eruptive periods, SO2 detections were made on 48 days from the various 
IASI sensors (Fig. 6, Table S.3). Retrieved IASI-derived SO2 masses ranged from 0.05 
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to 25.14 kt, with plume heights between 3 to 11.4 km. The cumulative IASI-derived SO2 
mass over the full analysis period yields 123.8 kt. As with TROPOMI, there are notable 
differences seen in IASI-derived SO2 masses and plume heights between the two 
eruptive periods, with the 2019-2020 eruption having lower overall SO2 masses and 
lower maximum plume heights compared to the 2023 eruption (Table 1; Fig. S.1). The 
cumulative IASI-derived SO2 mass for the 2023 eruption is 108.1 kt, nearly 7x greater 
than the cumulative IASI SO2 mass of 15.7 kt found for the 2019-2020 Shishaldin 
Volcano eruption. This supports the initial TROPOMI findings that the 2023 eruption 
released a substantially greater quantity of SO2 relative to the 2019-2020 eruption. 
 

 
Figure 6: Time series observations of TROPOMI and IASI Shishaldin Volcano SO2 
detections and masses for the 2019–2020 (A) and 2023 (B) eruptive periods. 
TROPOMI SO2 masses from medium- (M) and high-confidence (HC) detections are 
shown as purple bars with ‘x’ symbols on top and IASI SO2 masses are shown as blue 
diamonds. Purple triangles on the lower x-axis mark low-confidence (LC) TROPOMI 
detections (masses not quantified). Black triangles on the upper x-axis mark explosive 
events (paroxysms).  
 
3.2 Airborne Gas Compositions 
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Of the seven airborne gas flights conducted between 2015–2024, six yielded SO2 
emission rates, two quantified H2O, CO2 and SO2 compositions, and one quantified CO2 
and SO2 only (Table 2). The 2015 and 2019 gas flights occurred within eruptive periods, 
while the others occurred within inter-eruptive quiescence. H2S was not detected on any 
of the gas flights, suggesting high-temperature gas emissions with minimal impact of 
hydrothermal scrubbing (e.g., Symonds et al., 2001). SO2 emission rates ranged from a 
low of 80 ± 20 t/d seen in 2021 (between the 2019–2020 and 2023 eruptions) and a 
high of 770 ± 220 t/d in August 2015, during the prior eruption of Shishaldin Volcano in 
2014–2015 (Table 2). Low molar CO2/SO2 ratios of 2.2 ± 0.4 and 1.4 ± 0.1 were 
observed during the 2019–2020 eruption and following the 2023 eruption, respectively 
(Table 2), consistent with a relatively shallow magma degassing source (e.g., Werner et 
al., 2020). In contrast, on 4 September 2020, approximately six months following the 
end of the 2019–2020 eruption, a strong volcanic CO2 anomaly was observed (29 ppm 
CO2 and 1.7 ppm SO2 above background, compared to anomalies of 6 ppm CO2 and 
2.4 ppm SO2 in 2019). The CO2/SO2 ratio in 2020 of 10.8 ± 0.9, combined with the 
strong CO2 anomaly, is consistent with a deeper magma degassing source (e.g., Burton 
et al., 2007; Aiuppa et al., 2007; Werner et al., 2013). Bulk gas compositions were 
calculated from the September 2020 and August 2024 gas flight data and yielded a 
fairly consistent gas composition of ~97% H2O, ~2% CO2, and ≤1% SO2 (Table 3). 
These compositions combined with SO2 emission rates yield total (post-eruptive) volatile 
(H2O+CO2+SO2) emission rates of ~15,400 t/d and 8,300 t/d for 2020 and 2024 gas 
flights, respectively (Table 3). Unfortunately, of the four gas flights conducted here that 
overlap with our TROPOMI time series from 2019-2023, no coincident TROPOMI 
detections were made to allow comparisons between TROPOMI and airborne SO2 
emission rates. This is not surprising since the airborne emission rates during that 
period were all similar to the TROPOMI detection limit, estimated at ~100-200 t/d 
(Theys et al., 2019).  
 
 
Table 2: Molar Airborne Gas Compositions and SO2 Emission Rates 
 

Date (MM-DD-YYYY) H2O/CO2 ± RMSE CO2/SO2 ± RMSE H2O/SO2* ± 
RMSE 

SO2 Emission 
Rate (t/d) ± Total 

Uncertainty 

08-18-2015 n.d. n.d.  770 ± 220 

07-23-2019 n.d. 2.2 ± 0.4  170 ± 60 

08-16-2020 n.d. n.d.  100 ± 40 
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09-04-2020 47.2 ± 2.4 10.8 ± 0.9 510.9 ± 47.6 n.m. 

07-03-2021 n.d. n.d  80 ± 20 

07-30-2024 n.d. n.d.  510 ± 80 

08-01-2024 64.0 ± 2.7 1.4 ± 0.1 89.0 ± 4.9 310 ± 70 

 
n.d. indicates at least one species was not detected to allow for ratio calculations, n.m. 
indicates measurements were not attempted. RMSE represents the root mean square 
error on the measurements. *Calculated from measured ratios. 
 
Table 3: Bulk Gas Composition and Total Volatile Emission Rates 
 
Bulk Gas Composition 

Date H2O mol% CO2 mol% SO2 mol% H2S mol% Total 

09-04-2020 97.74 ± 0.11 2.07 ± 0.10 0.19 ± 0.02 n.d. 100.00 

08-01-2024 97.38 ± 0.11 1.52 ± 0.06 1.09 ± 0.06 n.d. 99.99 

Emission Rates      

Date H2O t/d CO2 t/d SO2 t/d H2S t/d Total t/d 

*8-16 & 9-4-2020 14,500 ± 6,200 800 ± 320 100 ± 40 n.d. 15,400 ± 6,500 

08-01-2024 7,700 ± 1,900 300 ± 70 300 ± 70 n.d. 8,300 ± 2,000 

 
*In the absence of coincident emission rates and compositions on either day, gas 
compositions from 9/4/2020 were combined with SO2 emission rate from 8/16/2020 to 
calculate total volatile emission rates. 
 
4. Discussion: 
 
4.1 Comparison between IASI and TROPOMI SO2 Observations 
We first compare TROPOMI and IASI SO2 measurements to evaluate agreement 
between the detection capabilities and derived masses under different conditions (e.g. 
seasons, plume altitudes). We conduct a quantitative evaluation of plume SO2 masses 
and heights based on matched detections and a qualitative analysis of time series 
trends seen in both datasets.  
 
A total of 33 Shishaldin Volcano SO2 plumes were detected within 3.3 hours of each 
other by both IASI and TROPOMI sensors over the 2019-2020 and 2023 eruptive 
periods. Of these matched detections, 14 (~42%) of them were associated with large 
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SO2 masses emitted during paroxysmal events (Fig. 6; Table S.1). Both sensors 
captured most explosive events, with the exception that Events 8 and 10 from the 2023 
eruption were only detected by TROPOMI and SO2 from Event 13 could not be 
quantified by either sensor due to the presence of a large quantity of SO2 from 
Kliuchevksoi Volcano (Kamchatka, Russia) over Alaska airspace during Shishaldin 
Volcano’s Event 13. For the 33 matched detections, we find a strong positive correlation 
between TROPOMI and IASI derived plume SO2 masses and plume heights, with 
Pearson correlation coefficient (r) values of 0.88 and 0.78, respectively (Fig. 7). We also 
calculate the coefficient of determination (r2) between these datasets and find variances 
in SO2 mass and plume height of 0.78 and 0.61, respectively. For 81% of matched 
detections, TROPOMI yielded higher SO2 masses than IASI with a median percent 
difference between IASI and TROPOMI of -46% (Table S.4). No apparent bias was 
observed between TROPOMI- and IASI-derived plume heights, with a median percent 
difference of ~6% (Table S.4). Some discrepancies in event SO2 mass can be attributed 
to IASI overpasses occurring several hours prior to TROPOMI overpasses while multi-
hour eruptions were underway (e.g., Events 3a (2020) and 8 in Figs. 7, S.2; Table S.1), 
or the potential bias of taking the average of all three IASI-derived morning SO2 
masses, in the case when not all images have complete plume coverage. 
 

 
Figure 7: Comparison between coincident IASI and TROPOMI Shishaldin Volcano SO2 
masses (left) and plume heights (right) throughout 2019–2020 and 2023 eruptive 
episodes. Symbol colors reflect IASI plume height in km (left) and TROPOMI SO2 mass 
in kt (right). Dashed black lines indicate a 1:1 agreement. All detections associated with 
paroxysmal events are labeled, with the 2019–2020 eruption events distinguished as 
“a”. 
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Time series of SO2 detections by IASI and TROPOMI show good agreement for spring 
through fall detections when SO2 masses exceed 0.1 kt but reveal several missed 
detections by TROPOMI during the winter (Fig. 6), illustrating its seasonally variable 
detection limit. A marked difference in detection capabilities by TROPOMI between the 
2019–2020 (summer to winter) and 2023 (summer to fall) eruptions is expected, due to 
the limited wintertime UV radiation at high latitude locations, such as Alaska, which 
substantially increases the TROPOMI detection limit (e.g., Carn et al., 2013; Lopez et 
al., 2013, 2020). Throughout the two eruptive episodes, TROPOMI detected numerous 
plumes in spring through fall with SO2 masses <0.1 kt, including several with masses 
<0.01 kt and several low-confidence detections with masses not calculated. In contrast, 
during the months of November through January, IASI detected several SO2 plumes 
with masses approaching or exceeding 0.1 kt that were undetected by TROPOMI. The 
relatively higher IASI detection limit is likely a function of both its larger pixel size and 
lower sensitivity to low-altitude plumes, which would hinder detection of smaller and 
weaker SO2 plumes more typical of the 2019–2020 eruption. For the 2023 summer 
eruption, we see very good agreement between daily detection trends and SO2 masses 
quantified by both IASI and TROPOMI (Fig. 6).  
 
Unlike TROPOMI, IASI exhibits a stable detection limit based on the large number of 
Shishaldin Volcano detections with SO2 masses of ~0.1 kt. Because IASI does not 
depend on UV radiation, it does not exhibit the seasonal variation in detection limit 
shown by UV sensors, providing a more consistent dataset at high latitudes. These 
results imply that while TROPOMI has excellent summer detection capabilities in 
Alaska, combining TROPOMI and IASI datasets provides a more complete record of 
volcanic SO2 degassing throughout the year.   
 
We next compare SO2 masses measured by TROPOMI and IASI for matched and 
unmatched detections to further explore each sensor's capabilities and limitations. Our 
previous analysis found that IASI regularly measured smaller SO2 masses than 
TROPOMI for the same detection. To estimate how much SO2 from Shishaldin Volcano 
IASI missed for these matched detections we calculate the cumulative SO2 mass for 
matched detections by TROPOMI of 168 kt compared to 105 kt measured by IASI (Fig. 
S3), indicating that IASI underestimated measured SO2 masses by ~63 kt for the 
2019–2020 and 2023 study periods. Next, we consider how much SO2 IASI missed 
due to undetected small or weak SO2 plumes. TROPOMI measured a cumulative SO2 
mass for unmatched detections (only seen by TROPOMI) of 99 kt relative to the IASI’s 
19 kt SO2 for unmatched detections, a difference of 80 kt (Fig. S3). If we sum the 
masses of SO2 missed by IASI for both matched and unmatched (TROPOMI only) 
detections we find that IASI missed ~143 kt of SO2 from Shishaldin Volcano, with 44% 
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due to underestimating SO2 from matched detections and 56% due to missed 
detections of small, weak and/or low-altitude plumes (Fig. S.3). To estimate how much 
SO2 TROPOMI missed due to its higher winter-time detection limit in Alaska, we use the 
cumulative IASI SO2 mass for unmatched IASI detections of ~19 kt. Finally, by dividing 
the amounts of SO2 missed by IASI (~143 kt) and TROPOMI (~19 kt) out of the total 
cumulative SO2 mass of 279 kt, calculated below, we find that IASI and TROPOMI 
missed ~51% and ~7%, respectively, of the measured SO2 emissions from Shishaldin 
Volcano. We note that it is likely that additional plumes that were either small (<100-200 
t/d) or masked by clouds went undetected by both satellite sensors, but without 
continuous measurements by more sensitive airborne or ground-based instruments, the 
quantity of undetected SO2 remains unknown. 
 
4.2 Differences in Cumulative and Event SO2 Masses of Recent Shishaldin 
Volcano Eruptions 
We combine both TROPOMI and IASI datasets to calculate robust cumulative SO2 
masses for both the 2019–2020 and 2023 Shishaldin Volcano eruptions. We first define 
a best SO2 mass per day by selecting the available measurement when only one sensor 
made a detection, and the maximum SO2 mass calculated on days when both sensors 
produced matched detections. We then calculate the total Shishaldin Volcano 2019–
2020 and 2023 eruption SO2 masses by summing these daily best estimates. We 
identified 39 unique daily SO2 (medium- to high-confidence) detections during the 
2019–2020 eruption (11 from IASI, 19 from TROPOMI, and 9 matched detections seen 
by both sensors) that produced a total eruptive SO2 mass of 39.6 kt (Fig. S3). In 
comparison, for the 2023 eruption, there were 63 unique detections (6 from IASI, 35 
from TROPOMI, and 22 matched detections seen by both sensors) with a total 
cumulative eruptive SO2 mass of 239.8 kt. The 2023 eruption thus produced six times 
more SO2 than the 2019–2020 eruption (results summarized in Figure S.3; details in 
Tables S.1, S.4). Summing both eruptive episodes yields a total of 279.4 kt of SO2 
produced by Shishaldin Volcano over these two eruptive episodes. 
 
We next compare explosive event SO2 masses for 2019-2020 and 2023 eruptions 
against the SO2 mass calculated for the 19 April 1999 subplinian eruption from Carn et 
al. (2015). The SO2 masses calculated for the three 2020 explosive events ranged from 
5.7-15.3 kt, with Event 3 having a substantially higher mass than the previous two 
events. The SO2 masses for the 2023 explosive events ranged from 3.2 to 34.7 kt, with 
Events 1-6 having relatively lower masses (<10 kt), compared to Events 7-12 whose 
masses ranged from 19.2-34.7 kt (Table S.1; Loewen et al., 2026). Shishaldin Volcano’s 
1999 eruption had two explosive events, on 19 and 23 April. The 19 April event was 
substantially more explosive and was the only one with quantified SO2 emissions (Nye 
et al., 2002; Carn et al., 2015), though satellite detection limits were much higher at that 
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time. Using data from the Total Ozone Mapping Spectrometer (TOMS) Carn et al. 
(2015) calculated an SO2 mass of 63 kt for the 19 April 1999 explosive event. This value 
is nearly twice the SO2 mass released during the largest event of 2023 (Event 10, 34 .7 
kt), and nearly twice the cumulative SO2 mass released over the entire 2019-2020 
eruption (~40 kt), suggesting that the 1999 event involved substantially more magma 
than any individual 2023 event or the entire 2019-2020 eruption. Unfortunately, we do 
not have additional time series constraints on SO2 emissions from the 1999 eruption to 
evaluate how the cumulative 1999 SO2 mass compared with that of the 2023 eruption. 
These results are broadly consistent with maximum plume height estimates for each of 
these three eruptions, where the highest event SO2 mass corresponds to the highest 16 
km plume height estimated for the 1999 eruption (Nye et al., 2002), slightly lower 
masses for 2023 explosions, where plume heights reached 14.0 km, and the lowest 
event mass for a 2020 paroxysm which only reached 9.8 km (Loewen et al., 2025; 
Gomez-Patron et al., this issue). 
 
 
4.3 SO2 Degassing Trends for Forecasting and Tracking Eruptive Activity for the 
2019–2020 and 2023 Eruptions 
TROPOMI- and IASI-detected SO2 emissions during the 2019–2020 eruption 
correspond well with eruption periods at Shishaldin Volcano, but provided minimal 
advanced warning of the eruption, nor did they capture the eruption onset consisting of 
spatter cone growth and Strombolian explosions (Fig. 5). The potential exception to this 
was a single IASI detection made on 11 June 2019, ~1 month prior to the eruption 
onset. Long-period seismicity and tremor may also have occurred as early as mid-June 
2019 (Orr et al., 2023) which suggests that this IASI detection could have been an 
eruption precursor, though the diffuse nature of the signal suggests it could instead be 
SO2 from another source that was simply captured near Shishaldin Volcano. Besides 
this single potential SO2 detection seen in June, SO2 was not detected by either 
TROPOMI or IASI until August 2019, ~2 weeks following eruption onset, suggesting that 
early eruptive emission rates were likely low (<100-200 t/d), masked by clouds, or very 
low in altitude. A cluster of SO2 detections with emission rates of several hundred tons 
per day observed in August and September, which may have been due to favorable 
viewing conditions capturing degassing associated with low-level eruptive activity 
(Loewen et al., this issue). No SO2 emissions were detected during the mid-September 
to mid-October eruption hiatus. Elevated SO2 emissions were seen in late October and 
through mid-December 2019 in TROPOMI and IASI, with TROPOMI derived SO2 
emission rates exceeding 1,000 t/d on multiple occasions between 24 October and 3 
November 2019, likely associated with more active effusive activity that resulted in 
repeated lava flows spilling onto the north flank of the edifice (Loewen et al., this issue). 
The highest SO2 emission rates were detected during the January explosive 
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paroxysmal events, with emission rates exceeding 23,000 t/d on 3, 7 and 19 January 
2020. A final period of elevated SO2 emissions was seen from March through May of 
2020. During this period, detections were made on almost a daily basis. Many of these 
spring detections were low confidence, with emission rates of <100 to ~700 t/d SO2 
when calculated. While this period of degassing was primarily after the eruption 
finished, we expect it represents either degassing of residual magma from the 2019–
2020 eruption or degassing of a recharging magma following evacuation of the shallow 
volcanic system during the eruption.  
 
SO2 emissions during the 2023 eruption also corresponded with elevated eruptive 
activity, with detections largely absent prior to the eruption onset, and rarely seen during 
weakly explosive eruptive activity between paroxysms. In fact, one key observation 
seen from the five years of Shishaldin Volcano TROPOMI time series is that SO2 was 
rarely detected by satellite outside of periods of unrest or eruption (e.g., as 
characterized by AVO’s elevated Aviation Color Code; Fig. 5). The one exception was 
the single low confidence detection seen in April 2023 (Fig. 2a) following a brief period 
of seismic tremor and approximately three months prior to the 2023 eruption onset. No 
other detectable degassing was identified prior to the 2023 eruption onset in either 
TROPOMI or IASI data, but elevated emissions of ~500 and nearly 700 t/d SO2 were 
derived from TROPOMI data on July 11 and 12, corresponding with the eruption onset. 
Then very distinct patterns of elevated gas emissions were seen corresponding with 
explosive Events 1 through 12 (from mid-July through October) in TROPOMI and IASI 
datasets. Specifically, SO2 emission rates approaching or exceeding 10,000 t/d 
immediately followed each explosive event, with minimal SO2 detections seen between 
events. Notably, Events 4, 6 and 11 showed detectable degassing of a few 100 t/d of 
SO2 in TROPOMI imagery in the hours preceding paroxysmal events following days 
without detectable SO2 emissions (Figs. 5, 6, 8). We interpret this to represent 
degassing during vigorous Strombolian eruptions that often preceded the paroxysmal 
events (Fee et al., this issue) combined with fortuitous satellite overpass timing. This 
suggests that increases in SO2 emissions likely precede Shishaldin Volcano paroxysmal 
events by several hours, and that if acquired at a sufficient temporal resolution, SO2 
emission rates could help forecast these explosive paroxysmal events.  
 
Following Event 12 (early October), the degassing behavior changed from discrete 
periods of elevated SO2 emissions seen almost exclusively associated with explosive 
paroxysms to persistently elevated SO2 emissions (~1,000 t/d) seen on a near-daily 
basis, without an obvious increase in eruptive activity. This dramatic change in SO2 
emission style also corresponded with an increase in elevated surface temperatures 
(Loewen et al., this issue) and was initially interpreted as a change in eruption style from 
explosive to effusive. However, once clear satellite imagery was available, it confirmed 
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that lava had not erupted at the surface. Therefore, we interpret this phase of the 
eruption to reflect degassing of a shallowly emplaced magma, either convecting or 
slowly ascending within the conduit itself, or intruded into the shallow edifice. Further 
analysis by Angarita et al., (this issue) suggests that the formation of a summit crater 
crack on 28 August (Fig. 4) and its expansion on 3 October 2023 may have been due to 
shallow dike emplacement. The timing of the expansion of this crack feature and dike 
emplacement in early October is consistent with our persistently elevated SO2 
emissions and interpretation of shallow magma degassing. The eruption of Kliuchevskoi 
Volcano prevented calculations of Shishaldin Volcano SO2 masses and/or emission 
rates by either TROPOMI or IASI for Event 13, though persistent SO2 emissions were 
detected prior to and following this event (Table S.1; Fig. 8). 
 

 
Figure 8: TROPOMI derived SO2 emission rates (purple bars, left axis) and equivalent 
magma fluxes calculated from equation 2 (right axis) observed for the 2023 eruption 
and plotted on a log scale. Shishaldin Volcano’s Aviation Color Code is plotted at the 
top as a proxy of volcanic activity. Each explosive event is marked by a vertical black 
line. Black stars indicate pre-paroxysmal degassing. Note that emissions from Event 13 
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could not be quantified due to the presence of a large SO2 plume from Kliuchevskoi 
Volcano over Shishaldin at that time. 
 
4.4 Insights into Gas Exsolution and Separation from Degassing Models 
SO2 emissions are commonly used to track magma supply into the shallow crust (e.g., 
Aiuppa et al., 2023). If exsolved SO2 can separate from its host magma (open-system 
degassing) and find a permeable path to Earth’s surface, SO2 will be released by a 
volcano before the magma reaches the surface (e.g., Shinohara et al., 2008). Because 
the depth of SO2 exsolution and degassing can be quite shallow for lower-H2O basaltic 
systems, SO2 may provide little advance warning of ascending magmas (e.g., Gerlach, 
1986; Lerner et al., 2021). SO2 exsolution depth can vary substantially across different 
magmatic systems depending on melt composition, temperature, oxygen fugacity (fO2), 
and sulfur speciation (e.g., S2- vs S6+), such that modeling SO2 degassing requires 
volcano-specific petrologic constraints (Edmonds and Wallace, 2017). Here, we use 
petrologically-constrained thermodynamic and empirical H-C-S degassing models of 
Shishaldin Volcano magma to help interpret our satellite and airborne gas data. We 
assume a basaltic melt composition based on a primitive melt inclusion from the 1999 
eruption (sample SH63MI41, 46.5 wt% SiO2, 5.3 wt% MgO; Rasmussen et al., 2018) 
and use the best available melt inclusion constraints on volatiles from the 1999 and 
2023 eruptions from Rasmussen et al., (2018) and Izbekov et al. (2026), respectively, 
assuming that similar magma sources and compositions persist among recent 
eruptions. For initial volatile concentrations we use a maximum melt S concentration of 
~1700 ppm S from the 2023 eruption determined from Izbekov et al. (2026, Table S.5). 
Because H2O and CO2 concentrations have not been analyzed in melt inclusions for the 
2023 eruption at the time of this writing, we assume initial H2O and CO2 concentrations 
based on maximum melt inclusion volatile concentrations of 2.5 wt% H2O and ~2600 
ppm CO2 from the 1999 eruption (Rasmussen et al., 2018).  

We apply the Sulfur_X thermodynamic degassing model (Ding et al., 2023), which models 
the degassing of CO2, H2O, and S species. The Sulfur_X calculations simulate both open- 
and closed-system degassing (Figs. 9, 10), using the H2O-CO2 degassing model of 
Iacono-Marziano et al. (2012). We assume a melt temperature of 1120°C and an oxygen 
fugacity of +0.9 log units relative to the fayalite-magnetite-quartz buffer (ΔFMQ +0.9) to 
simulate initial S6+/Stotal ratios of 0.3-0.4 (pressure-dependent), to match the range of 
measured S6+/Stotal ratios determined from S k-alpha peak positions (described in 
Supplementary Materials A, B and Table S.5 using data from Izbekov et al., 2026). The 
sulfur speciation, which is a key parameter in modeling sulfur behavior, is calculated from 
fO2 via the model of O’Neill and Mavrogenes (2022), as implemented within Sulfur_X. 
Melt oxygen fugacity was kept fixed during the model runs (i.e., magma-buffered fO2). 
Isothermal models were run with a range of initial CO2 concentrations in order to simulate 
the ascent of magma starting from different depths of 850, 2000, and 2600 ppm CO2, 
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corresponding to starting volatile saturation depths of ~6, 10, and 12 km below the 
surface, consistent with a geodetically modeled deep magma source (Angarita et al., this 
issue). A complete list of model inputs can be found in Table S.6. Both open- and closed-
system degassing modeling was performed to put bounds on the range of possible 
exsolving gas compositions. The Sulfur_X degassing models are in reasonable 
agreement with petrologic measurements of volatiles in melt inclusions from Shishaldin 
Volcano’s 1999 eruption (Rasmussen et al., 2018), providing confidence in the model 
results (Fig. S.4). 

Sulfur_X closed- and open-system degassing model results indicate that CO2 is initially 
the dominant volatile exsolving from the melt during ascent from mid-crustal depths, 
with H2O and S remaining mostly dissolved until magma reaches depths less than ~2-4 
km below the surface (Figs. 9a, 10a; Tables S.7-S.12). Differences in open- and closed-
system degassing styles are quite minimal for Shishaldin Volcano melts (Figs. 9, 10), 
with the main difference being whether initially exsolved CO2 remains within the melt 
and buffers further volatile exsolution (closed-system) or is fully lost from the magma 
(open-system). In open-system degassing, CO2 is more thoroughly degassed during 
deep ascent, with almost all the CO2 lost from the melt by ~3 km depth (compared to ~2 
km in closed-system degassing). Sulfur and H2O start degassing extensively and 
abruptly at depths of 2-3 km in open-system degassing, and slightly deeper and more 
gradually in closed-system degassing (2-4 km), with H2O being the dominant 
degassing species at shallower depths within the conduit. 
 
In both closed- and open-system degassing styles, the total extent of volatile exsolution 
is relatively low until magma ascends to very shallow depths, with approximately half of 
the initially dissolved volatiles exsolving into a separate fluid phase at a depth of ~1 km 
(Figs. 9b, 10b). The remaining 50% of total volatiles exsolve from the melt in the final ~1 
km of ascent to the surface. Consequently, emission rates of SO2 (and H2O) would be 
relatively low until the Shishaldin Volcano magma ascends to near-surface depths (e.g., 
<1-2 km below the surface).   
 
We additionally apply an empirical degassing model based on fits to petrologic 
measurements of H2O, CO2, and S in melt inclusions from Shishaldin Volcano’s 1999 
eruption (Rasmussen et al., 2018), following an approach described in Werner et al. 
(2020). The empirical fit to the 1999 melt inclusion data are generally consistent with the 
Sulfur_X modeling (acknowledging variability in the underlying melt inclusion values; 
Fig. S.4), indicating that CO2 is the main degassing volatile until depths of <4 km, with 
sulfur and water beginning to substantially exsolve from the melt with further ascent 
(Fig. S.5).  
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The model results enable comparison of anticipated ratios of exsolved gases (CO2/SO2, 
H2O/CO2) with measured volcanic gas compositions from gas flights (Figs. 9c, 10c). The 
low CO2/SO2 ratios measured in 2019 and 2024 are consistent with Sulfur_X-modeled 
gases exsolved from magma at depths of 3.5-4 km (open-system) or 2-4 km (closed-
system) across the range of initial melt CO2 concentrations. In contrast, the higher 
CO2/SO2 ratio of ~11 measured in 2020 can best be explained by a deeper magma 

source at ≥12 km for both open- and closed-system degassing models. Airborne-

measured H2O/CO2 ratios of ~47-64 can be reproduced from Sulfur_X models at 
shallow depths (<1 km) from closed-system degassing of the melt with the lowest initial 
CO2 composition (850 ppm, Fig. 9c), or by open-system degassing of a melt of any 
initial CO2 composition at depths of ~2.5-3 km (Fig. 10c). Since these H2O/CO2 ratios 
were observed during quiescence in 2021 and 2024 following eruptions without 
corresponding persistent, elevated surface temperatures that may be expected for 
magma at depths < 1 km, we prefer the open-system degassing model. The slight (0.5-
1.5 km) differences in open-system magma degassing depths inferred from the two 
measured gas ratios (~3.5-4 km for CO2/SO2 vs. ~2.5-3 km for H2O/CO2) can be 
explained by uncertainties in our degassing model assumptions and/or the occurrence 
of depth-integrated degassing of a column of magma within this depth range (e.g., 
Edmonds et al., 2022). Additionally, because Shishaldin Volcano is a snow- and ice-
covered volcano, there is also the potential for external water to be added to the gas 
plume. This would increase the H2O/CO2 ratio of gas compared to expectations from 
petrologic models, such that actual magma degassing depths would be deeper than the 
magmatic degassing model estimates.  
 
These combined results indicate that Shishaldin Volcano melt was primarily degassing 
at depths of <2-4 km below the summit (near sea level) during and following eruptions 
when low CO2/SO2 (<2.2) and high H2O/CO2 (47-64) ratios were observed (Table 2; 
Figs. 9, 10). The high CO2/SO2 gas ratio and CO2 anomaly measured in-between 
eruptions in 2020 reflects degassing from magma at depths of >12 km, which we 
hypothesize represents the process of deep magma recharge between eruptions. This 
high measured CO2/SO2, combined with periods of elevated SO2 emissions between 
eruptive events (e.g., Events 12-13, Fig. 8), and the assumed low-viscosity basaltic 
magma (see Supplementary Material B) all support gas-melt separation and suggest 
that open-system degassing is the dominant behavior at Shishaldin Volcano - at least 
during quiescence. We propose that exceptions to this behavior occur during explosive 
eruptions, when fast magma ascent impedes gas separation from the host melt, leading 
to closed-system degassing during paroxysmal events (Parfitt & Wilson, 1995). 
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Figure 9: Sulfur_X closed-system isothermal degassing model for a Shishaldin Volcano 
basaltic melt (assuming 1120°C, fO2 = ΔFQM+0.9, S6+/Stotal 0.3-0.4) using the CO2-
H2O degassing model of Iacono-Marziano et al. (2012). The modeled melt initially 
contains 1710 ppm S and 2.5 wt% H2O, and three different initial CO2 concentrations 
are modeled: 850, 2000, and 2600 ppm (respectively solid, long dashed, and dotted 
lines across all panels). A) Fraction of S (red), CO2 (black) and H2O (blue) remaining 
dissolved in the melt as magma ascends. B) Total volatile mass fraction remaining in 
the melt (black) and partitioned into an accumulated exsolved volatile phase (yellow). C) 
H2O/CO2 (blue) and CO2/SO2 (black) compositions of the accumulated exsolved vapor 
phase, with airborne-measured CO2/SO2 and H2O/CO2 gas compositions shown as 
bars along the bottom and top axes (see Table 2). Depth below the surface assumes a 
crustal rock density of 2700 kg/m3. Horizontal shaded regions indicate the approximate 
depth of the Shishaldin Volcano deformation sources (possible magma reservoirs) from 
Angarita et al. (this issue). See text and Tables S7-9 for further details.  
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Figure 10: Sulfur_X open-system isothermal degassing model for a Shishaldin Volcano 
basaltic melt. Model conditions and figure symbology are the same as in Fig. 9. Panel C 
shows CO2/SO2 and H2O/CO2 ratios of gas released instantaneously during each 
pressure-step of open-system degassing (total accumulated gas ratios are shown in 
Fig. S.6). Note that for pressures less than 70 MPa, modeled instantaneously exsolved 
H2O/CO2 ratios substantially exceed 100 and are not plotted here to improve readability. 
Airborne-measured gas compositions shown as bars along the bottom and top axes 
(see Table 2). Complete results can be found in Tables S.10-12. 
 
4.5 Calculations of Degassed Magma Masses and Volumes 
The amount of magma that has degassed over an eruptive or unrest period can be 
calculated from cumulative volcanic SO2 emissions combined with how much S has 
been lost from the melt based on melt inclusion analyses, in what is commonly referred 
to as the petrologic method (e.g., Devine et al., 1984; Gerlach et al., 1994).  Because S 
exsolves from basaltic melts at relatively shallow depths (e.g. Figs. 9, 10), degassed 
magma masses often agree quite well with eruptive masses for basaltic systems, 
especially during effusive eruptions (e.g., Sutton et al., 2003; Lerner et al., 2021; Pfeffer 
et al., 2024). Studies of explosive basaltic eruptions are less abundant and find that the 
majority of magma supplied to the shallow system (and degassed) is erupted (e.g., 
Aiuppa et al., 2021; Coppola et al., 2019). Consequently, we calculate degassed 
magma masses and use these to estimate eruption masses during our study period. We 
acknowledge that this method may overestimate total eruption masses as not all 
magma that degasses erupts, and it is common for open-vent volcanoes, such as 
Shishaldin Volcano, to degas more magma than they erupt, especially over extended 
time periods (e.g., Shinohara, 2008; Edmonds et al., 2022). However, because limited 
SO2 was detected between eruptions we consider non-eruptive degassing during the 
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study period to be minor. Furthermore, we expect the total satellite-derived SO2 masses 
used in this calculation to be underestimated due to limited detection capabilities during 
cloudy conditions, which would partially offset any potential overestimation of eruption 
mass.  
 
Here, we combine cumulative SO2 emission masses from satellite data over 
Shishaldin’s 2019–2020 and 2023 eruptive periods with petrologic constraints on melt 
S from the 2023 eruption from Izbekov et al. (2026; Table S.5) to calculate degassed 
magma masses (Mm) and volumes (Vm). We use a simplified version of the equation 
from Gerlach et al. (1994), 
 

 𝑀!"#!" =
$!"#
%&'($

  (eq. 1) 

 
where ESO2 is total measured SO2 gas mass, the factor of 2 in the denominator 
accounts for the molar mass difference between SO2 (64 g/mol) and S (32 g/mol), ΔS is 
the amount of S lost from melt inclusions (representing the deeply trapped, undegassed 
melt) and the matrix glass (representing the erupted, degassed melt) in mass fraction, 
and φm is the melt mass fraction (i.e., 1 minus the phenocryst fraction). To solve this 
equation, we use the cumulative satellite-derived SO2 masses of ~40 kt for the 2019–
2020 and ~240 kt for the 2023 eruptive periods and assume an uncertainty of ± 30%. 
We use data from the most primitive melt inclusion analyzed for the 2023 eruption of 
Shishaldin Volcano (48.2 wt% SiO2) from Izbekov et al., (2026; sample 23ESB8a) and 
assume this composition is representative for undegassed magma of both the 2019-
2020 and 2023 eruptions. Specifically, we use an undegassed melt S concentration of 
1710 ± 225 ppm, the maximum measured of 29 melt inclusions analyzed by Izbekov et 
al. (2026; Table S.5). We estimate the residual S in the degassed melt to be 100 ± 50 
ppm, which is the maximum S measured in matrix glasses for the 1999 eruption by 
Rasmussen et al. (2018), and represents eruptive degassing of ~91-97% of S from the 
initial melt. We use the average groundmass volume fraction measured in four 2023 
pumice samples analyzed by Izbekov et al. (2026) of 0.837 ± 0.026 as our estimate for 
melt fraction and assume negligible difference in converting from volume to mass-based 
units. Solving equation 1 using the average values above, we calculate total degassed 
magma masses of 1.5 x 1010 kg for the 2019–2020 eruption and 9.0 x 1010 kg for the 

2023 eruption. To convert degassed magma mass to volume, Mm is divided by melt 

density (⍴m). Because we are interested in estimating the degassed magma volume as 
a proxy for surficial eruption volume, we use a typical dense rock equivalent basaltic 



33 

density of 2900 ± 100 kg/m3 for ⍴m. This yields a degassed magma volume of 5.15 x 106 

m3 for 2019–2020 and 30.9 x 106 m3 for the 2023 eruption. 
 
Since our measurements and assumptions all contain uncertainties and many variables 
have non-normal distributions, we apply a Monte Carlo approach to calculate the most 
probable results with realistic uncertainties. We conducted 10,000 simulations and used 
a fixed random seed to ensure reproducibility. We used the mean and standard 
deviation values provided above, along with: (a) log-normal distributions for both the 
SO2 and ΔS to maintain positive values, and (b) truncated distributions ranges for melt 
fraction (0.01-0.99) and melt density (2500-3300 kg/m3) to be physically realistic. For 
Shishaldin’s 2019–2020 eruption we calculate a median cumulative degassed magma 
mass of 1.42 x 1010 kg (with 90% confidence bounds from 8.3 x 109 to 2.5 x 1010 kg and 
listed parenthetically in the following), and a median cumulative degassed magma 
volume of 4.9 x 106 m3 (2.9 to 8.5 x 106 m3; Fig. 11a). We calculate substantially larger 
cumulative degassed magma mass and volume for the 2023 eruption, with a median 
degassed magma mass of 8.6 x 1010 kg (5.0 to 14.8 x 1010 kg), and a median degassed 
magma volume of 29.7 x 106 m3 (17.3 to 51.2 x 106 m3; Fig. 11b). These results further 
indicate that the 2023 Shishaldin Volcano eruption involved substantially more magma 
than the 2019–2020 eruption (Fig. S.3). This finding however depends on the 
assumption of a similar magma supplying both 2019-2020 and 2023 eruptions. Due to 
the substantial differences in eruption style between these two eruptions, it is possible 
that the 2019–2020 eruption involved a greater quantity of degassed magma, 
potentially residual from the 2014–2015 eruption, which led to effusive activity and an 
overall lower degassed magma volume. 
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Figure 11: Results from the Monte Carlo simulation of cumulative degassed magma 
masses (a) and volumes (b) for 2019–2020 (yellow) and 2023 (purple) eruptions of 
Shishaldin Volcano. Median values are presented as vertical solid lines while 5-95th 
percentile regions are shown as shaded regions. Degassed magma volumes are plotted 
in comparison to the 2019–2020 effusive volume (dot-dashed yellow line, Angarita et 
al., this issue), the modeled 2023 syn-eruptive deflation volume (dotted purple line; 
Angarita et al., this issue) and plume-modeling derived eruption volume (light purple 
shaded region; Mota et al, this issue). 
 
4.6 Comparison of Eruption Volumes Across Disciplines 
We next compare our median degassed magma volumes with prior constraints on 
eruption size from geophysical, thermal and/or plume models. No deflation was 
observed for the 2019–2020 eruption so no geodetic estimate of eruption volume is 
available (Angarita et al., this issue). Because the 2019–2020 eruption was largely 
effusive, Angarita et al. (this issue) calculated an effusive eruptive volume of 3 x 106 m3 
based on the radiative power produced by these lava flows as seen in thermal infrared 
satellite data following previous methods (Saunders-Shultz et al., 2024; Coppola et al., 
2017; Harris et al., 1998). Our degassed magma volume calculated for the 2019–2020 
eruption of 4.17 x 106 m3 is ~40% larger than the calculated effusive volume (Fig. 11b). 
The radiative power method is not applicable for explosive events, of which there were 
three during the 2019–2020 eruption. These explosive events accounted for the 
majority (~70%) of SO2 released for the entire eruptive period (27.8 kt vs 39.6 kt; Table 
S.1). This suggests that effusive lava volume calculated by Angarita et al. (this issue) is 
a lower bound of the total eruptive volume. If we further assume that some magma 
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degassed but did not erupt (as supported by the elevated emissions observed in spring 
of 2020), then the calculated degassed magma masses may overestimate the eruptive 
volume. Based on our satellite observations (Table S.1) we find that only ~1.6 kt of SO2 
was released from Shishaldin Volcano following the 2019–2020 eruption, <4% of the 
total. This, in combination with the shallow S exsolution depth found in the degassing 
models (Figs. 9, 10), suggests that most of the degassed magma likely erupted, and 
that the degassed magma volume of 4.92 x106 m3 provides a reasonable estimate of 
the total 2019–2020 eruption volume.   
 
For the 2023 eruption, the co-eruptive deflation volume was modeled as 8.46 x 106 m3 
(Fig. 11; Angarita et al. this issue). Because deflation volume calculations do not 
account for magma and reservoir compressibility (Kilbride et al., 2016; Angarita et al., 
accepted) and may be masked by post-eruptive magma recharge, we consider this 
volume to be a lower estimate of eruptive volume. Because this eruption was entirely 
explosive, the radiative power method cannot be applied to estimate eruption volume. 
As with the 2019–2020 eruption, Shishaldin Volcano continued to degas following the 
cessation of the 2023 eruption in mid-November. Based on our satellite observations, 
~7 kt SO2 out of a total of ~240 kt SO2 (<3%) was released in the 1.5 months following 
eruptive activity. This suggests that most of the degassed magma erupted, and that our 
median degassed magma volume of 29.7 x 106 m3 represents a reasonable estimate of 
the 2023 eruption volume. For the 2023 eruption there are also estimates of eruptive 
volume based on modeling methods to estimate mass eruption rates from plume 
heights. Mota et al. (this issue) use models from Mastin et al. (2014) and Aubry et al. 
(2023) to calculate a range in the total volume of magma erupted of 20 to 50 x 106 m3. 
This eruptive volume range agrees exceptionally well with the 5-95 percentile 
confidence bounds on our degassed magma volume of 17.3 to 51.2 x 106 m3, further 
indicating that our degassed magma mass is providing a reasonable estimate of the 
total eruptive volume (Fig. 11). 
 
4.7 Insights into Magma Supply Rates and Eruptive Mechanisms 
Collectively, the time series SO2 observations and degassing models indicate that SO2 
exsolves and likely degasses at relatively shallow depths of <2-4 km below the surface 
of Shishaldin Volcano. This means that satellite SO2 emissions at Shishaldin Volcano 
can track magma ascent from the shallow crust and syn-eruptive emissions, but not the 
deeper ascent of magma that occurs with limited S degassing. Furthermore, if magma 
ascends from ~2 km to the surface in less than a day (the approximate TROPOMI 
repeat cycle), which is likely based on typical magma ascent rates for explosive 
eruptions (Rutherford, 2008), this potential for detecting a precursory signal will be 
further reduced. The low SO2 emission rates measured by gas flights coupled with the 
lack of persistent satellite SO2 observations from Shishaldin Volcano between the 



36 

2019–2020 and 2023 eruptions and between the 2023 paroxysms (except for between 
events 12 and 13) suggests that any magma in the shallow conduit between major 
eruptions was relatively small in volume and/or already degassed.  
 
The detection of relatively low-level SO2 emission rates and high CO2 concentrations 
between eruptions during gas flights (Table 2) and occasional non-eruptive satellite 
detections of SO2 emissions demonstrates that open-system degassing can occur at 
Shishaldin Volcano months after an eruption. Therefore, it is unlikely that changes in 
conduit permeability are the main source of the variable gas emissions observed 
throughout both eruptions (e.g., Fischer et al., 2002; Gaunt et al., 2020). Instead, the 
four orders of magnitude variability in SO2 emission rates likely stem from a highly 
variable magma supply rate to the shallow crust. This behavior is analogous to that of 
Mount Etna, where Aiuppa and colleagues (2023) found that, prior to Mount Etna’s 
2020-21 paroxysmal events, the magma flux into the shallow crust more than doubled 
from ~1-3 m3/s during the precursory phase to nearly ~4-7 m3/s during paroxysms. 
This observation supported previous model results that attributed Etna paroxysms to an 
increasing supply of volatiles to the shallow plumbing system (Aiuppa et al., 2023; Allard 
et al., 2005). We can calculate Shishaldin Volcano’s magma flux following the methods 
of Aiuppa et al. (2023). In the case of Shishaldin Volcano, we expect S degassing to 
occur predominantly in the top ~2-4 km of the conduit based on the degassing models. 
We calculate magma flux to this depth region (Qin) using a modified version of equation 
1, that uses SO2 emission rates (ΦSO2) from our TROPOMI time series dataset, instead 
of SO2 mass (Aiuppa et al., 2023): 
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where all other variables are the same except we use a lower melt density (ρm) value of 
2700 kg/m3 to better represent the pre-eruptive, undegassed melt. The denominator 
factor 86.4 converts the SO2 flux from t/d to kg/s. We assume that melt density remains 
constant throughout ascent. We calculate magma fluxes ranging from 0.04 to 11 m3/s 
(median = 1 m3/s) for non-eruptive degassing between paroxysmal events, and from 14 
to 135 m3/s (median = 50 m3/s) during paroxysmal events. The distinct break in magma 
fluxes between non-paroxysmal and paroxysmal activity further indicates that Shishaldin 
Volcano paroxysms are driven by relatively high magma fluxes, exceeding 11-14 m3/s.  
Because the magma flux calculation scales proportionally to the SO2 emission rate, the 
time series trend between these two parameters is identical (Fig. 8). The range in 
magma fluxes calculated here for Shishaldin Volcano between paroxysms is similar to 
the range found for Etna including during and between eruptive paroxysms (Aiuppa et 
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al., 2023). Our order of magnitude higher maximum magma fluxes calculated for 
Shishaldin Volcano paroxysms relative to Etna can be explained by a lower initial melt S 
concentration (1710 ppm vs. 2000-3000 ppm) and higher paroxysmal SO2 emission 
rates (reaching ~85,000 t/d vs ≤20,000 t/d), such that much higher magma fluxes are 
required for the lower-sulfur Shishaldin magmas to generate the higher paroxysmal SO2 
emission rates.   
 
Lastly, we integrate our volcanic gas observations into the context of existing eruption 
models for Shishaldin Volcano. Angarita et al. (this issue) use deformation data to infer 
a plumbing system for Shishaldin Volcano that includes a conduit connecting the 
surface to a pressurized source located ~5-7 km below summit level (~2-4 km below 
sea level), interpreted to be a shallow magma reservoir. This shallow storage region is 
connected via a long conduit to a deeper magma source at depths >13 km below the 
summit (>10 km below sea level). Based on our gas modeling results, CO2 would be the 
main volatile exsolving at depths of that deeper magma source, while SO2 and H2O 
begin to substantially exsolve at depths shallower than the top of the shallow reservoir 
(Figs. 9, 10). Deep recharge may be an initial trigger for Shishaldin Volcano eruptive 
periods, but the repeating paroxysms during the 2023 eruption suggest that individual 
explosive eruption timing is modulated by shallower processes, likely within the shallow 
reservoir or upper conduit.  
 
While several models exist to explain explosive basaltic volcanism, our preferred model 
for Shishaldin Volcano’s 2023 eruption based on gas observations is the rise speed 
dependent model (Wilson and Head, 1981; Parfitt and Wilson,1995), where eruption 
style is controlled by magma ascent rate. During high magma ascent rates, gases are 
unable to separate in advance of their source magma and remain trapped in a 
homogenous two-phase flow (closed-system degassing behavior), such that gas and 
magma erupt together explosively (Parfitt, 2004). In this scenario we envision magma 
rapidly ascending from the top of the shallow reservoir and through the conduit, where 
substantial volatile exsolution occurs. The repeating nature of Shishaldin Volcano 
paroxysms (every ~2-10 days for Events 1-12, Fee et al., this issue) could be controlled 
by the time necessary to refill the shallow reservoir from a deeper magma source 
following magma evacuation and reservoir depressurization from the previous 
paroxysm. The assumed high magma fluxes driving paroxysms is consistent with the 
high SO2 emission rates observed for 2023 paroxysmal events. This can also explain 
our observations that suggest Shishaldin Volcano undergoes open-system degassing 
during quiescence and transitions to closed-system degassing behavior during 
paroxysms. 
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An alternative model to explain the repeating paroxysms in basaltic systems is the foam 
collapse model introduced by Jaupart and Vergniolle (1989), where gases accumulate 
as a foam at a structural boundary, assumed here to be the top of a shallow magma 
reservoir, and then collapses to trigger highly explosive basaltic lava fountaining. 
Vergniolle (2024) expanded on this model and used laboratory experiments to constrain 
the trigger for the 1999 Shishaldin Volcano paroxysmal eruption. In this model, a very 
high gas flux combined with very small bubble diameters are required to explain the 
transition from a stable to unstable foam to ultimately trigger Shishaldin Volcano’s 1999 
paroxysm (Vergniolle, 2024). She attributes these specific parameters to a very large 
magma ascent rate relative to Mt. Etna (and other basaltic volcanoes), consistent with 
the high magma fluxes calculated for Shishaldin Volcano above. This model is the 
preferred model invoked for Shishaldin Volcano’s 2023 eruption based on seismic and 
acoustic data (Fee et al., this issue) due to the highly regular timing of the paroxysmal 
events. Because geodetic observations place the shallow magma reservoir at about ~5 
km below the summit (Angarita et al., this issue), a depth greater than where our 
models show substantial H2O exsolution begins (Figs. 9, 10), we prefer the rise speed 
dependent model, which does not require substantial volatile exsolution to occur 
beneath a structural boundary. 
 
Decreases in conduit permeability due to magma crystallization and the resulting 
increase in magma viscosity can also trigger explosive basaltic eruptions (e.g., Di 
Genova et al., 2020). Based on the observed high inter-eruptive CO2 emissions that 
support open-system degassing (Table 2) and the relatively low magma viscosity of 
~126-209 Pa·s calculated from petrologic constraints (see Supplementary Materials B), 
we consider conduit sealing to be a less likely eruption trigger compared to the other 
models. Future petrologic analyses of Shishaldin Volcano eruption samples and 
synthesis of multidisciplinary data could provide further insights into the mechanisms 
controlling Shishaldin Volcano paroxysms.   
 
4.8 Future Work  
A key finding of this work is that satellite detectable SO2 emissions were rarely seen 
during volcanic quiescence at Shishaldin Volcano during our study period. This 
suggests that satellite-detectable SO2 emissions (i.e., rates of 100s t/d) can indicate 
Shishaldin Volcano unrest and prompt heightened monitoring. We note that elevated 
SO2 emissions at Shishaldin Volcano have been observed since 2025 along with 
elevated seismicity and infrasound, without an eruption. Collectively, these 
observations, along with our degassing model results, suggest that SO2 emissions at 
Shishaldin Volcano likely reflect degassing of shallow magma and may be a key 
eruption precursor. We observed a few cases in 2023 when elevated SO2 emissions 
were seen in the hours prior to an explosive eruption. This suggests that higher 
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temporal resolution SO2 emission rates (e.g. acquired hourly instead of daily) could help 
forecast explosive Shishaldin Volcano eruptions and further supports the proposed 
model in which paroxysms are triggered by fast magma ascent/high magma fluxes into 
Shishaldin Volcano’s reservoir (e.g., Parfit and Wilson, 1995; Vergniolle, 2024; this 
study). We caution, however, that SO2 was rarely seen at the start of the 2019-2020 
eruption, potentially suggesting that the early 2019-2020 eruptive material may have 
been already degassed or was smaller in volume, such that the utility of satellite SO2 
monitoring for Shishaldin Volcano may be eruption specific. These observations further 
emphasize the importance of multidisciplinary data in volcano monitoring. 
 
Finally, we saw substantial differences in CO2 concentrations and in plume CO2/SO2 
composition during several years of gas flights, with low CO2/SO2 ratios (<1-2) typically 
seen within eruptive periods, and a higher ratio (~11) seen during quiescence between 
eruptive periods. We hypothesize that this high inter-eruptive CO2/SO2 ratio indicates 
magma recharge by a deep, CO2-rich magma (e.g., Burton et al., 2007; Aiuppa et al., 
2007; Werner et al., 2013) and may be an early sign of future eruptive activity 
Shishaldin Volcano.  
 
Moving forward, continued monitoring of SO2 emissions using TROPOMI satellite data 
and adding complementary IASI observations during winter months (November - 
February) will help maximize sensitivity and consistency in satellite observations. 
Continued gas flight measurements whenever possible (ideally at least annually) will 
help constrain SO2 emission rates (particularly if below satellite detection capabilities) 
and gas composition (e.g., CO2/SO2) to identify early signs of deep magma recharge. 
Finally, the installation of ground-based SO2 monitoring instruments at Shishaldin 
Volcano, such as a scanning DOAS network (e.g., Galle et al., 2010; Arellano et al., 
2021) or SO2 camera (Kern et al., 2015; Aiuppa et al., 2023), or expanding the 
operational satellites used to include complementary OMPS sensors, would increase 
the sensitivity and/or temporal rate of SO2 emission rate monitoring, and thus potentially 
detect more subtle and/or short-lived anomalies to help forecast explosive eruptions. 
 
5. Conclusions 
We combine UV and IR satellite SO2 observations with airborne gas measurements, 
petrologic constraints, and degassing models to provide insights into magma degassing 
processes during Shishaldin Volcano’s 2019-2020 and 2023 eruptions. We compare and 
combine TROPOMI and IASI SO2 masses to robustly quantify Shishaldin Volcano’s total 
eruptive SO2 emissions. We find very good agreement between these sensors from 
spring to fall and note several missed wintertime detections by TROPOMI, due to limited 
wintertime UV, and note a general reduced sensitivity to low-mass plumes by IASI. The 
combined TROPOMI and IASI satellite SO2 dataset reveals that Shishaldin Volcano 
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released ~6 times more SO2 during its 2023 eruption relative to its 2019–2020 eruption 
(~240 kt vs ~40 kt, respectively). These observations combined with the petrologic 
method allow us to calculate degassed magma volumes of 4.17 x 106 m3 and 29.7 x 106 
m3 for 2019-2020 and 2023 eruptions, respectively, indicating that the 2023 eruption was 
substantially larger than the 2019-2020 eruption. We observed highly variable SO2 
emission rates in TROPOMI data over the five-year study period from <100 to 85,000 t/d, 
which we attribute to a highly variable magma supply rate, consistent with existing models 
for basaltic paroxysms. We find that satellite-detectable SO2 emissions are seen almost 
exclusively during or following periods of volcanic unrest and eruption, suggesting that 
SO2 degasses at relatively shallow depths at Shishaldin Volcano. Airborne gas CO2/SO2 
ratios of <2 to 11 and degassing models suggest that magma degasses primarily at 
depths of <2-4 km below the surface during/following eruptions, and at depths ≥12 km 
between eruptions, indicating deep magma recharge in the months to years prior to the 
2023 eruption. Collectively, these observations suggest that Shishaldin exhibits both 
open- and closed-system degassing behavior. We speculate that variations in degassing 
behavior and eruption style can be explained by differences in magma ascent rates, 
where low magma ascent rates lead to open-system degassing and weakly explosive to 
effusive eruptions, and high magma ascent rates lead to closed-system degassing and 
highly explosive eruptions. These findings indicate that satellite SO2 observations 
combined with volcanic gas composition measurements provide unique insights into 
magmatic processes, can successfully track magma supply to the shallow crust, and have 
potential to help forecast highly explosive paroxysmal eruptions at Shishaldin Volcano 
and other analog volcanoes. 
 
6. Supplementary information 
Supplementary Materials A and B, as well as Figures S.1–S.6 can be found in the 
attached word document. Supplementary Tables S.1–S.12 can be found in the attached 
excel file. 
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Supplementary Methods Text: 

● Supplement A: Analytical Routine for Sulfur Wavescans 
● Supplement B: Viscosity Calculations 
● References 

 
Supplementary Figures: 

● Figure S.1: Timeseries comparison between SO2 plume heights derived from 
TROPOMI (purple) and IASI (blue) for the 2019-2020 (a) and 2023 (b) eruptions 
of Shishaldin Volcano.  

● Figure S.2: Comparison between coincident IASI and TROPOMI Shishaldin SO2 
masses (left) and plume heights (right) throughout 2019–2020 and 2023 
eruptive episodes as a function the time difference between TROPOMI and IASI 
overpass times in hours.  

● Figure S.3:  Total SO2 masses calculated by IASI (left) and TROPOMI (right) 
showing proportions of matched (blue) and unmatched (red) detections, where 
matches represent TROPOMI and IASI detections of SO2 from Shishaldin 
Volcano acquired within 3.35 hours of each other. 

● Figure S.4: Bar diagrams for the 2019–2020 (left) and 2023 (right) Shishaldin 
eruptions showing cumulative eruptive SO2 mass determined from IASI only 
(blue), TROPOMI only (purple), and the best combined mass (largest per day) 
derived from either IASI or TROPOMI sensors (yellow).  

● Figure S.5: Sulfur_X open-system (A) and closed-system (B) degassing model 
results (see Figs. 9, 10) of (left) S and CO2 in the melt and (right) S and H2O in 
the melt shown in blue, compared to measured melt inclusions from Rasmussen 
et al. (2018). In both scenarios, the modeled melt is assumed to be 1120°C, fO2 
= ΔFQM+0.9 (S6+/Stotal 0.3-0.4), and to initially contain 1710 ppm S and 2.5 wt% 
H2O.  

● Figure S.6: Empirical degassing model fit to measured volatiles in melt 
inclusions from Shishaldin’s 1999 eruption.  

● Figure S.7: Sulfur_X open-system isothermal degassing model for a Shishaldin 
basaltic melt using the CO2-H2O degassing model of Iacono-Marziano et al. 
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(2012), showing the ratios of accumulated exsolved gases (compared to Fig. 10 
of the main text, which shows instantaneous gas ratios for each pressure step).  

 
Supplementary Methods Text: 
 
Supplement A: Analytical Routine for Sulfur Wavescans 
Twenty-seven representative melt inclusions (>50 μm in diameter) hosted in olivine and 
plagioclase phenocrysts were selected for sulfur analysis. The analytical routine 
consisted of two steps: (1) determination of the sulfur Kα peak position via wavelength 
scanning (wave scan analysis), and (2) quantitative point analysis of sulfur at the 
determined peak position, conducted simultaneously with major element analysis. 
  
Both wave scan analysis and point analysis were performed using a JEOL JXA-8530F 
electron microprobe housed at the Advanced Instrumentation Laboratory, Geophysical 
Institute, University of Alaska Fairbanks. Petrographic thin sections were polished and 
carbon-coated to a thickness of ca. 250 Å. Wave scans were acquired using an 
accelerating voltage of 15 kV, a beam current of 50 nA, and a focused beam. 
Characteristic X-ray intensities were collected simultaneously on three PETL 
spectrometers. For each wave scan analysis, intensities were measured over 30 steps 
with a step size of 0.01 mm (corresponding to 0.00031 Å) and a dwell time of 60 
seconds per step. The wavelength scan range for each PETL spectrometer was defined 
individually based on the positions of the S⁶⁺ and S²⁻ Kα peaks, determined by peaking 
on reference standards (Taylor Gypsum and Taylor Pyrite, respectively). The selected 
scan range encompassed both peak positions and adjacent background regions, 
extending ±0.10 mm beyond the peak limits. 
  
The acquired sulfur Kα wave scans were processed by fitting Gaussian functions to the 
measured intensity distributions. The position of the sulfur Kα peak in unknown 
samples, relative to those of S⁶⁺ and S²⁻ in reference materials, was used to determine 
sulfur speciation. Oxygen fugacity was subsequently calculated following equation 18 of 
Jugo et al. 2005. Results from three spectrometers were averaged and are reported in 
the accompanying table. 
  
Point analyses for major oxides and sulfur were performed in 1-6 spots adjacent to the 
wave scan spot within the same melt inclusion, using a 15 keV accelerating voltage, a 
10 nA beam current, and a 5-µm-diameter beam. Sodium and aluminum were analyzed 
first, with a time-dependent intensity correction applied to minimize volatilization effects 
(Nielsen and Sigurdsson, 1981). Sulfur Ka characteristic X-rays were acquired on PETL 
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crystal mounted on spectrometer 2, which exhibited the highest sensitivity to sulfur 
among all three PETL spectrometers used in this study. Because the determined sulfur 
Kα peak positions exhibited minimal variability across all measured melt inclusions, the 
averaged sulfur Kα peak position on spectrometer 2’s PETL crystal was used for all 
quantitative point analyses. Details on the analytical conditions used in point analyses 
and the complete dataset with sample descriptions can be found in Izbekov et al. 
(2026). 
 
Supplement B: Viscosity Calculations 

Viscosity for Shishaldin 2023 magma was calculated using petrologic constraints from 
Izbekov et al. (2026) and the Conflow program by Mastin and Ghiorso (2000) and 
Mastin, (2002). Temperatures of 1066 and 1109 °C were used, corresponding to the 
minimum and maximum temperatures determined from ilmenite–magnetite pairs in the 
Ol–Opx–Pl enclave found in the 2023 Shishaldin eruptive products (Izbekov et al., 
2026). An average crystallinity of 20 vol.% was used based on modal analyses of the 
erupted products. A pressure of 26 MPa and 1 wt.% H₂O were used as representative 
example values for shallow conduit conditions. The calculated viscosities are 208.6 and 
125.5 Pa·s at 1066 and 1109 °C, respectively. 
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Supplementary Figures: 
 
 

 
Figure S.1: Timeseries comparison between SO2 plume heights derived from 
TROPOMI (purple) and IASI (blue) for the 2019-2020 (a) and 2023 (b) eruptions of 
Shishaldin Volcano. Black triangles on the upper x-axis mark explosive events 
(paroxysms).  
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Figure S.2: Comparison between coincident IASI and TROPOMI Shishaldin SO2 
masses (left) and plume heights (right) throughout 2019–2020 and 2023 eruptive 
episodes as a function the time difference between TROPOMI and IASI overpass times 
in hours. Dashed black lines indicate a 1:1 agreement. All detections associated with 
paroxysmal events are labeled, with the 2019–2020 eruption events distinguished as 
“a”. 
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Figure S.3:  Total SO2 masses calculated by IASI (left) and TROPOMI (right) showing 
proportions of matched (blue) and unmatched (red) detections, where matches 
represent TROPOMI and IASI detections of SO2 from Shishaldin Volcano acquired 
within 3.3 hours of each other. 
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Figure S.4: Bar diagrams for the 2019–2020 (left) and 2023 (right) Shishaldin Volcano 
eruptions showing cumulative eruptive SO2 mass determined from IASI only (blue), 
TROPOMI only (purple), and the best combined mass (largest per day) derived from 
either IASI or TROPOMI sensors (yellow). The number of detections (N) used to 
calculate the total masses and the total mass for each category are listed above their 
respective bars. 
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Figure S.5: Sulfur_X open-system (A) and closed-system (B) degassing model results 
(see Figs. 9, 10) of (left) S and CO2 in the melt and (right) S and H2O in the melt shown 
in blue. In both scenarios, the modeled melt is assumed to be 1120°C, fO2 = FQM+0.9 
(S6+/Stotal 0.3-0.4), and to initially contain 1710 ppm S and 2.5 wt% H2O. Three different 
initial CO2 concentrations are modeled: 850, 2000, and 2600 ppm (respectively solid, 
long-dashed, and dotted lines across all panels). Volatiles in melt inclusions from the 
Shishaldin 1999 eruption (circles) measured by Rasmussen et al. (2018) are shown for 
comparison. Open circles are uncorrected melt inclusion measurements; filled green 
circles are post-entrapment crystallization-corrected melt inclusion concentrations; filled 
yellow circles have re-calculated H2O values to account for diffusive H2O-loss from the 
inclusions (see Rasmussen et al. 2018 for explanations).  
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Figure S.6: Empirical degassing model fit to measured volatiles in melt inclusions from 
Shishaldin’s 1999 eruption. A) Volatile concentrations measured in melt inclusions 
(circles) and the empirical degassing model result for remaining volatile species in the 
melt during magma ascent (curves). B) Modeled composition of the co-existing 
exsolving vapor during magma ascent. C) Modeled C/S ratios in the exsolved vapor, 
with ranges of low- and high-C/S gas measurements at Shishaldin indicated (red and 
blue bands, respectively). Initial volatile concentrations (2.3 wt% H2O, 1300 ppm CO2) 
are based on analyses of primitive melt inclusions from the 1999 eruption (Rasmussen 
et al. 2018), and are similar to those presented in Figures 9 and 10 in the main text. 
Remaining S concentration in the melt is modeled and based on a K2O-SO2 regression 
of measured values (see Werner et al., 2020). Depth below the surface assumes a 
crustal rock density of 2700 kg/m3. 
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Figure S.7: Sulfur_X open-system isothermal degassing model for a Shishaldin basaltic 
melt using the CO2-H2O degassing model of Iacono-Marziano et al. (2012). Model 
conditions and figure symbology are the same as in Figs. 9 and 10 in the main text. 
Panel C shows CO2/SO2 and H2O/CO2 ratios of accumulated gas during open-system 
degassing behavior (compare to Fig. 10 of the main text, which shows instantaneous 
gas ratios for each pressure step). Airborne-measured gas compositions shown as bars 
along the bottom and top axes, with the measured H2O/CO2 ratio being off-scale (see 
Table 2). Depth below the surface assumes a crustal rock density of 2700 kg/m3. 
Horizontal shaded regions indicate the approximate depth of the Shishaldin deformation 
sources (i.e., possible magma reservoirs) from Angarita et al. (this issue).  
 

 
 
 
 
 


