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Gas emissions from volcanoes occur when volatile species exsolve from magmatic and hydrothermal systems and make their way to the surface. Measurements of emitted gases therefore provide insights into volcanic processes. On 16 July 2021, we made airborne measurements of weak gas plumes emitted from four remote Alaska volcanoes: Iliamna Volcano, Mount Douglas, Mount Martin, and Mount Mageik. Integrated into a small fixed-wing aircraft, a new Imaging Differential Optical Absorption Spectroscopy (DOAS) instrument was used to map the spatial extent of SO2 plumes as they drifted downwind. Contrary to conventional Mobile DOAS instruments, which provide only a single viewing direction, the Imaging DOAS simultaneously measures SO2 column density along 48 individual viewing directions oriented in a swath above or below the aircraft. Each of the individual measurements have a comparable precision and sensitivity to those obtained by conventional instruments. Together, they provide high resolution 2D imagery of the volcanic plumes and allow calculation of limited emission rate time series information. Although zenith-facing DOAS measurements achieve greater accuracy and are performed here, the application of the Imaging DOAS in a nadir-facing setup is also discussed and compared to satellite observations made in similar geometries. Also onboard the aircraft, a suite of electrochemical and optical sensors measured the relative abundances of the six major volcanic volatile species H2O, CO2, SO2, H2S, HCl, and HF as the aircraft passed through the plumes. Mean SO2 emission rates of 90 ± 10, 20 ± 3, and 13 ± 3 t/d were measured at Iliamna Volcano, Mount Douglas, and Mount Martin, respectively. SO2 emissions were below the DOAS detection limit at Mount Mageik but CO2 and H2S could be measured with the in situ sensors. The information gleaned from these measurements was used to assess and compare activity at these volcanoes, all of which were found to be in a state of background degassing but whose emissions pointed to different source conditions ranging from mixed magmatic-hydrothermal to purely hydrothermal in character. Additional measurements at Mount Spurr, Redoubt Volcano, and Augustine Volcano failed to detect the very weak gas concentrations downwind of these persistently degassing vents.
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INTRODUCTION
The state of Alaska is home to more than 130 volcanoes and volcanic fields, 54 of which have been active since 1700 CE (Cameron et al., 2022a), and hardly a year passes without an eruption (Cameron et al., 2022b). Most of these volcanoes are located along the Alaska-Aleutian arc where the northward-moving Pacific Plate is pushed beneath the North American Plate at a rate of ∼6 cm per year (Syracuse and Abers, 2006). Although most of these volcanoes are in relatively remote locations, they can still pose significant hazards to aviation. More than 60,000 passengers can be expected to be traveling on commercial aircraft in the airspace downwind of Alaska’s active volcanoes on a daily basis (Ewert et al., 2018). Explosive volcanic eruptions can produce ash clouds that, if flown through by jet aircraft, can cause engine damage or failure. Eruptions from volcanoes in the Cook Inlet (Mount Spurr, Redoubt Volcano, Iliamna Volcano, and Augustine Volcano) can have the most severe impacts as these are nearest to Anchorage, Alaska’s largest population center and a major cargo airport hub (Figure 1). For example, a series of eruptions from Redoubt Volcano in 1989–1990 caused airport closures and airline cancellations in Anchorage and on the Kenai Peninsula (Casadevall, 1994), and disrupted air traffic as far away as Texas. Just 2 years later, in 1992, three eruptions of Mount Spurr’s Crater Peak closed the Anchorage airport again and disrupted air traffic as far east as the eastern United States and Canada (Keith, 1995).
[image: Figure 1]FIGURE 1 | “High” (orange) and “Very High” (red) threat volcanoes of the Cook Inlet and northern Alaska Peninsula. Underlined names indicate volcanoes at which gas plumes could be detected on 16 July 2021 using our airborne gas monitoring instrumentation. Threat ranking according to Ewert et al. (2018). Base map from Esri (2022) and its licensors.
Due to these potential hazards, the United States Geological Survey’s (USGS) Alaska Volcano Observatory (AVO) is tasked with monitoring Alaska’s active volcanoes and providing timely information about volcanic activity to stakeholders and the public at large. For this purpose, AVO maintains a network of visual, geophysical, and geodetic monitoring instrumentation on many of the most active volcanoes in the region. However, the harsh environmental conditions and remote nature of many of the volcanoes make maintaining permanent monitoring infrastructure extremely challenging. AVO therefore relies heavily on campaign-type measurements and satellite remote sensing data to compliment observations from sensors on the ground and produce reliable information on volcanic events (Poland et al., 2020). Information on volcanic degassing, in particular, is currently obtained almost entirely through remote sensing observations or manual ground-based or airborne surveys, though efforts are underway to install limited continuous geochemical monitoring on volcanoes where such data are deemed particularly important for eruption forecasting and detection.
Anomalous gas emissions are often the first indicators of volcanic unrest, particularly at “open system” volcanoes at which volatiles exsolved from magma at depth can travel independently to the surface and degas to the atmosphere. Notable examples include the order-of-magnitude increase in sulfur dioxide (SO2) emissions weeks before the 2005 eruption of Santa Ana volcano, El Salvador (Olmos et al., 2007), the anomalous carbon dioxide (CO2) degassing identified ∼6 months prior to the 2009 eruption of Redoubt Volcano, Alaska (Werner et al., 2013), and the increase in CO2 degassing observed weeks to months before the deadly 2019 paroxysms at the ordinarily benign Stromboli volcano, Italy (Aiuppa et al., 2021). Pre-eruptive degassing occurs when magma ascends in a volcanic system, leading to a decrease in pressure and partitioning of dissolved volatile species to a separate fluid phase that can move upward toward the surface (Edmonds and Wallace, 2017). In such cases, the rate at which gases are emitted to the atmosphere, typically given in kg/s or metric tons per day (t/d), tracks the volume of rising magma to first order. Because volatile species have vastly different solubilities in melt, their exsolution occurs at different pressures/depths, with CO2 typically being the first to exsolve at depths >10 km (Wallace et al., 2015), followed by sulfur and water vapor as the magma moves closer to the surface (Edmonds and Wallace, 2017; Werner C. et al., 2020). The relative abundance of these species in volcanic gas emissions therefore provides information on the depth from which they originate (Aiuppa et al., 2007; Burton et al., 2007; de Moor et al., 2016; Werner C. et al., 2020).
Due to their diagnostic utility, volcano observatories are increasingly interested in tracking volcanic gas emission rates and chemical compositions over time (Kern et al., 2022). In some cases, this is accomplished with geochemical monitoring stations permanently installed on active volcanoes. The most common continuous gas monitoring instruments are Scanning Differential Optical Absorption Spectrometers (Scanning DOAS, Galle et al., 2010; Arellano et al., 2021), which measure the SO2 emission rate, and multi-GAS instruments (Aiuppa et al., 2005; Shinohara, 2005), which measure the relative abundance of the major volcanic gas species (H2O, CO2, SO2, and H2S). However, these instruments provide only limited spatial information, making it difficult to study processes like plume heterogeneity, dynamics, or chemical evolution. Additional spatial information can be obtained by mounting DOAS or multi-GAS instruments on mobile platforms such as vehicles or aircraft, but even then, the instruments only provide information at a single location at a given time. Relatively novel SO2 camera technology (Mori and Burton, 2006; Bluth et al., 2007) now allows acquisition of 2D imagery of gas plumes from stationary instruments, thus providing insights into SO2 distributions in the atmosphere. However, these instruments can only measure SO2 and have not been proven to work well on moving platforms.
In this study, we aim to improve the ability to obtain spatially resolved measurements of volcanic gases by introducing a novel Imaging DOAS instrument designed for airborne surveys. As we show in the following sections, this instrument can provide 2D imagery of gas plumes from moving platforms while also capturing the full, moderate-resolution (<1 nm) spectral information required for measuring multiple gas species at high sensitivity.
MATERIALS AND METHODS
A new airborne Imaging DOAS instrument
Measurement principle
Since its first application to volcanic gases approximately 20 years ago (Galle et al., 2002; Edmonds et al., 2003), DOAS has become a standard technique for quantifying SO2 emission rates from volcanoes. DOAS instruments measure the absorption of ultraviolet (UV) radiation by SO2 and, in certain cases, some other plume constituents [e.g., bromine monoxide (BrO), chlorine dioxide (OClO), iodine monoxide (IO), and water vapor (H2O)] (Galle et al., 2002; Bobrowski et al., 2003; Bobrowski et al., 2007; Kern et al., 2017; Schönhardt et al., 2017). By selectively measuring the narrow-band absorbance related to known ro-vibronic transitions of trace gas molecules in the light path, the measurements yield trace gas column densities (Platt and Stutz, 2008). These are typically given in molecules/cm2, ppmm, or for satellite remote sensing observations, Dobson Units (DU, 1 DU = 2.69⋅1016 molecules/cm2).
Most DOAS observations of volcanic plumes use sunlight scattered in the atmosphere as their light source. This affords great flexibility with regards to measurement geometry, as instruments can be aimed in practically any viewing direction and measure the slant column density (SCD, typically given in molecules/cm2) along the line-of-sight. In contrast to in situ measurements that measure trace gas concentrations at a single point in space, the integrative nature of the DOAS measurements allows derivation of emission rates. The SO2 burden in a cross-section of a volcanic plume can be determined by passing the instrument along a traverse above or below the plume, or by scanning through the plume from a fixed location. Multiplication of this burden with the wind speed at plume height then yields the emission rate (Galle et al., 2002; Kern, 2009; Galle et al., 2010).
While conventional DOAS instruments measure the trace gas column density along a single, narrow field of view, Imaging DOAS instruments can provide multi-dimensional images of gas distributions in the atmosphere (Lohberger et al., 2004; Bobrowski et al., 2006; Louban et al., 2009). In the “push-broom” imaging technique, light is coupled into a spectrometer with a 2D detector. While one detector dimension measures the spectrum of incident radiation, the other detector dimension allows multiple spatial pixels to be measured at the same time. In this manner, trace gas column densities along an entire swath of the atmosphere can be measured simultaneously. This swath can then be scanned across an area of interest (e.g., a volcanic plume), thus providing a 2D image of the trace gas column density distribution (Platt et al., 2014). Often used for imaging volcanic gas plumes from space, the Ozone Monitoring Instrument (OMI) and the Tropospheric Monitoring Instrument (TROPOMI) both use the same push-broom technique to capture 2D imagery from low-Earth orbit.
Integration into the AVO airborne gas laboratory
For this study, we implemented an Imaging DOAS system based on a Teledyne Princeton Instruments FERGIE spectrometer (Figure 2). The FERGIE instrument features a variant of a Czerny-Turner spectrograph with an 80.8 mm focal length modified to correct for spherical and field astigmatism (McClure, 2013; McClure, 2014). The spectrograph’s entrance plane is mapped onto a 2D cooled, back-illuminated CCD detector with 256 × 1024 (row × column) pixels. Blazed for maximum efficiency at 300 nm, an echelette grating with 1200 grooves/mm provides diffraction along the detector’s horizontal dimension. Mounted on a rotary stage, the grating can be turned to adjust the captured wavelength range. In the measurements presented here, we recorded the 266–403 nm region. Light is coupled into the system through a fiber bundle with 48 individual fused silica fibers, each with a 50 μm diameter (+10 μm cladding) aligned in a sorted, linear array on either end. One end of the fiber bundle is positioned in the entrance plane of the spectrograph and thus the fiber array itself emulates a 50 μm entrance slit. In this configuration, the spectrometer achieves a spectral resolution of 0.45 nm throughout the detector plane. The other end of the fiber bundle is positioned in the focal plane of a wide-angle object lens with an effective focal length of feff = 6 mm which thereby collects radiation from a swath of 27.2-degree width.
[image: Figure 2]FIGURE 2 | Optical design of the airborne Imaging DOAS instrument integrated into the Alaska Volcano Observatory airborne gas laboratory. Scattered sunlight is collected by an object lens assembly and coupled into a linear fiber bundle. The sorted fiber bundle transfers the light into the aircraft and ends in the focal plane of the imaging spectrometer. An adjustable dispersion grating maps the ultraviolet spectrum onto the horizontal dimension of a two-dimensional back-illuminated detector. The spatial swath collected with the fiber bundle is mapped onto the vertical dimension of the detector. The aircraft’s motion scans the swath across the sky, thus providing the second spatial dimension of the imagery (see Figure 5).
The Imaging DOAS was developed in a modular design such that it could easily be installed into various aircraft. For the measurements presented here, we integrated the system into the AVO airborne gas laboratory on board a Cessna Conquest twin-engine aircraft (Figure 3A). For this purpose, an emergency exit door over the starboard wing was modified such that two C-mount telescopes could be mounted in zenith-facing direction adjacent to one another. One of these mounts held the Imaging DOAS wide-angle telescope while the other held a standard, f = 30 mm narrow-beam telescope running to a conventional DOAS instrument used for comparison (see the Supplementary Material for a complete description of the conventional DOAS). Two additional small holes beneath the optical mounts allowed optical fibers attached to the telescopes to enter the aircraft.
[image: Figure 3]FIGURE 3 | The AVO airborne gas lab pictured on board a Cessna Conquest aircraft in July 2021. (A) While circling a volcano at speeds of ∼180 km/h, forward-facing metal inlets at the front of the aircraft divert ram-air into tubing leading to the in situ sensors inside. Farther back, two zenith-facing ports allow integration of C-Mount optical ports, in this case a conventional DOAS telescope and the Imaging DOAS object lens assembly. (B) Inside the aircraft, the in situ gas sensors actively pull air off the ram air manifold. The Imaging DOAS Spectrometer is strapped to the floor just aft of the in situ rack assembly. A fused-silica fiber bundle transmits light in from the external optical port. A second, high-sensitivity DOAS spectrometer is located just off the photo to the right (aft). Photos by Christoph Kern, USGS.
Inside the airplane, the Imaging DOAS was positioned just aft of the sensor package used for measuring plume composition in situ (Figure 3B). For this initial survey, the FERGIE spectrometer was simply strapped to the floor of the aircraft, with the carpeted interior providing some vibration dampening. The required 80 W (maximum) of electrical power were provided by a 2,000 Wh LiFePO4 power station with integrated circuit protection. Data acquisition was performed with a laptop computer running a custom MATLAB application. The spectrometer was set to continuous acquisition mode in which successive CCD images (Figure 4) are acquired with a fixed exposure time (typically 1–2 s) and cached onboard. Using the MATLAB program, the operator can request cached imagery be downloaded to the laptop at the push of a button while the aircraft is not transecting the gas plume. The download occurs through a USB3.0 interface and can take several 10 s of seconds, depending on how much imagery was cached since the last download. Once the download is complete, the illumination conditions are assessed, and the next measurement sequence is automatically initialized with an appropriate exposure time.
[image: Figure 4]FIGURE 4 | Example multispectral image recorded with the airborne Imaging DOAS. Each of the 48 fibers in the bundle produces a spectrum, which is mapped horizontally on the detector. Areas between fibers (cladding) appear as dark rows. The intensity along the white vertical line is plotted at right (in detector counts).
Installed in this manner, the Imaging DOAS instrument measured scattered solar radiation originating from a 27.2-deg swath of sky above the aircraft (Figure 5). The motion of the aircraft then scans this swath across the sky, thus generating 2D images of the overhead trace-gas column densities. The along-track spatial resolution of the images depends on the utilized exposure times, which in turn depend on the lighting conditions. In this study, spectra were recorded at approximately 0.5–1 Hz, which, when combined with the aircraft’s flight speed of approximately 50 m/s (180 km/h) during observation segments, leads to an along-track resolution of 50–100 m. The cross-track resolution depends on the distance between the aircraft and the gas plume, with the pixel width increasing by about 10 m per km plume distance. In this study, our cross-track pixel length was generally around 10–20 m, with the exact size varying with plume and flight altitude.
[image: Figure 5]FIGURE 5 | Schematic of push-broom imaging DOAS observations performed with a fixed-wing aircraft flying beneath a volcanic gas plume. The swath angle θ is fixed at 27.2 deg. The swath width s thus depends on the distance H between the aircraft and the gas plume. The swath is divided into 48 pixels, corresponding to the 48 fibers in the fiber bundle. The spatial resolution in the flight direction is given by the product of the aircraft’s ground speed vg and the Imaging DOAS exposure time texp (Schönhardt et al., 2015). Indicated in gray, additional optical ports allow nadir-facing observations, but this geometry was not used in the measurements presented here. Photograph of 1986 activity at Iliamna Volcano by R.G. McGimsey, USGS.
Spectral retrieval
Analysis of the recorded Imaging DOAS data first requires a spectral retrieval in which trace gas column densities are derived from the measured radiance spectra. First, we split each recorded 2D CCD image into 48 individual spectra by binning adjacent detector rows such that pixels collecting light from an individual fiber in the linear bundle are combined. This process generates 48 spectra for each acquisition, with each spectrum corresponding to a different viewing angle. While we found the optical resolution and instrument line shape to be remarkably constant and independent of the position on the CCD detector, imperfect alignment of the fiber bundle at the entrance of the spectrometer did lead to a slight variation in the pixel-wavelength calibration between different viewing angles. We therefore treated each of the 48 viewing directions separately in the spectral retrieval, only comparing spectra recorded in a specific viewing direction with others from the same direction.
The spectral retrieval itself follows the standard DOAS methodology (Platt and Stutz, 2008): Each measurement spectrum is corrected for stray light by subtracting the average intensity recorded at wavelengths shorter than 300 nm where the stratospheric ozone (O3) blocks radiation. Then the logarithm is taken. Next, a non-linear least-squares fit is used to fit a model spectrum to the measurement. The model spectrum consists of a linear combination of the logarithm of a clear-sky reference spectrum recorded away from the volcanic gas plume, the trace gas absorption cross-sections of SO2 and ozone (O3) (Bogumil et al., 2003; Vandaele et al., 2009), a Ring correction spectrum to account for the effect of inelastic Raman scattering in the atmosphere (Grainger and Ring, 1962), and a 3rd order polynomial to account for broadband scattering and absorption effects (Platt and Stutz, 2008). A new set of clear-sky spectra was recorded at each volcano, with each viewing direction in the swath using its own reference. The clear-sky measurements were selected by choosing an acquisition close in time and space to the volcanic plume measurements, but which lacked the absorption signature of SO2 in all viewing directions.
Once the best fit between measurement and model spectrum is achieved, the fit coefficients yield the slant column densities (SCDs) of SO2 and O3 relative to those contained in the clear-sky spectrum. For our zenith-facing observations, the vertical column density was then determined by simply accounting for the geometric air mass factor, i.e., each slant column was multiplied by the cosine of the measurement zenith angle θi (see Figure 5). BrO and OClO column densities can be retrieved in an analogous manner from the Imaging DOAS spectra (Gliß et al., 2015), but both were below the instrument’s detection limit during the measurements presented here.
Detection limit
The precision of spectroscopic measurements is limited by shot noise (Platt and Stutz, 2008). Pure shot noise increases with n1/2, where n denotes the number of photons collected. Since the measured radiance signal increases with n, the signal-to-noise ratio increases with n1/2. The precision of a measurement can therefore be improved by increasing the exposure time, co-adding subsequent exposures or, in the case of scattered light measurements, increasing the solid angle from which light is collected in each acquisition. In an Imaging DOAS spectrometer, the latter can be achieved by binning adjacent rows of the CCD detector, sacrificing spatial resolution for increased measurement precision. In practice, care must be taken to only combine measurements of the same trace gas column densities. Co-adding spectra representative of different column densities can have unintended consequences, as the spectra are weighted by their individual light intensities so their sum may not be representative of the average column density in the region of interest.
We assessed the detection limits of our Imaging DOAS system by dividing two clear-sky spectra by one another and taking the logarithm to obtain the optical depth as a function of wavelength. Deviations from 0 in this optical depth spectrum are attributed to noise, as the two spectra recorded the same clear-sky scene. To be detectable, the differential optical depth of a trace gas absorption band [image: image] would need to exceed the noise level in the clear-sky differential optical depth [image: image].
[image: image]
Here, [image: image] represents the differential (narrow band) absorption cross-section of the respective trace gas. Solving for the trace gas slant column density [image: image] (see Eq. 3 for a definition) then yields an equation for the instrument detection limit.
[image: image]
The detection limit therefore depends on the noise level [image: image] and the magnitude of the differential (narrow band) features of the trace gas absorption cross-section [image: image] in the analyzed wavelength region.
We applied this methodology to clear-sky spectra recorded during our airborne survey in the Cook Inlet, Alaska, on 16 July 2021. Taking two spectra with 1-s exposure times recorded at 12:20 local time (corresponding to a solar zenith angle of 40°), we determined the 1-s SO2 detection limit of an individual spatial pixel recorded by our Imaging DOAS system (with 5 detector rows binned to combine light from a single fiber) to be approximately 1.2 × 1017 molecules/cm2. This corresponds to about 4.5 Dobson Units (DU) or 50 ppmm assuming normal temperature and pressure. Note that this value strongly depends on the UV clear-sky radiance, which is itself dependent on the solar zenith angle, as stratospheric O3 removes UV radiation more efficiently when light passes through the O3 layer obliquely. Hence, this detection limit will improve for measurements made at lower latitudes. Still, the Imaging DOAS detection limit is comparable to that of other consumer-grade spectrometers often used for DOAS applications (Figure 6). Research grade spectrometers with detectors especially sensitive to UV radiation can achieve lower detection limits but lack imaging capabilities, a setup that could be replicated with similar results by binning all detector rows of the FERGIE spectrometer.
[image: Figure 6]FIGURE 6 | SO2 detection limits of the airborne Imaging DOAS (Princeton Instruments FERGIE Spectrometer) compared with two Ocean Optics spectrometers also commonly used by AVO for airborne measurements. The fiber bundle utilized in our setup allows binning of 5 detector rows without loss of spatial information, and this setting was used for the measurements described below. All detection limits were measured at the indicated time except for that of the FLAME spectrometer, which was estimated based on a direct comparison with the QE65000 performed on 6 September 2022 in Vancouver, Washington.
Sensitivity to trace gas plumes
As is the case for all DOAS measurements, the sensitivity of the Imaging DOAS instrument to a gas plume depends not only on instrumental characteristics (see previous section) but also on the effective light path of scattered UV radiation between the Sun and the instrument. DOAS instruments measure the slant column density (SCD) of the trace gases to which they are sensitive. The slant column density is given by the integral of the trace gas concentration cTG along the effective light path L.
[image: image]
Longer effective light paths in the volcanic plume result in higher column densities, regardless of the trace gas concentration inside the plume. This can be problematic if the effective light path is not well known or changes with time. The vertical column density (VCD) provides a more quantitative measure. The VCD is defined as the integral of the trace gas concentration cTG along a straight vertical path Z through the atmosphere, from the ground to space.
[image: image]
The sensitivity of a measurement to a region of interest, in our case the volcanic plume, is then given by the air mass factor (AMF). The AMF is defined as the ratio of the trace gas SCD to its VCD.
[image: image]
AMFs > 1 indicate an enhancement of the light path through the trace gas layer, e.g., due to multiple scattering by aerosols within the plume. AMF values < 1 indicate a shorter light path in the plume, which leads to a diminished sensitivity to the trace gas in question.
For measurements performed with zenith-facing DOAS instruments on moving platforms (typically referred to as “Mobile DOAS”), it is often assumed that the instrument is measuring the VCD directly (AMF = 1). In other words, the instrument is passing beneath the plume, sunlight is scattered in the atmosphere above the plume, and the light passes through it along a straight, vertical line. Strictly speaking, our Imaging DOAS measurements do not fulfill these assumptions because light is collected from a range of angles forming a swath above the aircraft. Therefore, each SCD must be multiplied by the cosine of the measurement zenith angle to obtain a geometrical approximation of the vertical column density (General et al., 2014b). However, as our swath angle θ is 27.2 deg (Figure 5), the maximum measurement zenith angle during level flight is only 13.6 deg, which yields a geometrical correction of less than 3%. This is negligible when compared to the effects of uncertain radiative transfer in and around volcanic plumes (see below). Generally, the simplification that zenith-facing DOAS instruments measure the VCD of trace gases contained in overhead plumes is reasonable for optically thin plumes measured at close range but fails if the plume is measured at long range, if the plume is opaque/optically thick, or if clouds/fog obstruct the instrument’s view of the plume (Millan, 1980; Mori et al., 2006; Kern et al., 2010a, Kern et al., 2013, Kern et al., 2020).
Although the measurements we report in this study were all made using a zenith-facing geometry, our Imaging DOAS can also be run in a nadir-facing configuration. In this case, the aircraft must fly above the volcanic plume and the instrument measures light that has been scattered in the atmosphere beneath it or reflected on the ground, analogous to measurements performed from satellite platforms. The nadir-viewing geometry offers more flexibility in choosing the distance between the aircraft and the plume and thus the across-track spatial resolution of the recorded imagery. Also, in the case of ash-rich plumes, nadir observations avoid the need to fly under or within regions that may contain ash concentrations hazardous to the aircraft’s operation. However, as we will show, the radiative transfer associated with this measurement configuration is more complex than in the zenith-facing geometry, and though the instrument is facing straight down, it is generally not appropriate to assume it is measuring the vertical column density directly (Tack et al., 2019; Schwaerzel et al., 2020).
To investigate the sensitivity of our Imaging DOAS instrument to volcanic plumes, we ran simulations of the radiative transfer at 313 nm in and around an idealized volcanic plume using the 3D Monte Carlo radiative transfer model McArtim (Deutschmann et al., 2011). We configured the model parameters to resemble the conditions we encountered in our measurements from 16 July 2021 (see Section 3). We placed a homogeneous, cylindrical plume of infinite length and 500 m diameter in a clean background atmosphere at various altitudes. At its center, the plume was modeled to have an SO2 vertical column density of 2.5 × 1017 molecules/cm2, an aerosol optical depth of 0.1, and an aerosol single scatter albedo of 0.9 representative of a sulfate aerosol. An instrument was placed at various altitudes above and beneath the plume, always aimed at the plume center. The full details of the radiative transfer model parameterization for the simulations we ran are given in Supplementary Table S1.
For zenith-facing observations (Figure 7A), the simulations confirmed that our measured SCDs through the optically thin plume approximately matched the VCDs (i.e., AMF ≈ 1). Regardless of plume altitude, AMFs were within 10% of unity if the aircraft was flown no more than 1.2 km below the plume center. Only when the distance between aircraft and plume increased beyond this value did the AMF decrease farther, reaching about 0.7 for measurements made >3 km beneath the plume center. These results did not change significantly when we varied the surface albedo or solar azimuth angle as discussed below, and essentially confirm that our measured SCDs from weak degassing volcanoes in Alaska can be treated as VCDs within an uncertainty of about 10%.
[image: Figure 7]FIGURE 7 | Simulated air mass factors (AMFs) for DOAS traverses beneath (A) and above (B–D) an SO2 plume. (A) The sensitivity of zenith-facing measurements decreases slightly with the distance between the aircraft and the plume. (B) When flying over water or snow-free terrain (surface albedo = 0.06), nadir-facing air mass factors decrease about twice as quickly with plume distance as in the zenith-facing case. (C) Looking down at snow or sea ice (surface albedo = 0.8) significantly increases the measurement sensitivity, particularly for low plumes. (D) SO2 column densities may be overestimated if the solar azimuth aligns with the plume propagation direction. See the Supplementary Material for a full description of the radiative transfer model parameters used for the simulations presented here.
If installed in a nadir-facing geometry, the sensitivity of our instrument is expected to be more variable. Figure 7B shows the simulated AMFs for nadir-facing measurements over snow/ice-free terrain with a surface albedo of approximately 0.06 at 313 nm (Kleipool et al., 2008). In this scenario, the AMF decreases more rapidly with distance between aircraft and the plume. As was true for the zenith-facing geometry, SCD and VCD are still within 10% of one another if the aircraft is flown within ∼1 km of the plume’s altitude. However, the AMF decreases to <0.5 if measurements are made 3 km above the plume center. This decrease in sensitivity stems from measured UV radiation being scattered at various altitudes beneath the aircraft, only some of which has passed through the plume on its way to the sensor.
However, the reduced sensitivity of nadir-facing measurements is only true for low surface albedos. Our simulations show a marked increase in AMF if a surface albedo of 0.8 is used (Figure 7C), consistent with the albedo of snow or sea ice (Kleipool et al., 2008). In this situation, the high surface reflectivity means that measured UV radiation is more likely to have been reflected on the ground back toward the instrument, rather than being scattered at various altitudes in the atmosphere. Therefore, most radiation has passed through the plume (at least once) before reaching the spectrometer, regardless of the plume and aircraft altitude. We also note that the detection limit of measurements performed while flying over reflective surfaces is particularly good, as the absolute radiance entering the instrument at 313 nm is expected to be more than twice the value expected during zenith-facing observations.
Finally, we found that 3D effects also play a role when making nadir-facing DOAS measurements of localized SO2 plumes, as has been shown previously for nitrogen dioxide (NO2) measurements in the visible spectral region (Schwaerzel et al., 2020). Figure 7D shows the results of a simulation identical to that shown in Figure 7B, except for the chosen solar azimuth angle. In Figure 7B, the solar azimuth was selected such that sunlight entered the scene perpendicular to the plume axis at a 40-degree solar zenith angle. In Figure 7D, the solar zenith angle remained 40°, but this time light entered the model space at an azimuth parallel to that of the plume axis. This circumstance greatly increases the probability of radiation passing through the plume twice: once on its way down, and again after being scattered up toward the instrument. This leads to AMFs as high as 1.5 for overpasses made in close proximity to volcanic plumes over snow-free terrain (Figure 7D). In fact, we found that AMFs can approach 2 when solar azimuth and plume direction align over snow-covered terrain. In such situations, assuming that SCD ≈ VCD, as we do with our zenith-facing observations, would lead to an overestimation of gas masses or emission rates by almost a factor of 2.
In situ instrumentation
Integration into the AVO airborne gas laboratory
The in situ gas sensing payload of the AVO airborne gas laboratory included two instruments that together measured the six most abundant volcanic gases, H2O, CO2, SO2, hydrogen sulfide (H2S), hydrogen chloride (HCl), and hydrogen fluoride (HF), in real time at 1 Hz resolution. The instruments were secured aft of the passenger seats in the aircraft cabin and supplied sample air from a forward-facing ram air inlet installed in a window blank on the forwardmost-starboard side of the aircraft. Ram air was conveyed by ∼3 m of 0.953 cm inner diameter (ID) Teflon tubing to a manifold mounted in the instrument rack. The manifold outlet was connected to a port near the rear of the aircraft with another length of 0.953 cm ID Teflon tubing to exhaust excess ram air. We did not quantitatively measure the ram air flow rate during this survey, but a similar setup in a slower Piper Navajo aircraft routinely yielded flow rates ∼25 lpm (Kelly et al., 2013), which is much greater than the instruments’ demand. To minimize instrument response times and sorption effects of sticky gases like HCl and HF on tubing, the instruments sampled air from the ram air manifold with short (<50 cm) individual lengths of 0.318 cm ID polyethylene (Bev-a-line IV) tubing.
In situ measurements of H2O, CO2, SO2, and H2S
Since 2009, in situ measurements of H2O, CO2, SO2, and H2S gases during annual fixed-wing gas surveys in Alaska have been accomplished using the VERP system (Volcano Emissions Research Package; Kelly et al., 2013). VERP achieved excellent analytical precision with a typical 1-sigma precision of 0.15 parts-per-million by volume (ppmv) for CO2, 2 parts-per-billion by volume (ppbv) for SO2, and 1 ppbv for H2S, all achieved at 1 Hz sampling rate (Kelly et al., 2013). However, the system was large (60 cm × 51 cm × 84 cm), heavy (>40 kg), and difficult for non-experts to operate. Thus, for this study we attempted to adapt a much smaller (47 cm × 36 cm × 18 cm), lighter (∼10 kg), and easier to use USGS “campaign” multi-GAS instrument to measure H2O, CO2, SO2, and H2S. This model of multi-GAS has been extensively utilized for ground-based and helicopter-borne surveys (Gunawan et al., 2017; Werner et al., 2017, Werner et al., 2020a., Werner et al., 2020a) and has been described previously. Briefly, the multi-GAS was powered by a small, internal 6 Ah LiFePO 4 battery and included an integrated GPS receiver (Garmin GPS 18x LVC), a non-dispersive infrared CO2 and H2O analyzer (LI-COR, Inc., LI-840A, 0–5,000 ppmv for CO2, 0–80,000 ppmv for H2O), and electrochemical SO2 (City Technology, Ltd., T3ST/F, 0–100 ppmv) and H2S sensors (City Technology, Ltd., T3H, 0–100 ppmv). Miniature pressure sensors (Phidgets 1141) measured the pressure in the instrument’s sample line and the ambient pressure inside the aircraft’s cabin. All data were logged at 1 Hz to the multi-GAS datalogger (Campbell Scientific, CR1000) and displayed in real time with a tablet. To mitigate potential analytical problems associated with transient pressure changes in the ram air inlet during aircraft maneuvers and with sampling gases at a broad range of altitudes (ca. 1,300–3,800 m), the multi-GAS was integrated with an experimental pressure control unit set to maintain constant pressure and flow (∼1 lpm) at 650 hPa.
The CO2, SO2, and H2S sensors were calibrated five times in-flight at ambient pressures from 804–686 hPa (∼1,800–3,000 m altitude) using standard gases stored in 25-L capacity tedlar bags (CO2 = 448 ppmv, SO2 = 2.1 ppmv, H2S, = 2.0 ppmv; all gases certified at ±2% accuracy). As part of each calibration, the H2O/CO2 analyzer’s baseline response was checked using small soda lime and anhydrite cartridges to remove H2O and CO2 from ambient air, and the sulfur sensors’ baselines were derived from their responses while sampling clean ambient air. The in-flight random noise (1-sigma at 1 Hz sampling rate) on the H2O, CO2, SO2, and H2S measurements were ±24, ±6.7, ±0.081, and ±0.037 ppmv, respectively. The average baseline-corrected response of each sensor to the five in-flight calibrations was used to scale the raw CO2, SO2, and H2S sensor data, and the measurements’ precision was calculated based on the reproducibility of the calibration tests. Using this method, the overall 1-sigma precision of the CO2, SO2, and H2S measurements during the entire flight were ±1.1%, ±32%, and ±12%, respectively. We note that the CO2, SO2, and H2S measurements collected using the smaller multi-GAS system were approximately 40 times noisier than measurements obtained with the larger VERP system. Expressed in terms of 3-sigma detection limits, the multi-GAS’s CO2, SO2, and H2S detection limits were ±20, ±0.24, and ±0.11 ppmv, respectively, as compared to VERP’s CO2, SO2, and H2S 3 s detection limits of 0.45, 0.006, and 0.003 ppmv. The relatively poor precision of the multi-GAS clearly illustrates the unfavorable analytical tradeoffs for using the much smaller and more convenient multi-GAS analyzer for this type of application.
In situ measurement of HCl and HF
In addition to the multi-GAS, the in situ sensing payload included an “Ultraportable” H2O-HCl-HF analyzer manufactured by Los Gatos Research (LGR), Inc., (Kelly et al., 2017). The LGR instrument is a laser-absorption spectrometry system that measures H2O, HCl, and HF simultaneously using an Off-Axis Integrated Cavity Output Spectroscopy (OA-ICOS) approach (Baer et al., 2002). The instrument contains two tunable diode lasers and a high finesse optical cavity that achieves an effective optical pathlength >3 km through the sample cell, which enables measurement of very low levels of HCl and HF at a high sampling rate (typical 1-sigma precision at 1 Hz sampling rate: HCl < 0.4 ppbv, HF < 0.1 ppbv). The instrument and its external pump require ∼90 W of power, which wwas supplied by two 12 V, 35 Ah lead-acid batteries and a pure sine wave AC inverter. Raw absorption spectra were stored on the instrument’s onboard computer. Digital results in sensible units (i.e., ppmv) were recorded along with time, location, and altitude information from a GPS (Garmin GPS 18x LVC) with a Campbell Scientific CR300-WIFI datalogger and displayed in-flight with a tablet. The GPS timestamp was used to synchronize the LGR output with the multi-GAS data during post-processing.
RESULTS
Due to the hazards associated with potential volcanic eruptions near Anchorage, the AVO attempts to perform airborne gas measurements at high threat volcanoes in the Cook Inlet on at least an annual basis. One such survey was flown on 16 July 2021, with the new Imaging DOAS system integrated into the airborne gas laboratory for the first time, along with the in situ sensor suite described above. Measurements were attempted at 7 volcanoes in the Cook Inlet and northern Alaska Peninsula: Mount Spurr, Redoubt Volcano, Iliamna Volcano, Augustine Volcano, Mount Douglas, Mount Mageik and Mount Martin. Gas emissions were detected at Iliamna Volcano, Mount Douglas, Mount Martin, and Mount Mageik (Figure 1). These measurements are described in more detail below. Note that all reported measurement uncertainties refer to the 1-sigma standard deviation and relative compositions are given as molar ratios.
Iliamna Volcano
General observations
Iliamna Volcano (60.0325°N, 153.0880°W, 3,007 m) is a composite stratovolcano composed of interbedded andesite lava flows and pyroclastic rocks (Miller et al., 1998) located about 225 km southwest of Anchorage, Alaska. Though no historical eruptions have been recorded at Iliamna Volcano, two non-cohesive lahar deposits have been found and dated to <305 years before present (Waythomas et al., 2000). Iliamna Volcano exhibits typical signs of ongoing magmatic activity, with persistent seismic activity and the presence of fumaroles near the summit of the edifice. Airborne measurements performed on a recurring basis since 1990 have documented relatively stable gas emissions with Iliamna Volcano continuously degassing ∼50–100 t/d of SO2 during quiescence (Doukas, 1995; Doukas and McGee, 2007; Werner et al., 2011; Werner et al., 2022). Notable increases to around 500 t/d SO2 occurred in 1996 and 2012 (Roman et al., 2004; Werner et al., 2022), both of which were likely associated with magma movement in the volcano’s plumbing system but did not lead to eruptions (Roman and Power, 2011; Werner et al., 2011).
On 16 July 2021, our airborne gas survey approached Iliamna Volcano at 19:45 UTC. Following our standard procedure, the volcano was first visually surveyed from altitudes greater than its summit elevation to assess overall activity and meteorological conditions. As has been the case in past years, two active fumarole fields on the volcano’s southeast flank at an elevation of about 2,800 m exhibited visible degassing (Figure 8). Light winds out of the north allowed the condensed plumes to rise along the steep walls of the edifice before re-evaporating as they became diluted with background air and, though invisible now, presumably drift south. We next began surveying the atmosphere above the southern sector of the volcano beginning at 3,600 m directly over the fumaroles and successively dropping to as low as 1,300 m altitude at 6 km from the summit as Iliamna Volcano’s topography forced transects to be flown successively farther out as we descended. We then climbed back to >3,000 m and made several more passes through the gas plume to characterize its composition with the in situ sensors.
[image: Figure 8]FIGURE 8 | Iliamna Volcano viewed from the south on 16 July 2021. The location of the main active fumaroles is indicated (A), as well as that of a secondary, less vigorous fumarole field (B). Photo by Peter Kelly, USGS.
Analysis of the collected remote sensing and in situ sensor data shows that the aircraft passed beneath or through the gas plume a total of 15 times. As indicated by our measurements, the plume drifted south at altitudes between 3,000 and 3,500 m and appeared to rise slightly (toward the upper end of this range) as it moved downwind. The most diagnostic remote sensing data we were able to collect stem from 3 traverses flown beneath the plume (at ∼2,100 m altitude) at distances ranging from 1.3 to 3.0 km from the active fumarole fields. During these traverses, which passed beneath the plume at 20:06, 20:09, and 20:12 UTC, respectively, the Imaging DOAS detected the overhead gas plume. A map of the retrieved SO2 column densities reveals a ∼400 m-wide plume drifting south, then southwest following the ridge along the southern edge of Iliamna Volcano’s Umbrella Glacier (Figure 9). Maximum SO2 column densities of ∼3 × 1017 molecules/cm2 (∼11 DU) were detected in the plume center. At 3,500 m altitude, this corresponds to approximately 180 ppmm, so maximum SO2 mixing ratios likely exceeded 1 ppm in the plume center, broadly consistent with the in situ measurements (see below).
[image: Figure 9]FIGURE 9 | Imaging DOAS measurements of SO2 emitted from Iliamna Volcano on 16 July 2021. The volcanic gas plume was clearly identified drifting south of the edifice in three traverses beneath the plume, two of which (12:09, 12:12 UTC) were performed at a similar distance from the vent and thus overlap in the plot. At the time of measurements, SO2 was being emitted from fumaroles on the southeast side of the volcano at a rate of 90 ± 10 t/d. For the purposes of our analysis, we assumed a single source location corresponding to that of the main active fumaroles (see Figure 8), as indicated by a red triangle on the map. The cross-track resolution depends on the distance between the aircraft and the plume. The plume altitude is assumed to be constant at 3,500 m, consistent with the in situ observations. The variable along-track spatial resolution of the imagery stems from the use of a variable acquisition rate in the Imaging DOAS system. Base map: Google.
Wind speed and direction
As described earlier, one of the main advantages of the DOAS technique is that it allows retrieval of gas emission rates. However, this calculation relies on knowledge of the speed at which the plume is traveling downwind. To obtain a robust estimate of plume speed at Iliamna Volcano during our survey, we performed a so-called “wind circle” maneuver in which the aircraft flies a standard turn at constant thrust and altitude while being pushed downwind (Doukas, 2002). Figure 10A shows the GPS location of the aircraft during the 4 complete wind circles flown just southeast of the volcano. Improving upon previous work in which the plume speed was estimated simply from the difference between the highest and lowest measured ground speed (Doukas, 2002), we used the entire dataset to obtain a more reliable result. In ideal conditions, plotting the GPS-determined aircraft ground speed vg as a function of the aircraft course β should yield a cosine function.
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[image: Figure 10]FIGURE 10 | The plume speed at each volcano was obtained by flying “wind circles” in which the pilot performs a standard rate turn with constant thrust and altitude. (A) The GPS track of the aircraft shows how it was pushed downwind during the wind circles flown at Iliamna Volcano. Base map: Google. (B) The wind speed v and direction γ can be calculated by fitting a sinusoid to the aircraft ground speed as a function of its course. The course at which the minimum ground speed is realized corresponds to the wind direction. The amplitude of the sinusoid corresponds to the wind speed. Our wind circles at Iliamna Volcano yielded γ = 28 ± 10 deg; v = 5.5 ± 0.5 m/s. The aircraft course and wind direction are both measured in degrees east of true north.
Here, the amplitude of the observed sine wave is given by the wind speed vw, while its phase is determined by the meteorological wind direction γ. The curve is offset from 0 by the aircraft speed relative to the air surrounding it (airspeed, va). Plotting our flight data accordingly and fitting the above cosine function using a least-squares regression varying vw and γ (Figure 10B), we obtain a wind speed of 5.5 ± 0.5 m/s and a wind direction of 28 ± 10 deg for our measurements at Iliamna Volcano. This same procedure was repeated for all other volcanoes at which emission rates were determined during our survey (see Table 1).
TABLE 1 | Gas compositions and emission rates measured during the airborne gas survey on 16 July 2021. “St” refers to total sulfur, which is assumed to be equal to the sum of SO2 and H2S emissions. 1 sigma errors for gas ratios were calculated using the combined analytical and regression error estimates (typical regression error was ∼7.25%). HF concentrations were below the detection limit of the HCl-HF analyzer throughout the survey. Mount Spurr, Redoubt Volcano, and Augustine Volcano are not listed because all species were below the detection limits of our instruments at those locations.
[image: Table 1]Time series of SO2 emission rates
With the wind information in hand, SO2 emission rates can be retrieved. A conventional DOAS system flown for comparison measured cross-sectional SO2 burdens of 0.196, 0.204, and 0.217 kg/m on the 3 traverses pictured in Figure 9 (see Supplementary Figure S1 for example results from the conventional DOAS traverses). Multiplication with the plume speed yields SO2 emission rates of 1.08, 1.12, and 1.19 kg/s, respectively. These measurements, combined with two additional traverses flown farther downwind yielding slightly lower values (0.91 and 0.98 kg/s), constrained the SO2 emission rate to 1.04 ± 0.1 kg/s or 90 ± 10 t/d, consistent with previous measurements of background degassing at Iliamna Volcano (Doukas, 1995; Doukas and McGee, 2007; Werner et al., 2022).
However, the Imaging DOAS measurements can provide additional information and, as we show below, can even be used to derive limited time series data. Although the signal-to-noise level in each Imaging DOAS viewing direction is somewhat inferior to that of the research-grade conventional DOAS (Figure 6), the imaging spectrometer records spectra along 48 independent tracks corresponding to the 48 fibers in the fiber bundle. When flown beneath the gas plume roughly perpendicular to the wind direction, each of these rows records the cross-sectional SO2 burden at a slightly different distance to the gas vent. In an approach analogous to that used to derive time series information from satellite remote sensing data (Merucci et al., 2011; Theys et al., 2013, Theys et al., 2019; Queißer et al., 2019), cross-sectional SO2 burdens X measured at distance d from a vent correspond to gas emission rates ϕ(t) that occurred Δt = d/vw prior to the measurement time tm.
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Here, δ represents the angle between the wind direction and the normal vector of the plane in which the plume cross-section X was measured, and multiplication with the cosine ensures that only the perpendicular component of the wind speed is considered when calculating the emission rate. Using Eq. 7, we can convert the 48 plume cross-sections measured during each Imaging DOAS traverse to a time series of 48 emission rates. Repeating this process for all three transects shown in Figure 9, we obtain a time series of SO2 emission rates spanning ∼6 min from 19:59 to 20:05 UTC on 16 July 2021 (Figure 11A). Note that the second traverse, although recorded 3 min after the first, provides information on the earliest emission rates because this traverse was performed 3 km rather than just 1.3 km downwind of the fumaroles.
[image: Figure 11]FIGURE 11 | (A) Time series of SO2 emission rate from Iliamna Volcano on 16 July 2021. This time series was compiled from the three Imaging DOAS traverses shown in Figure 8. Each viewing direction provides an independent measurement of SO2 burden in the plume cross-section, which, when multiplied by the wind speed (see Figure 9), yields an emission rate (see text for details). (B) Seismic velocity measured at seismic station ILS, approximately 7.5 km southeast of Iliamna Volcano summit. Beginning at 20:02:45, the seismometer measured shaking from a regional earthquake, but this event did not appear to affect degassing. The velocity is filtered above 0.4 Hz to remove long-period noise.
According to the Imaging DOAS results, the mean SO2 emission rate during this brief observation period was 1.11 kg/s (95.6 t/d), and the standard deviation around this mean was 0.32 kg/s (27.4 t/d). The SO2 time series can readily be compared to other volcano monitoring data. As an example, the seismic waveform measured at the AVO seismic station ILS, located about 7.5 km southeast of the volcano, is plotted in Figure 11B. A magnitude 4.0 regional earthquake occurring at 20:01:34 on the Alaska-Aleutian subduction zone 475 km southeast of Iliamna Volcano (see www.earthquake.usgs.gov) caused shaking at the site beginning at 20:02:45, but our data indicate that this event did not have a measurable effect on the SO2 emission rate within the first 2 min after the onset of ground motion.
Gas composition
Additional information on the gases emitted from Iliamna Volcano comes from the suite of in situ sensors contained in the AVO airborne gas laboratory (Table 1). Clear in-plume H2O, SO2, H2S, and HCl peaks were measured at ∼2,875 m altitude and ∼200 m downwind from Iliamna Volcano (ΔH2Omax = 1,900 ppmv, ΔSO2max = 1.0 ppmv, ΔH2Smax = 0.15 ppmv, ΔHClmax = 0.052 ppmv, where Δ = mixing ratio above ambient background), but CO2 could not be resolved above ambient background and HF was not detected. To our knowledge, these are the first reported measurements of H2O and HCl emissions from Iliamna Volcano. Sulfur was present mainly as SO2 (SO2/H2S = 6.1 ± 2.1), similar to typical long-term average values (SO2/H2S = 7.6 ± 2.2, excluding data from unrest in 2012; Werner et al., 2022). The plume composition was water-rich (H2O/St = 580 ± 204, where St represents total sulfur, which is assumed to be emitted exclusively as SO2 or H2S) and HCl-poor (HCl/St = 0.034 ± 0.012) compared to typical high-temperature magmatic gases (global arc-volcanic gas average H2O/St = 69, HCl/St = 0.5; Taran and Zelenski, 2015). The lack of detectable HF was not surprising given that it is usually an order of magnitude less abundant than HCl in emissions from arc volcanoes (Taran and Zelenski, 2015), and the failure to resolve CO2 is also not surprising due to the poor precision of the CO2 analyzer, the relatively low in-plume sulfur mixing ratios, and because Iliamna Volcano’s typical C/S is relatively low (average CO2/SO2 = 5.1 ± 1.0 from 2009 to 2013, excluding data from unrest in 2012; Werner et al., 2022).
Mount Douglas
Mount Douglas (58.8596°N, 153.5351°W, 2,140 m) is an ice-clad stratovolcano at the northern end of the Alaska Peninsula, just south of Kamishak Bay. No historical eruptive activity has been reported at Mount Douglas (Wood and Kienle, 1990), but active degassing occurs from the summit crater which hosts a ∼250 m diameter crater lake (Figure 12A). Observations of activity on 16 July and in August of 2021 (M. Loewen, USGS, written personal communication from 21 February 2023) showed visual degassing occurring on the western margin of the crater lake, and additional gas may also have been emitted through the lake itself.
[image: Figure 12]FIGURE 12 | (A) Mount Douglas viewed from the northwest during our airborne survey on 16 July 2021. The volcano’s summit crater hosts a lake. Degassing occurs through and along the edges of this lake. (B) Imaging DOAS SO2 column densities retrieved downwind of Mount Douglas. A weak plume was detected southwest of the volcano. (C) Viewed from the southeast in this photo taken during our survey, Mount Martin also hosts a crater lake, but visible degassing occurs from a large fumarole field on its northwest shore. (D) Imaging DOAS SO2 column densities reveal a very weak plume drifting south of the volcano. Both plumes were assumed to have a constant altitude of 2,500 m, consistent with the in situ observations. Note that measurements at Mount Martin were made on the same day as the others, with the 17 July date stamp referring to traverse time in UTC. Photos by Christoph Kern, USGS. Base maps: Google.
Our observation flight on 16 July 2021 approached Mount Douglas from the northeast. After some high-level reconnaissance, we descended to approximately 2,100 m altitude and flew several transects through the plume directly above the west edge of the crater lake. As we flew through the plume, the in situ sensor suite registered some small apparent SO2 peaks (∼0.1 ppmv) but we are not confident in the detections because the peak values were below the sensor’s 3s detection limit (±0.24 ppmv). All other species (H2O, CO2, H2S, HCl, HF) were also below the detection limits of the instruments or were indistinguishable from ambient concentrations.
We proceeded to descend to about 1,600 m and flew two transects beneath the plume which we later realized could clearly be identified in our Imaging DOAS measurements drifting south of the edifice (Figure 12B). Based on wind circles flown immediately after the mapping survey, winds were out of 23 ± 13 deg at 3.6 ± 0.2 m/s. Maximum SO2 column densities in the plume center were ∼2.5 × 1017 molecules/cm2, and the SO2 emission rate was quantified to 20 ± 3 t/d. Just barely above the detection limit of the Imaging DOAS, this weak plume did not allow for a reliable time series calculation as performed for Iliamna Volcano.
Mount Martin
Mount Martin (58.1692°N, 155.3566°W, 1860 m) is located near the southern end of the Mount Katmai volcanic cluster, just 15 km southwest of the Novarupta vent that famously erupted in June of 1912 (Hildreth and Fierstein, 2002). Mount Martin’s summit cone features a crater that is approximately 300 m in diameter and breached on its southeast side. Vigorous degassing has occurred at Mount Martin since at least 1913 (Griggs, 1922), and although there is no conclusive evidence of an eruption in historical times, visible plumes containing steam, gas, and possibly ash have been observed to rise as high as 600 m above the volcano’s summit vent and extend downwind for up to 20 km (Miller et al., 1998).
Our 16 July 2021 airborne survey approached Mount Martin from the northeast at about 2,000 m altitude. Circling to the southeast side of the volcano offered a clear view of the crater lake and active fumarole field on its northwest shore (Figure 12C). On the day of our survey, emissions from the fumaroles were evident as condensed water plumes drifting upward to the rim of the summit crater. From there on, the plumes became transparent as ambient conditions led to re-evaporation of plume water. We proceeded to fly several plume intercepts directly over the top of the crater, briefly intersecting the volcanic gas plume each time. Our in situ sensor package registered a water-rich (H2O/St ≈ 500) plume (ΔH2Omax = 2,150 ppmv) containing approximately twice as much H2S as SO2 (H2S/SO2 = 2.2 ± 0.8; ΔSO2max = 0.6 ppmv, ΔH2Smax = 1.0 ppmv). Intercepting the gas above the summit of the volcano, CO2 was also detected above the atmospheric background (ΔCO2max = 25 ppm). Behind H2O, CO2 was the second most abundant species, with CO2/St = 3.4 ± 1.1. Finally, HCl was also identified (ΔHClmax = 0.27 ppmv) in the volcanic gas plume though its relative abundance in the plume was low (HCl/SO2 = 0.018 ± 0.01, see Table 1 for details). HF was not detected above the detection limit of the instrumentation.
Following the plume intercepts, we moved farther from the volcano’s summit allowing us to descend to approximately 1,500 m. At this flight level, we performed three traverses beneath the gas plume, which we intersected approximately 1.5 km south of the crater (Figure 12D). At this distance, our DOAS instruments detected overhead SO2 column densities up to 1.1 × 1017 molecules/cm2 while under the plume center. Again, applying the wind circle technique, winds were determined to be out of 9 ± 7 deg at 1.9 ± 0.2 m/s. Multiplying the DOAS-derived plume cross-sectional SO2 burdens with these values, the volcanic SO2 emission rate was constrained to 0.15 ± 0.03 kg/s (13 ± 3 t/d).
We had previously determined the SO2 detection limit of our Imaging DOAS instrument to be approximately 1.2 × 1017 molecules/cm2 (see Materials and Methods section). Yet despite the overhead SO2 column densities not exceeding this value at our traverse location, the volcanic plume can be identified in the imagery retrieved from the Imaging DOAS data collected 1.5 km downwind of Mount Martin’s summit (Figure 12D). This is a consequence of the large number of independent measurements collected by the imaging spectrometer and illustrates an advantage of this technique. Even though the SO2 column density derived at each individual pixel does not exceed the noise level, the plume is probed at approximately 250 independent locations during each traverse and the distribution of column densities retrieved in this area is skewed toward higher values than is true for the regions surrounding the gas plume.
Mount Mageik
Mount Mageik (58.1946°N, 155.2544°W, 2,165 m) is a broad, cone-shaped stratovolcano located just 7 km northeast of Mount Martin and resting on the same basement ridge (Miller et al., 1998). Mount Mageik’s summit area consists of four separate volcanic cones. A 350-m-wide phreatic crater on the northeast side of the central cone hosts an acidic crater lake and an active fumarole field. The easternmost cone is a Holocene edifice, but Mount Mageik has no known historical eruptions, and the configuration of the crater has not changed in the last century (Fenner, 1930; Hildreth and Fierstein, 2000).
During our observation flight on 16 July 2021, this crater was the only identifiable source of degassing at Mount Mageik. Bubbles several meters in diameter were observed breaching the lake surface, and a raft of what appeared to be sulfur spherules was seen floating on the water (Supplementary Figure S2). Flying from north to south and vice versa, we performed 6 plume intercepts directly above the crater at an altitude of approximately 2,000 m. The onboard gas sensors registered up to 4 ppm of H2S and 40 ppm CO2 above the atmospheric background. SO2, HCl, and HF remained below the detection limit of the in situ instruments on all transects of the plume, consistent with previous measurements of the bulk plume with multi-GAS and sampling of the fumaroles on the north crater wall performed in 2013 (Lopez et al., 2017).
Other volcanoes included in the airborne survey
Applying the techniques described above, airborne gas measurements were attempted at 3 additional Alaska volcanoes on 16 July 2021. Measurements at Mount Spurr, Redoubt Volcano, and Augustine Volcano failed to detect any volcanic gas species with either the remote sensing or in situ instruments. While quantitative measurements have sometimes been possible at these volcanoes in past years, the ability to measure gases depends not only on the volcanic emission rates but also decisively on the meteorological conditions present during the respective surveys. Although we could not quantify gas emissions at these volcanoes on this flight, visual observations appeared to confirm very low levels of degassing consistent with background activity.
DISCUSSION
Volcanic activity in the Cook Inlet and northern Alaska Peninsula
All volcanoes in the Cook Inlet and northern Alaska Peninsula were exhibiting typical background activity during our 16 July 2021 airborne gas survey. Each of the four volcanoes at which gases were measured (Iliamna Volcano, Mount Douglas, Mount Martin, and Mount Mageik) produced only very weak plumes, with SO2 emission rates of 90 ± 10, 20 ± 3, and 13 ± 3 t/d measured at Iliamna Volcano, Mount Douglas, and Mount Martin, respectively (Table 1). SO2 emissions at Mount Mageik were below the detection limit of our instruments. These comparatively low SO2 emission rates are consistent with a lack of rising, volatile rich magma and, taken together with the gas composition measurements, gas-water-rock interactions which are removing SO2 from the gas stream before it reaches the atmosphere (see below). However, they do indicate a magmatic origin for at least part of the emitted gas at the volcanoes where SO2 was detected.
At Iliaman Volcano, the presence of SO2 and HCl in the plume reveals a clear magmatic origin of the gases (Symonds et al., 2001), but the overall water-rich and HCl-poor character of the plume (Gerlach, 2004) suggests that gases are interacting with groundwaters of either meteoric or magmatic origin on their path to the surface. Chemical reactions involving volcanic gases, water, and rocks remove water-soluble species like SO2 and HCl from the gas phase in a process called “scrubbing” (Symonds et al., 2001), and the removal of S and HCl and addition of non-magmatic H2O could well be contributing to the observed high H2O/St ratio and low HCl/S t ratio.
Mount Douglas also emits measurable SO2, evidence of a magmatic component in the volcanic system. The lack of significant H2S in the gas plume is interesting, as the presence of at least some reduced sulfur gases would be expected in emissions from water-rich systems, as Mount Douglas’s crater lake would appear to imply it is. However, several recent studies have identified some volcanic crater lakes that appear to emit SO2-rich, H2S-poor gases (Shinohara et al., 2015; Tamburello et al., 2015; Gunawan et al., 2017) and attributed this phenomenon to a preferential removal of H2S from the gas stream occurring at low temperatures via the reaction,
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This reaction (Mizutani and Sugiura, 1966; Giggenbach, 1987) deposits elemental sulfur Se, a circumstance that is consistent with prior observations of solid material floating on the surface of Mount Douglas’s crater lake (Wood and Kienle, 1990), and might therefore be responsible for the apparent lack of H2S in the Mount Douglas plume.
The gas emissions observed at Mount Martin during our survey are generally consistent with previous observations from a significantly more rigorous gas sampling campaign conducted 10–22 July 2013 (Lopez et al., 2017), with the notable exception of our lower gas emission rate [only 13 ± 3 t (SO2)/d as opposed to the ∼75 t/d reported for 2013]. Also, these are the first reported HCl compositions and emission rates from Mount Martin because its crater was too difficult to access for ground-based sampling in 2013 (Lopez et al., 2017). As the authors of this previous work suggest, the presence of SO2 is consistent with degassing from an active magmatic-hydrothermal system, while the relatively low CO2/St ratio generally indicates degassing from a relatively shallow magma body or one that has been previously depleted in CO2. Overall, Mount Martin appears to host a mixed magmatic-hydrothermal system and tracking gas compositions and emission rates will likely be useful in assessing the relative contributions of the two components over time.
At Mount Mageik, the lack of significant concentrations of acid gases (SO2, HCl, HF) and the relatively high CO2/St ratio (10 ± 1.2) we measured are both typical for degassing of active hydrothermal systems, and we did not find evidence for a distinct magmatic component in the volcano’s emissions during our survey.
Airborne Imaging DOAS offers new possibilities for plume characterization
The Imaging DOAS measurements of weak SO2 plumes emitted from Alaska volcanoes described above allude to the new possibilities for plume characterization that the technique provides. Contrary to conventional airborne Mobile DOAS measurements which only offer 1D transects of overhead gas plumes, the imaging spectrometer allows for 2D mapping of the plumes as they drift downwind. Though all plumes measured as part of this survey were weak, with a maximum SO2 emission rate of only 90 t/d measured at Iliamna Volcano, the gas clouds could still be clearly distinguished from the background at distances exceeding 5 km from the degassing vents. With this sensitivity, the instrument will be able to track more vigorous plumes, e.g., immediately prior to or during eruptive activity, for many tens to hundreds of kilometers downwind, thus providing actionable information to the AVO and other institutions tasked with monitoring the emission rate and atmospheric dispersion of volcano emissions. The ability to derive limited, continuous time series information of gas emission rates for comparison with other monitoring data (e.g., seismic, geodetic, thermal, see Figure 11) is also a novel capability for an airborne remote sensing package and such measurements may help advance the scientific understanding of shallow degassing processes as more such measurements are made. But beyond these concepts, which we were able to demonstrate during our 16 July 2021 survey, the Imaging DOAS provides a few novel capabilities that tie into ongoing related research and are discussed below.
Comparison to satellite measurements
One particularly interesting aspect of the Imaging DOAS data products is that they are directly comparable to satellite observations of trace gas plumes, as both measure the spatial distribution of trace-gas VCDs. The observation geometry of the Imaging DOAS is more flexible, allowing for both zenith and nadir-facing observations. We showed that zenith-facing observations will generally be more accurate due to better constraints on radiative transfer leading to AMFs close to unity. To some degree, they will also avoid the complex 3D radiative transfer effects of nadir-facing geometries (Schwaerzel et al., 2020; Wagner et al., 2022). However, even the AMFs of nadir-facing measurements will typically be better constrained for the airborne imaging when compared to those of satellite measurements, as light dilution/light mixing effects are minimized when the aircraft passes over the plume at shorter distances. Our modeling suggests nadir-imaging clear-sky AMFs in the 0.5–1.5 range (at 313 nm) for SO2 plumes in the lowermost few kilometers of the atmosphere, compared to values ranging from about 0.3 to 3 for the Tropospheric Monitoring Instrument (TROPOMI) on board the Copernicus Sentinel-5 Precursor satellite (Theys et al., 2017). Thus, airborne Imaging DOAS measurements will generally be more accurate and lend themselves to validation studies.
Besides the better constrained instrument sensitivity, another powerful feature of the Imaging DOAS measurements is the greatly enhanced spatial resolution when compared to satellite-based trace gas measurements. The highest quality space-based volcanic SO2 products currently come from the aforementioned TROPOMI instrument, which provides SO2 VCDs at 3.5 km × 5.5 km resolution. This pixel size is only slightly smaller than the 5.5 km × 5.5 km map segment shown in Figure 9. Our map shows a plume with a mean SO2 VCD of approximately 2 × 1017 molecules/cm2 filling a region that extends about 0.25 km × 5 km. Assuming a similar orientation of the plume in the TROPOMI pixel as in Figure 9, the plume would fill only approximately 6% of the pixel area. Further assuming the pixel illumination is homogeneous (which is reasonable for cloud-free conditions and uncondensed plumes as encountered here), the TROPOMI AMF would thus be reduced to 6% of the AMF for the entire pixel. On the other hand, the pixel size of the Imaging DOAS instrument was smaller than the extent of the plume and therefore our sensitivity did not suffer from this effect.
The TROPOMI instrument passed over Iliamna Volcano at 23:49 UTC on 16 July 2021 (Orbit 19473), approximately 3.5 h after our measurements. Downloaded from the Sentinel-5 Precursor Open Access Data Hub (https://s5phub.copernicus.eu/dhus/#/home), the Level 2 Offline SO2 SCDs derived over the Cook Inlet region in the 312–326 nm range are shown in Supplementary Figure S3. The SO2 SCD immediately south of Iliamna Volcano is not enhanced above the noise of the measurement in this regional sector, which was determined to be 4.1 × 1016 molecules/cm2 at 3 sigma1. At the time of the satellite overpass, the TROPOMI AMF calculated for the location of Iliamna Volcano was approximately 2. Had the plume filled the entire pixel, the SO2 absorption signal would have been about an order of magnitude above the instrument’s detection limit. However, since the SO2 plume filled only 6% of the pixel, the AMF corresponding to the plume itself was only 0.12, making the TROPOMI SO2 VCD detection limit 3.4 × 1017 molecules/cm2 (at 3 sigma). Therefore, TROPOMI was not able to detect the weak SO2 degassing from Iliamna Volcano even in these relatively ideal measurement conditions (cloud-free, high surface albedo, close to summer solstice). However, this example demonstrates how high-sensitivity, high-resolution Imaging DOAS data can be used to validate satellite measurements of trace gas plumes from point sources in the future.
Imaging volcanic gases other than SO2
As described in the Material and Methods section, the Imaging DOAS technique enables 2D measurements of trace gas distributions. Two other techniques have recently come into focus that also allow imaging of gas plumes, particularly in the context of measuring volcanic emissions: SO2 cameras use narrow-band optical filters placed in front of UV or IR-sensitive cameras to measure the incident radiance at multiple wavelength bands (McElhoe and Conner, 1986; Mori and Burton, 2006; Bluth et al., 2007). Sensitivity to SO2 comes from comparing radiances at wavelengths corresponding to SO2 absorption bands with those at nearby wavelengths without SO2 absorption (Kern et al., 2010b, Kern et al., 2013; Lübcke et al., 2013). A second method for imaging trace gas distributions uses Fabry-Perot interferometry to slide a transmission comb across the incident spectral radiance (Platt et al., 2014). Careful selection of the interferometer’s optical path length difference and finesse allows the transmission peaks to be alternatingly tuned such that they coincide with periodic trace gas absorption bands and troughs between bands, thereby again allowing a comparison of on and off-band radiance (Kuhn et al., 2014; Fuchs et al., 2021).
Both methods have the advantage that a full 2D image can generally be obtained quite quickly because on and off-band images can either be taken in rapid succession or, in the case of the SO2 camera, simultaneously (if using two detectors). The Imaging DOAS requires scanning the area of interest line by line, which generally takes longer. However, the SO2 camera and Fabry Perot imagers are specifically designed to target an individual trace gas (e.g., SO2 or BrO), with the dispersive elements (optical filters, optical path difference and finesse) customized to maximize sensitivity to this species. The Imaging DOAS, on the other hand, measures the full near-UV spectrum at moderate resolution (0.45 nm in our setup). This enables measurements of numerous volcanic and atmospheric trace gases, including SO2, BrO, OClO, IO, O3, H2O, NO2, nitrous acid (HNO2), formaldehyde (CH2O), glyoxal (C2H2O2), and oxygen dimers (O4).
Though their column densities were below the detection limits of our instrument in the weak plumes encountered during our survey on 16 July 2021, the halogen oxides BrO, OClO, and IO have all been measured in more vigorous volcanic plumes with DOAS instruments (Bobrowski et al., 2003; Theys et al., 2009,Theys et al., 2014; Bobrowski and Giuffrida, 2012; General et al., 2014a; Donovan et al., 2014; Gliß et al., 2015; Schönhardt et al., 2017; Kern and Lyons, 2018). These species are not primarily emitted from volcanoes, but instead are formed from primary volcanogenic emissions in a complex series of chemical reactions that occur as the plume ages and constituents are mixed with background air (Gerlach, 2004; Oppenheimer et al., 2006; Bobrowski et al., 2007; von Glasow, 2010; Kelly et al., 2013; Gutmann et al., 2018). These reactions affect the oxidation capacity of the atmosphere on local to regional scales (von Glasow et al., 2009). Future measurements with our Imaging DOAS instrument will allow us to characterize the spatial distribution of these species in chemically evolving plumes, measurements that could lead to a better understanding of halogen chemistry and thus allow us to better constrain primary volcanic halogen emissions from measurements of these secondary species. Initial studies have already uncovered some interesting findings including a decrease in BrO/SO2 ratios in the months leading up to the 30 June 2012 eruption of Nevado del Ruiz volcano, Colombia (Lübcke et al., 2014), and a 2 to 5-fold increase in BrO/SO2 ratios accompanying Vulcanian to Strombolian transitions in eruptive behaviour at Tungurahua volcano, Ecuador (Warnach et al., 2019). Furthermore, since halogen oxides are accessible to the common scanning DOAS instruments that make up the global Network for Observation of Volcanic and Atmospheric Change [NOVAC (Galle et al., 2010; Arellano et al., 2021); www.novac-community.org], better constraints on plume chemistry and the volcanological implications of changes in halogen emissions would be immediately applicable to the >35 volcanoes monitored in this manner.
The development of such standardized continuous gas monitoring instruments and the expansion of global networks that cover an increasing number of volcanoes will allow us to better measure the gas-geochemical signals associated with the full progression of quiescence to unrest to eruption. The goals are to gain insights into volcanic processes occurring at depth and develop an understanding of the geochemical signatures that can be used to forecast future volcanic events. However, the remote location and harsh environment of many active volcanoes, e.g., those in Alaska, means that this endeavor will necessarily also rely on intermittent campaign observations and satellite remote sensing data. The Imaging DOAS and in situ sensor package described here allow airborne characterization of volcanic degassing at remote vents. These observations can provide geochemical assessments of volcanic systems even during times of weak background degassing and, through comparison and validation, will help refine space-based measurements such that they can better track global volcanic gas emissions.
CONCLUSION
In this study, we have implemented an Imaging DOAS system specifically for observation of volcanic degassing from airborne platforms. The instrument can be operated either in zenith or nadir-facing geometry, with the zenith-facing measurements providing the highest accuracy due to the well-constrained radiative transfer in the overhead volcanic plumes. However, the nadir-facing geometry offers an improved measurement signal-to-noise ratio and detection limit when observations are made over snow cover, as is often the case for volcanoes in Alaska. Our instrument achieved a single-pixel SO2 detection limit of 1.2 × 1017 molecules/cm2 (∼50 ppmm) during our zenith-facing measurements in mid-July, but since volcanic plumes are probed in numerous viewing directions simultaneously, these can be detected even at lower column densities (e.g., see the presented results from Mount Martin). The spatial information provided by the Imaging DOAS can be used to assess the heterogeneity of gas abundances in volcanic plumes and track their extent as they propagate downwind. Using our measurements at Iliamna Volcano as an example, we also demonstrate how limited time series information can be derived from airborne Imaging DOAS data. The time series of SO2 emission rates can then readily be compared to other time-resolved geophysical monitoring streams.
In addition to the Imaging DOAS, a suite of in situ sensors was used to characterize the major chemical composition of the volcanic gas plumes. These sensors measured H2O, CO2, SO2, H2S, HCl, and HF, as well as temperature, pressure, and relative humidity in the ambient air as the aircraft intercepted the gas plumes. Gas compositions measured at Iliamna Volcano, Mount Douglas, Mount Martin, and Mount Mageik indicate that gas-water-rock interactions (“scrubbing”) are important to varying degrees at these volcanoes, yet comparisons to CO2-St-HCl compositions from other well-sampled volcanoes show that emissions from Iliamna Volcano and Mount Mageik are most similar to samples collected from lower-temperature fumaroles (ca. < 200°C) as opposed to higher-temperature fumaroles with abundant HCl (Figure 13). Both Iliamna Volcano and Mount Martin have relatively low CO2/St ratios, which suggests that degassing is sustained by relatively shallow magma. At Mount Douglas, gases passing through or around the crater lake appear to be depositing native sulfur via low-temperature Reaction 8, which requires a mixed magmatic-hydrothermal input to the shallow aquifer and/or crater lake. At Mount Mageik, on the other hand, all sulfur emissions occurred in the form of H2S. This, combined with the high CO2/St ratio of about 10, indicates a purely hydrothermal source, with some portion of the sulfur gases possibly being scrubbed from the gas stream by the crater lake.
[image: Figure 13]FIGURE 13 | Ternary diagram showing CO2-St-HCl compositions of gases from Iliamna Volcano, Mount Mageik, and Mount Martin. Note that the indicated CO2 composition from Iliamna Volcano is based on St and HCl compositions measured in 2021 and the average CO2/SO2 ratio (5.1 ± 1.0) measured between 2009 and 2013 (Werner et al., 2022), excluding data from unrest in 2012. For comparison, filled circles indicate literature gas compositions from four volcanoes (Augustine Volcano, Meakandake, Ruapehu, White Island) where direct samples and vent temperatures were recorded from high-temperature fumaroles proximal to the strongest degassing areas and lower-temperature, distal gas vents (Giggenbach and Sheppard, 1989; Symonds et al., 1992; Christenson, 2000; Shinohara et al., 2011). The curve labelled “scrubbing” illustrates the general compositional trend expected for the evolution of a magmatic gas interacting with near-surface meteoric water. The initial composition of the model gas was 50% CO2, 25% SO2, and 25% HCl, and the solubilities (by mass) in 20°C water at 1 atm were set to 0.172% for CO2, 10.548% for SO2 (Wilhelm et al., 1977), and 73% for HCl (O’Neil, 2013).
By implementing an Imaging DOAS and a suite of in situ sensors on a small, fixed-wing aircraft, we were able to acquire detailed geochemical information on several Alaska volcanoes in a single airborne survey. The information we collected allowed us to characterize the volcanic systems and provided useful information on current activity levels. By comparing future measurements to this baseline, signals associated with a transition of a system towards eruptive activity may be captured ahead of time and assist in hazard assessments and eruption forecasts.
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FOOTNOTES
1We use a 3-sigma threshold above the noise level to define the instrument detection limit, as suggested by (Theys et al., 2019). We note, however, that our TROPOMI image of the Cook Inlet (Supplementary Figure S3) contains 5785 pixels, 16 of which are expected to fall outside the 3-sigma threshold based on noise statistics alone (false detections). We therefore suggest using a 4-sigma confidence level or higher for a more robust single-pixel detection limit.
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*CO, mixing ratios were below the detection limit of our instruments atIliamna Volcano. The presented CO, composition and emission rate were calculated by combining the measured X/SO;
ratios (where X = H,0, H,S, and HCI) with the average molar CO,/SO; ratio (5.1 + 1.0) measured between 2009 and 2013 (Werner et al, 2022), excluding data from unrest in 2012.

"Emission rates were calculated by scaling the DOAS-derived SO, emission rate with in situ X/SO, ratios (where X

,0, CO,, H,S, and HCI).
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