[image: image1]An algorithm for correction of atmospheric scattering dilution effects in volcanic gas emission measurements using skylight differential optical absorption spectroscopy

		ORIGINAL RESEARCH
published: 12 July 2023
doi: 10.3389/feart.2023.1088768


[image: image2]
An algorithm for correction of atmospheric scattering dilution effects in volcanic gas emission measurements using skylight differential optical absorption spectroscopy
B. Galle1, S. Arellano1*, M. Johansson1, C. Kern2 and M. A. Pfeffer3
1Department of Space, Earth and Environment, Chalmers University of Technology, Gothenburg, Sweden
2U.S. Geological Survey, Volcano Science Center, Vancouver, WA, United States
3Icelandic Meteorological Office, Reykjavik, Iceland
Edited by:
Nick Varley, University of Colima, Mexico
Reviewed by:
Jan-Lukas Tirpitz, Heidelberg University, Germany
Ben Esse, The University of Manchester, United Kingdom
* Correspondence: S. Arellano, santiago.arellano@chalmers.se
Received: 03 November 2022
Accepted: 29 June 2023
Published: 12 July 2023
Citation: Galle B, Arellano S, Johansson M, Kern C and Pfeffer MA (2023) An algorithm for correction of atmospheric scattering dilution effects in volcanic gas emission measurements using skylight differential optical absorption spectroscopy. Front. Earth Sci. 11:1088768. doi: 10.3389/feart.2023.1088768

Differential Optical Absorption Spectroscopy (DOAS) is commonly used to measure gas emissions from volcanoes. DOAS instruments measure the absorption of solar ultraviolet (UV) radiation scattered in the atmosphere by sulfur dioxide (SO2) and other trace gases contained in volcanic plumes. The standard spectral retrieval methods assume that all measured light comes from behind the plume and has passed through the plume along a straight line. However, a fraction of the light that reaches the instrument may have been scattered beneath the plume and thus has passed around it. Since this component does not contain the absorption signatures of gases in the plume, it effectively “dilutes” the measurements and causes underestimation of the gas abundance in the plume. This dilution effect is small for clean-air conditions and short distances between instrument and plume. However, plume measurements made at long distance and/or in conditions with significant atmospheric aerosol, haze, or clouds may be severely affected. Thus, light dilution is regarded as a major error source in DOAS measurements of volcanic degassing. Several attempts have been made to model the phenomena and the physical mechanisms are today relatively well understood. However, these models require knowledge of the local atmospheric aerosol composition and distribution, parameters that are almost always unknown. Thus, a practical algorithm to quantitatively correct for the dilution effect is still lacking. Here, we propose such an algorithm focused specifically on SO2 measurements. The method relies on the fact that light absorption becomes non-linear for high SO2 loads, and that strong and weak SO2 absorption bands are unequally affected by the diluting signal. These differences can be used to identify when dilution is occurring. Moreover, if we assume that the spectral radiance of the diluting light is identical to the spectrum of light measured away from the plume, a measured clean air spectrum can be used to represent the dilution component. A correction can then be implemented by iteratively subtracting fractions of this clean air spectrum from the measured spectrum until the respective absorption signals on strong and weak SO2 absorption bands are consistent with a single overhead SO2 abundance. In this manner, we can quantify the magnitude of light dilution in each individual measurement spectrum as well as obtaining a dilution-corrected value for the SO2 column density along the line of sight of the instrument. This paper first presents the theory behind the method, then discusses validation experiments using a radiative transfer model, as well as applications to field data obtained under different measurement conditions at three different locations; Fagradalsfjall located on the Reykjanaes peninsula in south Island, Manam located off the northeast coast of mainland Papua New Guinea and Holuhraun located in the inland of north east Island.
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1 INTRODUCTION
Volcanic plumes are common occurrences at active volcanoes around the world. These plumes contain volatile species exsolved from magma rising from depth. The chemical signature of volcanic plumes depends on magma chemistry, the interaction of rising volatiles with rocks and water, and potentially condensation and re-evaporation from hydrothermal systems. Plumes may contain gases and aerosols, with the latter consisting of cloud droplets, ash, and secondary aerosols from the oxidation of volcanogenic gas species. The gas phase of high-temperature volcanic plumes predominantly consists of water vapor (H2O), carbon dioxide (CO2), and sulfur dioxide (SO2), with lesser amounts of hydrogen sulfide (H2S), hydrogen halides (HCl, HF, HBr), and a variety of minor trace components including hydrogen, helium, reduced carbon species, and metals/metalloids (Giggenbach 1996; Gerlach 2004; Oppenheimer et al., 2014). Tracking changes in the emission rate and composition of gas emissions can provide crucial information on volcanic processes occurring at depth and provide input into eruption forecasts (e.g., Aiuppa et al., 2007, 2021; Burton et al., 2007; de Moor et al., 2016a, 2016b; Kunrat et al., 2022). Furthermore, volcanic plumes can be transported long distances from their sources, causing impact on air quality, air traffic, fumigation of soils and water bodies, health, and infrastructure. Therefore, routine monitoring of volcanic plumes has become one of the key components of modern volcanic and atmospheric surveillance (Sparks et al., 2012; Kern et al., 2022).
The most commonly measured gas species in volcanic plumes is SO2. This is because this species is a marker of magmatic activity, the background concentration in air is usually of a few parts per billion (ppb), and measurement is facilitated by passive remote sensing techniques sensitive to the strong light absorption of SO2 in the near ultraviolet wavelengths. Since the 1970s, correlation spectroscopy (COSPEC) has been used to measure SO2 remotely from ground by analysis of the absorption of diffused solar light at discrete narrow wavelength bands in the 305–330 nm spectral range (Moffat and Millán, 1971). This technique has been gradually replaced by differential optical absorption spectroscopy (DOAS), which instead analyses the absorption features of a continuous spectrum in the same range (Galle et al., 2003). The technique is now used at dozens of volcanoes for routine monitoring with stationary scanning DOAS systems, or by traversing under the plume with zenith-looking DOAS instruments (Edmonds et al., 2003; Johansson et al., 2008; Galle et al., 2010; Platt et al., 2015; Arellano et al., 2021).
The DOAS method is based on absorption spectroscopy and uses the UV-light from the Sun, scattered within the atmosphere as it travels to the instrument. The conventional application of the method assumes that all the measured light comes from above the plume and has passed through the plume in route to the instrument. The last scattering event of the measured light occurs above the plume and, from there, crosses the plume along the instrument’s line of sight. However, a fraction of the light that reaches the instrument may come from atmospheric scattering without first passing through the plume. This light causes a “dilution” of the amount of gas measured. In clean-air conditions and with short distance between the instrument and the plume, this dilution effect is small, but if conditions get hazier, and/or the distance to the plume increases, this effect may become severe. Thus, as elevated plumes or opaque atmospheres are common on many volcanoes, this effect is regarded as a major error source in volcanic SO2 emission monitoring using UV spectroscopy (Millán, 1980; Mori et al., 2006; Kern et al., 2010).
Already in the COSPEC era it was recognized that this atmospheric scattering could severely affect the measurements of gas emissions from volcanoes and industrial sources (Millán, 1980). Now that the mini-DOAS systems are commonly applied to quantify volcanic gas emissions, this problem has received increased attention (Mori et al., 2006; Kern et al., 2010), and the error in typical emission rate measurements due to atmospheric scattering is today estimated to be 10%–100% depending on geometric and meteorological conditions. Several attempts have been made to model the phenomena (Kern et al., 2012), and the physical mechanisms are now relatively well understood. However, applying such models to retrieve volcanic emission rates requires knowledge of the local aerosol composition and distribution, both inside the plume and in the background atmosphere, parameters that are rarely known with the required accuracy. Thus, practical algorithms to quantitatively correct for the effect are needed. We here propose one such algorithm.
Mori and collaborators recognized that when DOAS measurements of SO2 in volcanic plumes were made over longer distances, atmospheric scattering between the instrument and the plume caused underestimation in the derived SO2 columns and that this dilution was stronger at shorter wavelengths and at higher SO2 columns (Mori et al., 2006). They suggested that evaluating SO2 columns in different wavelength bands in the region 303–320 nm could be used to qualitatively detect if there is significant underestimation in the DOAS measurements due to atmospheric scattering. Fickel and Delgado Granados also conclude that different wavelength bands yield different column densities, and suggested using evaluation in longer wavelength bands, when possible, to minimize but not eliminate the dilution effect (Fickel and Delgado Granados, 2017). Varnam et al. (2020) suggested a method for quantitative correction of the atmospheric scattering dilution based on evaluation in two different wavelength bands in the range 306–322 nm. They use synthetically modelled spectra (Esse et al., 2020), with varying SO2 column and atmospheric scattering dilution. These spectra were then evaluated in the two wavelength bands and the results were used to build a look-up table. The results from evaluating measured plume spectra in the same two wavelength bands were then compared with the corresponding data in the look-up table, providing a dilution factor that facilitates a quantitative correction of the measured plume spectra.
The approach to quantify the scattering effect described here is based on taking advantage of the non-linearity of the Beer-Lambert law for absorption, as well as the difference in light intensity in the plume spectrum caused by SO2 broadband absorption, combined with the assumption that the spectral distribution of the light scattered below the plume is similar to the spectral distribution of the light scattered without the plume. The method is applicable when multiple scattering inside the plume can be neglected (low amounts of ash and other aerosols). The method is more robust when the measured gas columns are high enough to cause significant non-linearity and broadband intensity reduction in the absorption spectra studied.
2 EXPERIMENTAL DETAILS
The basic mini-DOAS system consists of a pointing telescope fiber-coupled to a spectrograph. The narrow field of view telescope gathers ultraviolet light from the Sun, scattered from aerosols and molecules in the atmosphere. Light is transferred from the telescope to the spectrometer by an optical fiber. The spectra are digitalized and logged on a computer for analysis using DOAS (Platt and Stutz, 2008). In this way, the slant column density of various gases in the viewing direction of the telescope is derived (Galle et al., 2003). Two different setups are commonly used, the MobileDOAS and the ScanningDOAS.
In the MobileDOAS setup measurements are made from a mobile platform. The telescope is pointing towards zenith while traversing under the plume at the same time as the position of the platform is logged by a GPS. In this way the total number of SO2 molecules in a cross-section of the plume may be derived, and after multiplication with the wind speed at plume height the emission in kg s-1 is obtained.
In the ScanningDOAS setup the telescope is motorized to automatically scan the field of view of the instrument over 180°. In a typical measurement the instrument is located under the plume, and scans are made, from horizon to horizon, in a plane perpendicular to the wind-direction. Thus, automatic unattended measurements of the SO2 emission with 5–10 min time resolution can be made. This is the concept used in the NOVAC network (Galle et al., 2010).
In this paper we focus on the MobileDOAS application. In the MobileDOAS application measurements of sky and plume are made in the same zenith direction, while in the ScanDOAS application the plume spectra are taken in varying directions different from the clean air sky spectrum which may complicate the use of the here suggested algorithm.
A correct unit to use for column measurement of a gas is molec/cm2. In our case, volcanic gas emissions, this means numbers of the order 1016–1019. In connection with COSPEC measurements a more practical unit, ppm m, was introduced and has become widely used in the volcano gas community, yielding results in the order 10–10,000 ppm m. It should be noted, however, that the instruments measure mass units not mixing ratio. Nevertheless, we define 1 ppm m as 2.5∙1015 molec/cm2 (its true value for STP) and for clarity use this unit throughout this paper. Thus, to convert any data in this paper expressed in ppm m to mass units one should simply multiply with 2.5∙1015, without any correction for pressure or temperature.
3 METHODS
3.1 Qualitative description
The conventional DOAS method applied in routine remote sensing of volcanic SO2 assumes that all the measured light has been last scattered into the field of view above the plume and has passed in a straight line through the plume. In practice, however, a fraction of the light that reaches the instrument originates from atmospheric scattering on molecules and aerosols below the plume and thus has not passed through the plume. This causes a “dilution” of the slant column retrieved by the DOAS method.
We define the following:
• Sky spectrum: a spectrum of the skylight that has not passed through the plume. This can be measured in a location with plume free zenith view.
• Plume spectrum: a spectrum of the skylight that has passed through the volcanic plume but not undergone dilution afterwards. Not directly measurable.
• Dilution spectrum: a spectrum of skylight that is scattered into the field-of-view of the measurement device from the atmosphere below the plume and has thus never passed through the plume. Not directly measurable.
• Measured spectrum: the spectrum as observed by the instrument while aimed at the volcanic plume, hence the combined plume and dilution spectrum.
• Dilution factor k: the fraction of the sky spectrum, that is obtained after iterative subtraction of fractions of the sky spectrum (normalized as described in Section 3.2) from the measured spectrum.
Figure 1 shows a theoretical SO2 transmittance spectrum covering the region commonly used in DOAS evaluations, with the three narrow evaluation intervals used in this paper highlighted (305–310, 310–315, and 315–320 nm). When a certain fraction of the measured light has not passed through the plume, it will dilute the measured spectrum and act to reduce the measured absorption. If we assume that the spectral shape of this diluting light is identical to that of the sky spectrum, then the different absorption bands will be diluted with the same fraction. However, if the absorption is strong enough that the absorption features in the shorter wavelength bands, which have the strongest absorption, do not respond linearly to the dilution, then this dilution of the measured spectrum will change the differential absorptions more in the shorter wavelength bands compared to the longer wavelength bands where the absorption is weaker. Hence, performing a DOAS evaluation of the different bands highlighted above will give different SO2 column in each band (Fickel and Delgado Granados, 2017).
[image: Figure 1]FIGURE 1 | Theoretical transmittance spectrum for light passing through 2,000 ppm m SO2. Notice that SO2 broadband absorption is unequal for the three wavelength bands: 305–310, 310–315 and 315–320, which causes different dilution effects. Here it can be seen that due to the broad-band absorption in SO2 the actual average intensity in the plume at the three wavelength bands used is only 27%, 45% and 68% respectively of the plume intensity without SO2.
Also, the SO2 broadband absorption contributes to this imbalance because although the different bands have equal absolute dilution, expressed as the ratio of the dilution to the sky spectrum, the effective intensity of light coming from the plume is different in the different bands and thus the relative dilution, with respect to the measured spectrum, will differ. Figure 1 shows the absorbance spectrum of 2,000 ppm m SO2. Here it can be seen that due to the broadband absorption in SO2 the actual intensity in the plume at the three wavelength bands used is only 27, 45, and 68%, respectively, of the plume intensity without SO2. Thus, a dilution factor of 0.1 (10% of the normalized sky spectrum contribution to the measured spectrum), will effectively result in a dilution of the differential SO2 absorption corresponding to about 37, 22, and 15% in the respective wavelength bands. Note that if there is no dilution then this difference in intensity between the evaluation bands caused by the broadband SO2 absorption is not a problem as it is taken care of by the DOAS evaluation procedure. However, when dilution is present, this difference in intensity contribution from the plume results in a different effective dilution between the bands. In the following we refer to this effect as an “imbalance” in the absorption and make use of this effect to indicate presence of “below-the-plume” scattering and quantitatively correct for its diluting effect. As will be discussed further later in this paper, some other wavelength dependent processes, like plume aerosol extinction and atmospheric ozone concentration, may also contribute to the “imbalance” when dilution is present.
The method presented here relies on the assumption that the fraction of diluting light, i.e., the ratio of the light scattered below the plume, the dilution spectrum, to the spectrum of light scattered above the plume, the sky spectrum, is constant within a narrow spectral interval. By narrow we mean a band not wider than 10 nm.
The method is applied as follows: first, we perform conventional DOAS evaluations on two adjacent or slightly overlapping bands encompassing an interval at least 5 nm and not larger than 10 nm wide (e.g., 305–310 and 310–315 nm) to derive the apparent columns of SO2 in the two bands, using a measured spectrum outside of the plume as the background. If there is dilution below the plume and the actual SO2 column is sufficiently high, then the two retrieved columns will differ with the column retrieved at the stronger absorption band being lower than that from the weaker absorption band and both being lower than the true column. Notice that the spectral fit obtained at both bands may still look good (no significant systematics in the fit residual) because the effect of dilution on the spectral shape in such narrow spectral intervals is often not evident. If a difference in columns is found between the two bands, we proceed to iteratively subtract a constant fraction of the sky spectrum from the measured spectrum until a fraction is found where the evaluated columns in the two bands coincide. To obtain a quantifiable parameter for the dilution, the sky spectrum used in the iterative subtraction is normalized to become of equal intensity to the measured spectrum at 350 nm, which is chosen to be close to the SO2 absorption region but not significantly affected even by strong absorptions of SO2. Hereby we quantitatively obtain the amount of spectral dilution (the dilution factor k, see above) as well as a corrected value for the column. The process is described in more detail and with illustrations in Figures 2, 3.
[image: Figure 2]FIGURE 2 | (A) Example of a measurement affected by dilution taken on a traverse on 18 March 2013 at Turrialba volcano, Costa Rica. The measured plume spectrum contains an unknown fraction of scattered sunlight from below the plume, the dilution spectrum. The picture also shows a dilution spectrum scaled in intensity to be 13% of the sky spectrum at 350 nm. (B) Differential absorption optical depth spectrum derived from the original spectra. The standard evaluation using DOAS in the fit-region of 310–325 nm gives a slant column density (SCD) of 835 ppm m. Evaluations in fit-regions 1 (305–310 nm) and 2 (309–315 nm) give 759 and 821 ppm m, respectively. This imbalance is caused by below-the-plume-scattering, in combination with the logarithmic dependence of the Beer-Lambert law, and intensity variation in the plume spectrum caused by SO2 broadband absorption.
[image: Figure 3]FIGURE 3 | (A) Retrieved SCDs using fit regions 1 and 2 as a function of the amount of scattered light that has been subtracted from the original measured spectrum. A subtraction of 13% scattered light yields equal values in both fit regions of 1,030 ppm m. This is defined as a dilution factor of 0.13. (B) Differential absorption optical depth spectrum after subtraction of 13% scattered light. Now all fit regions yield the same SCD value of 1,030 ppm m. After applying the scattering correction algorithm, the slant column is increased by 23% from 835 (standard evaluation) to 1,030 ppm m.
3.2 Formalization
In the following we formalize the method. For the sake of clarity, we assume that any instrumental effect that may be present in the plume and sky spectra, such as dark current, offset spectra, or possible changes in the instrumental line function or wavelength calibration, have been corrected.
We can represent the algorithm mathematically in the following way: the measured spectrum, [image: image] is expressed as the sum of the plume spectrum, [image: image], and the dilution spectrum, [image: image]:
[image: image]
It is convenient to relate the measured spectrum to the sky spectrum. Both may be measured under different conditions, for instance at different elevation angles or under unequal background scattering conditions. This results in intensities that may vary even in spectral intervals where absorption by the plume is expected to be negligible. We can start by defining a ‘scaled sky spectrum’ as the product of the sky spectrum by a factor equal to the ratio of the intensities of the measured and sky spectrum at a wavelength with negligible SO2 absorption. We choose the intensities averaged over 5 nm at 350 nm for this scaling:
[image: image]
The scaling is not problematic because it is equivalent to allowing a free scaling between the measured spectrum and the sky spectrum in the standard DOAS formalism.
The dilution spectrum is assumed to be proportional to the scaled sky spectrum [image: image] within a narrow wavelength interval:
[image: image]
With the constant [image: image] > 0 defined as the dilution factor.
The plume spectrum must then correspond to the complementary fraction [image: image] of the scaled sky spectrum multiplied by a Beer-Lambert law term with a relative optical depth [image: image] between the plume and scaled sky spectra. This relative optical depth not only contains the effect of absorption by SO2 in the plume but also the effect of all other processes that make both spectra different, namely: difference in O3 absorption, difference in elastic and inelastic (Ring effect) molecular scattering, or difference in extinction due to aerosols.
[image: image]
The meaning of the complementary factor [image: image] is to normalize the transmittance of the measured spectrum with respect to the scaled sky spectrum. We do this by noting that in the limit of zero relative optical depth the measured and scaled sky spectrum must be equal.
Then follows that the measured spectrum is equal to:
[image: image]
The method we propose iteratively subtracts a fraction of the normalized sky spectrum [image: image] from the measured spectrum [image: image], normalizes the new transmittance spectrum to compensate for the subtracted term, and applies the DOAS retrieval on two adjacent wavelength intervals. In each iteration, we find a set of fit parameters that minimize the difference between the logarithms of the modelled and measured spectra. These parameters are the coefficients of a polynomial that represents broadband structures of the relative optical depth (between scaled sky and measured spectra), and the relative column densities of atmospheric gases or pseudo-absorbers (O3, Ring-effect) with absorption features in the interval of evaluation, as well as an apparent column density of SO2, [image: image].
Let us use the notation [image: image] to represent the retrieval of an apparent column density [image: image] at a spectral interval [image: image] applied to the spectrum [image: image]. We apply the retrieval in two adjacent narrow spectral intervals on modified spectra formed by subtracting a fraction of the scaled sky spectrum from the measured spectrum, followed by re-normalization:
[image: image]
This iteration is applied until we find the constant fraction [image: image] that would make the retrieved columns [image: image] at the two adjacent spectral intervals equal. In other words, we vary xi until [image: image]. We can see from equations [1–5] that this occurs when [image: image], i.e., when we subtract from the measured radiance the component that was added by scattering of radiation not passing through the plume. In this way, we find not only the true column [image: image], but also the dilution factor [image: image], assumed to be constant along the two wavelength intervals used in the analysis.
3.3 Further considerations
Depending on the available amount of UV-light and actual SO2 column strength, different wavelength intervals can be chosen for the evaluation. The idea is to select two wavelength intervals [image: image] and [image: image], wide enough to facilitate a good DOAS evaluation (∼5 nm), located close enough to encounter a similar dilution effect from atmospheric scattering, while still having a distinct difference in absorption cross-section. In addition, the absorption cross-section should be large enough so that at least one of the included absorption bands encounters non-linearity due to the Beer-Lambert law, given the actual SO2 columns. Ideally, the intervals would also be differently affected by broadband SO2 absorption. These conditions imply that different pairs may be optimal under different conditions; optically weak plumes need to be measured at short wavelengths to obtain enough non-linearity effects in the absorption, while optically thicker plumes, may need to be measured at longer wavelengths and thus weaker absorption as the stronger absorption bands may be saturated.
For the method to be able to determine a corrected column and dilution factor it is necessary that the difference between the columns derived using the two different bands can be clearly distinguished so that a well-defined cross-over point can be established. Thus, the true column and dilution must be high enough that the Beer-Lambert law non-linearity or SO2 broad-band absorption cause a difference between the columns in the bands used that overcomes the noise level. This is illustrated in Figure 4, which shows how the columns derived in the three evaluation bands: 305–310, 310–315, and 315–320 nm are affected by dilution, for SO2 columns of 500, 1,000 and 2000 ppm m, respectively. These plots are based on theoretical data. In a real case a difference between the columns of 5–10 ppm m is needed to overcome the noise level.
[image: Figure 4]FIGURE 4 | The underestimation of derived SO2 column as a function of dilution, when using the different evaluation bands; 305–310 nm (blue), 310–315 nm (red) and 315–320 (orange) for SO2 columns of 500, 1,000 and 2,000 ppm m, respectively. By following a pair of evaluated columns from high to low dilution the behavior of the iterative process in the dilution correction algorithm can be studied (see, for example Figure 3 above and Figure 11 below).
For SO2 columns below 500 ppm m, the columns derived from the two lower bands, 305–310/310–315, respond almost linearly to increased dilution and the method will not converge and thus will fail to quantify the dilution. However, the dilution is still there and affects the column data linearly (15% dilution gives approximately 15% lower SO2 column). For SO2 columns higher than about 600 ppm m the difference between the two lower bands, at 10% dilution, is more than 10 ppm m and thus this pair can be used for evaluation of the dilution. In the same way, for SO2 columns higher than about 800 ppm m also the higher pair 310–315/315–320 gives an imbalance response enough for evaluation at 10% dilution. At the other end, for SO2 columns higher than 5,000 ppm m, saturation effects due to the limited spectral resolution start to cause problems for the lower pair. The longer-wavelengths pair is for the same reason limited to about 8,000 ppm m. Thus, for low to moderate SO2 columns (600–2,000 ppm m) the lower pair is preferred due to its higher sensitivity, provided that the UV light level is high enough at 305 nm to overcome the noise level. For medium to high SO2 columns (1,000–5,000 ppm m) the higher pair may instead be used, especially when the UV level at 305–310 nm is too low for accurate measurements. Of course, it is not possible to know the actual column before the correction, therefore evaluation at three bands may be necessary to explore the range of variation before choosing the pair of wavelength intervals that would maximize the quality of the retrieval based on the considerations given above.
In the examples and discussion above we assumed a dilution of 10%. With less dilution even higher true SO2 columns are needed to give a reliable detection. This is also illustrated in Figure 4. The band with weakest absorption (315–320 nm) drops almost linearly with increasing dilution, while the band with the strongest absorption drops off faster than linearly initially and then drops more linearly, almost in parallel to the weak band. This is because with increasing dilution, the apparent column gets smaller and smaller and eventually the stronger absorption bands also become linear. By following the two curves belonging to a specific true SO2 column from high to low dilution, one can simulate how the dilution correction method works. Notably, in the case of strong dilution (for example 50%) and strong true SO2 column (for example, 2,000 ppm m), the apparent columns in the two stronger absorption bands initially diverge when dilution is decreased and then, as dilution continues to decrease, the lines of retrieved columns at the two bands start to converge. Thus, the iterative correction algorithm must allow for both convergence and divergence until the retrieved values are close enough and the column obtained at the weaker band is not lower than that obtained at the stronger band.
It is also interesting to note that, although the two processes of non-linearity and broad-band absorption both act to enhance the imbalance described above, the two processes in a way counterbalance each other. Figure 5 shows how the apparent SO2 column, evaluated in the evaluation window 309–314 nm, varies with true SO2 column for different dilution factors.
[image: Figure 5]FIGURE 5 | The apparent SO2 column, evaluated in the evaluation band 309–314 nm, as a function of true SO2 column, for different dilution factors.
For a given dilution constant, the effect of dilution due to broad-band SO2 absorption becomes stronger and stronger with increasing SO2 column density at the same time as the monotonous increase in apparent column due to non-linearity gets smaller and smaller. This results in a turnover making the apparent column decrease with increasing true SO2 column. As a consequence, for a given evaluation band and dilution factor there is a maximum column that can be obtained in a DOAS evaluation. This effect has been pointed out by others (Mori et al., 2006; Varnam et al., 2020) and constitutes a limitation in standard DOAS evaluations as well as in some existing schemes for dilution correction. However, this is not a limitation for our method, as we just keep iterating until we reach the convergence point.
Besides the effect of dilution, conditions where light with dramatically different SO2 column are superimposed in a single spectrum may also cause such an imbalance. This can occur when spectra containing different columns are co-added into a single spectrum, or if the field-of-view of the receiving optics cover a wider angle than represented by typical variations in total column in the plume, e.g., when a single spectrum contains light from both strong and weak columns. A typical example of this situation is when measurements are made at the beginning and end of a traverse where dramatic changes in column occur over short traverse distances. These effects can, to some extent, be avoided by using a narrow field-of-view and high sampling rate, and by excluding data from the traverse edges in the scattering correction dilution estimate.
Other processes resulting in similar effects are straylight in the spectrometer and scattering within the plume itself. The amount of straylight in the spectrometer depends on type of spectrometer as well as its condition and can to some extent be reduced by filtering out light with wavelengths outside the studied wavelength region. Moreover, the impact that straylight has on the imbalance can be checked by performing a measurement with a gas cell using a clean air background, with high enough gas column in the cell to reveal imbalance in the extinction law, with a nominal column value of 1,000 ppm m or more. If an imbalance in the absorption is detected in this cell measurement, straylight is likely to be present.
Eliminating effects of scattering within the plume is more difficult. One approach to study the impact of scattering within the plume on the spectral imbalance used in our method is modelling. The results from a study using the radiative transfer model McArtim (Deutschmann et al., 2011) is shown in the chapter 5.1 below. This modelling study indicates that the method presented here may give somewhat reduced column densities, especially for the case of a non-condensing plume above an opaque atmosphere. Plumes with high aerosol optical depths tend to offset this effect producing higher columns, probably due to multiple scattering.
A crucial condition in the method is that the clean air spectrum used in the iterative subtraction, and the true dilution spectrum caused by scattering below the plume, have similar shape over the two wavelength intervals used in the analysis. If this condition is not fulfilled, then the “crossover point” between the bands in the iterative process will be wrong. This problem is minimized by using two narrow wavelength bands located close to each other and to perform the sky and plume measurements close in time. Special care should be taken when cloud conditions differ significantly between sky and plume measurements. One way to check this is to compare the slope of the spectra in the actual wavelength interval, after dividing sky spectra taken before and after the plume traverse. Ozone has strong broadband absorption in the spectral regions suggested here and a difference in ozone between the sky spectrum and the plume spectrum may have an impact on the imbalance between the two evaluation bands. However, the impact of ozone is dominated by its stratospheric slant column density (O3SCD), which is determined by the solar zenith angle (SZA, Eq. 6). Thus, if the sky spectrum is taken close in time to the plume spectrum, or if measurements are made close to noon, then the impact of ozone is negligible. If these conditions are not fulfilled, then the effect of ozone may still be eliminated by evaluating the relative ozone slant column density before and after passing the plume in the traverse. Using GPS data, time, and location, one can then derive the SZA related to each of these measurements and calculate the ozone vertical column density (O3VCD) for the time of the traverse. Knowing the O3VCD one can then use the GPS data of each spectrum to derive the O3SCD of each spectrum and use the known absolute ozone absorption cross-sections to eliminate the effect of the difference in O3SCD between the sky spectrum and the plume spectrum (including the dilution spectrum).
If we denote:
[image: image] ozone slant column density in sky spectrum
[image: image] ozone slant column density in plume spectrum
[image: image] ozone vertical column density (common to sky and plume)
[image: image] solar zenith angle (different for sky and plume)
[image: image]
3.4 Software
The method described above has been implemented in software, ScatteringCorrection, written in C++ and the initialization parameters are further described in the Supplementary Annex to this article. The software reads measured spectra saved in the extended standard (*.std) format, e.g., used by the MobileDOAS software (Johansson, 2009) and, for each measured spectrum, performs DOAS evaluations in two aforementioned narrow wavelength intervals and in one wider wavelength interval. If the SO2 column in the wide wavelength interval exceeds a user-defined limit (approx. 500 ppm m), determined from when the non-linearity of the Beer-Lambert law begins, and there is a difference in SO2 column between the two short wavelength intervals, then the software will attempt to perform a dilution correction of the measurement as described above.
The software performs a search for the optimal dilution factor k by attempting to minimize the difference between the evaluated SO2 columns in the bands of longer and shorter wavelengths λ1 and λ2. [image: image] < [image: image] implies the applied dilution factor k is too small, while [image: image] > [image: image] implies k is too large. This fact is used to determine the direction of the search in each step of the iteration in which k is varied. Notice, however, that if the search has stepped too far beyond the optimum dilution factor k, the above relationship may fail. This fact must be accounted for in the search, most easily by also verifying that the DOAS fit is valid, e.g., by requiring a maximum permissible standard deviation in the fit residual. In our implementation, the search begins by attempting to determine the upper bound for k by stepping up k in relatively large steps until [image: image] > [image: image]. During this stepping up of k, the software also determines the largest lower bound on the dilution factor, as the largest ki, which yielded [image: image] < [image: image]. The second phase of the search is to determine the optimum dilution factor k between the upper and lower bounds. In the case of valid DOAS fits for both the lower and upper bounds, this is done using a linear interpolation between the two as this method has been found to be the fastest. In the case of an invalid fit on either bound, which typically occurs when the upper bound has stepped too far, a binary search is applied instead.
4 RESULTS
4.1 Modelling
To improve our understanding on how different parameters like plume height, SO2 concentration, and aerosol burden in and below volcanic plumes influence our light dilution correction, we applied the method to spectra simulated with the radiative transfer model McArtim (Deutschmann et al., 2011). The model can be used to simulate UV/vis spectra expected in a wide range of user-defined atmospheric and plume conditions, and thus allows us to test the ability to derive accurate SO2 SCDs using our scattering correction technique. For the purposes of this study, the spectra produced by the model were adapted to standard DOAS std format and then analyzed using the developed ScatteringCorrection program (see details in Supplementary Annex).
We study three scenarios: 1) a clean Rayleigh atmosphere and a plume with zero aerosol optical depth (clean atmosphere/clean plume); 2) the same plume but in an opaque atmosphere where a 1 km thick layer with aerosol optical depth of 0.2 is placed at ground level (opaque atmosphere/clean plume); and 3) an opaque plume with aerosol optical depth of 1, immersed in a clean atmosphere (clean atmosphere/opaque plume). For the three scenarios the plume has a vertical column density of 2,000 ppm m and has a cylindrical shape with 500 m diameter and horizontal orientation. The plume altitude is varied between 0 and 3,000 m above ground level (plume-bottom), which is assumed to be at 50 m above sea level. The Sun shines with a relative azimuth of 90° with respect to the plume axis and a solar zenith angle of 30°. The field of view of the instrument is set to 8 mrad. The instrument is located below the plume axis at 50 m altitude and pointed to the zenith. Other parameters of the simulation are given in the Supplementary Appendix.
Dividing each spectrum of the three scenarios by the respective clean air “sky” spectrum produces transmittance spectra, as shown in Figure 6.
[image: Figure 6]FIGURE 6 | (A) Simulated spectra: a clean air “sky” spectrum and simulated measurement spectra of an SO2 plume located at 0, 1,000, 2,000 and 3,000 m above ground level. We can see clearly that spectra from higher plumes have higher intensity due to added light from dilution. (B) The spectra from various plume heights, divided by the clean air “sky” reference. Note the spectral distortion for the spectra from elevated plumes, as well as the SO2 broadband absorption.
Some correction algorithms have been proposed on the assumption that the diluting light follows the Koschmieder formula using either a Rayleigh scattering coefficient, or another coefficient suggested by the measurement conditions (Koschmieder, 1938; Mori et al., 2006; Vogel et al., 2011; Campion et al., 2015; Varnam et al., 2020). One way to test the assumptions of our model, that assumes a wavelength-independent dilution term, and the predictions of a wavelength-dependent term, is to test predictions of both on synthetic spectra. Our proposed model assumes that the dilution spectrum is a constant fraction of the sky spectrum, whereas in other methods the dilution spectrum is equal to the sky spectrum scaled by a wavelength dependent scattering efficiency. Using the spectra simulated with McArtim in which the true SO2 column density is known we derived the wavelength-dependency of the dilution factor k (Figure 7).
[image: Figure 7]FIGURE 7 | The spectral shape of the dilution function for various plume heights in the clean atmosphere, clean plume scenario. Notice that the overall shape is relatively flat over the wavelength intervals 305–315 and 310–320 used in the scattering correction method. Also notice a residual SO2 that indicates that the effective column does not correspond exactly to the nominal column of 2,000 ppm m in this inversion. The “Koschmieder” prediction is also shown for a plume located at 3,000 m altitude.
Our results indicate that the trend in the dilution term is nearly independent of wavelength, a circumstance that is in good agreement with our proposed model. There are some structures that are correlated with the absorption of SO2 which may be due to incomplete compensation of the term involving SO2 in our model. This may be due to radiative transfer effects that produced an effective column that is not equal to the prescribed vertical column density used to model the different spectra. In the interpretation given by Kern et al. (2010), this could be caused by different effective pathlengths due to different absorption strength of SO2 for different wavelengths.
Applying the ScatteringCorrection software using the lower bands 305–310/310–315 nm, we obtain the following results for retrieved column and dilution factor (Figure 8).
[image: Figure 8]FIGURE 8 | (A) Retrieved/modelled column density as a function of altitude for the three modelled cases. The results without correction are shown with dashed lines, and the results after the correction are shown with continuous lines. (B) Retrieved dilution factor as a function of altitude for the three modelled cases.
The modelling results indicate that our proposed method can deal relatively well with spectra taken under conditions of clear and opaque atmospheres and clear and opaque plumes. In all scenarios, we notice the increase of dilution factor with distance to the plume and with increase in scattering conditions below the plume. The retrieved SO2 column densities without correction show a systematic decrease with increasing dilution, but aerosols in the plume seem to reduce the amount of dilution, possibly due to enhanced forward scattering towards the instrument. The retrieved column values after correction lie within 10% accuracy of the nominal values, being worst for the case of an opaque atmosphere and slightly better for the case of an opaque plume. We think this reflects the effect of two processes: one is that the percentage of radiation that reaches the instrument passing through the plume may be larger for an opaque plume due to higher forward scattering, and the other is that the aerosols may increase the mean path of radiation in the plume due to multiple scattering. The modelling results also show that the assumption of constant dilution within a narrow wavelength interval is reasonable.
4.2 Measurements
Next, we tested our scattering correction on real-world DOAS traverse measurements. Three different cases are shown, representing different column densities and scattering conditions: Fagradalsfjall located on Reykanaes peninsula on south Island (low columns 800 ppm m, clean air), Manam located off the northeast coast of mainland Papua New Guinea (very high columns 5,000 ppm m, high scattering), and Holuhraun located in the inland of north east Island (moderate columns 1,000–2,000 ppm m, low scattering).
4.2.1 Fagradalsfjall 2021
In March 2021, a fissure eruption occurred in Fagradalsfjall on the Reykjanes peninsula west of Reykjavik in Iceland. Figure 9 shows a traverse made around solar noon on 27 April 2021. The plume was relatively transparent, and it was easy to see through. The bottom of the plume was at about 550 m height, as determined by triangulation, and the background air was clean, but the sky was very cloudy. The initial measurement made using the standard range 310–325 nm yielded SO2 columns around 800 ppm m. Dilution correction was applied using both the short wavelength intervals (305–310/309–314) and long wavelength intervals (309–314/314–319). Each evaluation gives similar results with corrected SO2 columns around 1,200 ppm m, and average dilution factors of about 27%. Our corrections therefore yielded SO2 column densities equal to 150% of the results from the standard DOAS evaluation. Note that even though both evaluation procedures yield similar results, the shorter wavelength interval gives a less noise. This demonstrates that, for low column densities, the stronger absorption in the shorter wavelength absorption bands gives a better-defined difference between the analysis windows and thus a sharper focus in the iterative correction technique.
[image: Figure 9]FIGURE 9 | Traverse made in Fagradalsfjall on 27 April 2021. Standard evaluation (black) is compared to scattering corrected data using the lower bands (blue) and higher bands (red). Also shown are the derived dilution factors due to atmospheric scattering.
4.2.2 Manam 2019
In May 2019, a one-week international field campaign was conducted at Manam volcano in Papua New Guinea (Liu et al., 2020). The purposes of this campaign were twofold: to improve data on gas emission from this highly emitting, remotely located and little studied volcano and to demonstrate the use of drones in volcano monitoring at challenging volcanoes. These drone measurements offered unique possibilities to test our dilution correction algorithm by performing SO2 column measurements with a MobileDOAS instrument from various altitudes below the plume (Galle et al., 2021).
On 27 May, we performed two almost simultaneous measurements (30 min apart) of the SO2 emission rate from the volcano using two different MobileDOAS instruments, one located on the ground close to sea-level continuously pointing at zenith through the center of the plume and the other performing a drone traverse under the plume at 1 km altitude above ground. The crater is located about 1,800 m above ground and emitted a barely visible plume with a stable direction during the measurement period at an approximate altitude of 2,000 m above ground. The wind was slow, and the sky was clear. Thus, this traverse measurement is expected to show less dilution than the ground-based instrument. It is also expected that both measurements, after dilution correction, should show similar maximum SO2 columns.
Figure 10 below shows the result of the measurement from the ground for 30 min. Here, the two longer wavelength intervals (309–314.5 and 314.5–320 nm) are used as the final columns are relatively high and the more sensitive shorter interval will contain saturated absorption bands. The original standard DOAS evaluation (blue, 1,200 ppm m) is more than tripled to about 4,400 ppm m after the scattering correction (black). The dilution factor (orange) is about 0.4. Note that the main variation in the standard measurement seems to be linked to variations in the scattering dilution factor yielding a more constant overhead SO2 column density after the scattering correction is applied. This short-term increase in dilution factor may be caused by increased scattering below the plume due to a change in atmospheric condition or plume height, or a decrease in the fraction of light that has passed the plume. The fact that the spectrum intensity (purple, arbitrary units) increases in correlation with increased dilution indicates that the most plausible cause of this variation in dilution factor is a change in atmospheric conditions below the plume. Finally, it should be noted that the 2,000 ppm m cell measurement at the end of the measurement yields negligible dilution (0.004). This is expected as there is no atmosphere between the cell and the instrument during these cell measurements. This confirms that the stray light level in the spectrometer was negligible in this case.
[image: Figure 10]FIGURE 10 | Measurement of the SO2 vertical column at Manam on 27 May 2019, measured from a fixed position at ground. The results from measurements using the two bands 309–314 nm and 314–319 nm are shown as well as the initial and corrected columns. Also shown is the dilution factor and the spectral intensity (arbitrary units). At the end of the measurement, two cell measurements are shown with nominal values of 600 ppm m and 2,000 ppm m, respectively. Note the negligible dilution factor in this cell measurement marked with a circle. The spectrum from sample point 330 is inspected in the next figure, Figure 11.
Both the final column values and the dilution factor is relatively high in the measurement shown in Figure 10. Thus, data from this measurement can be used to test the performance of the method under such conditions. Figure 11 shows the performance of the iterative search algorithm in sample point 330. Despite the large difference between the initial SO2 column derived by standard DOAS analysis and the dilution-corrected column, the search algorithm finds a distinct cross-over, yielding an SO2 column density of approximately 5,200 ppm m with a dilution factor of 0.45.
[image: Figure 11]FIGURE 11 | The iterative search process corresponding to data point 330 in Figure 10 above. The column value goes from 1,500 ppm m to 5,200 ppm m with a dilution factor of 0.45. Panel (B) shows a zoom-in of the region surrounded by a square in Panel (A). Note that initially the search algorithm diverges and later converges towards the final cross-over, as predicted from modelling for high columns with high dilution.
Figure 12 shows data from the MobileDOAS traverse made by drone at an altitude of 1 km above the ground. The drone traverses the plume at this altitude and then descends to 300 m altitude and starts to make a return traverse, which was not completed due to the need to land before losing power. The sampling period was set to 2 s. The maximum value of the corrected column reaches 5,000 ppm m, and the dilution factor is 0.08 at 1,000 m altitude and 0.30 at 300 m altitude (point 1,050, shown in circle). This is in good agreement with the measurements from the ground 30 min earlier, presented in Figure 10 (vertical column 5,200 ppm m, dilution factor 0.4) and confirms that the dilution caused by scattered light below the plume is the major process causing the spectroscopic imbalance between the two wavelength intervals.
[image: Figure 12]FIGURE 12 | MobileDOAS measurement of the gas plume from Manam volcano, made using a drone on 27 May 2019. The drone passes under the plume at an altitude of 1 km above ground (dashed line). Results from using the two bands 309–314.5 nm and 314.5–319 nm as well as corrected column, dilution factor and altitude of the drone, as it traverses below the plume, are shown.
4.2.3 Holuhraun 2014
The 31 August 2014–27 February 2015 volcanic eruption at Holuhraun in Iceland is the strongest source of sulfur dioxide in Europe over the past 230 years, with initial sustained emission rates exceeding 100,000 td−1 (Gíslason et al., 2015; Pfeffer et al., 2018). During the 6 month duration of the eruption, MobileDOAS as well as ScanningDOAS measurements were performed as part of the EU-project FUTUREVOLC. The measurements that were made close to the eruption site (5–10 km) were severely affected by atmospheric scattering, both in and around the gas plume, and showed SO2 column densities up to 50,000 ppm m, causing severe evaluation problems. Additional measurements were conducted along the Ring Road following the Icelandic coast, at a distance 80–150 km from the eruption site. At these distances, the SO2 columns had dropped to manageable values, and atmospheric scattering was significantly less than close to the eruption site. Figure 13 shows the results of a traverse made along the Ring Road, about 80 km north of the eruption site. Measurements were conducted around solar noon, and meteorological conditions were good with blue sky and a barely visible plume. The top of plume height was reported to be 1.6 km. A standard DOAS evaluation over the wavelength region 310–325 nm and a plume speed of 6 m s−1 yielded an SO2 emission rate of 1,379 kg s−1. Figure 13 shows the result after evaluation using the standard region, 310–325 nm (blue), as well as the result after applying the scattering correction (black) and the estimated dilution. The average correction in SO2 column gave a 60% increase in emission rate with an average dilution factor of 0.2. It should be noted that this increased emission rate to 2,200 kg s−1 is even a bit higher than the underestimation due to dilution of up to 40% estimated in Pfeffer et al. (2018). Also, comparing with the radiative transfer modelling results (see Section 4.1), this dilution factor of 0.2 corresponds well with the modelled case of a clean atmosphere with a clean plume of 2,000 ppm m located at 2000 m altitude (Figure 8).
[image: Figure 13]FIGURE 13 | Traverse of the gas emission from Holuhraun fissure eruption in Iceland made on the Ring road on 21 September 2014.
As the duration of this traverse was relatively long (45 min), we have also evaluated this traverse using the ozone correction procedure described above. This ozone correction, however, gave only a marginal change in the evaluation result: a 3% higher average column and an identical dilution factor. The small magnitude of this effect is likely due to the fact that the traverse was made close to solar noon at 13:00 local time, so the solar zenith angle and total ozone column only changed slightly during the traverse.
5 DISCUSSION AND CONCLUSION
This paper is a description of a novel approach to compensate for an atmospheric scattering effect that is known to significantly affect quantitative measurements of volcanic SO2 emission rates. In its present form, the method is limited to situations when no significant multiple scattering occurs inside the volcanic plume itself, and when the absorption in the plume is strong enough to cause non-linear effects in the Beer-Lambert law (SO2 optical depths greater than about 0.5; SO2 column densities greater than about 400 ppm m).
Uncertainties exceeding 30% are still possible in situations where multiple scattering in optically thick volcanic plumes leads to pathlength extension (Kern et al., 2010). However, errors associated with light dilution effects which are especially pronounced when measuring a plume from distances greater than 2 km or in the presence of background aerosols or clouds and which are typically of a similar order of magnitude, are significantly reduced by our correction method. In situations where multiple scattering in the plume is not prevalent, the application of our method should eliminate atmospheric scattering as a dominant error source for SO2 emission rate measurements, thus reducing the total error which then stems only from imperfect spectroscopy, uncertainties in measurement geometry, and potential errors in wind speed (Galle et al., 2010, see Table 3). Typical errors in SO2 emission rates measured in good to fair conditions would then be 20%–45%, depending on the accuracy of the aforementioned other factors.
Despite these limitations, the method is believed to be useful for a first-order correction of this major error source in many measurement situations. Of special importance is that the method only uses already existing spectral information in historical data and is relatively easy to implement in existing evaluation schemes. The approach is also very logical as it directly addresses the cause of the dilution effect; it iteratively subtracts the spectrum of light that has not passed through the plume.
Here we have exclusively discussed the method for the case of mobile traverses of volcanic SO2 plumes. However, the same method can be applied to other gases, in other wavelength intervals, and for other measurement geometries, given that the conditions stated above are fulfilled.
In particular, the use of this method to correct for scattering effects in scanning DOAS measurements of volcanic SO2 emissions is of high interest, but further modelling is required. During the past two decades, these instruments have been installed on many volcanoes, and thus large amounts of data are available, collected under varying atmospheric and volcanic conditions. For example, the NOVAC (Network for Observation of Volcanic and Atmospheric Change) [Galle et al., 2010; Arellano et al., 2021; www.novac-community.org] today has an archive containing gas measurements from more than 40 volcanoes collected since 2005. A re-processing of this archive, containing several millions of emission rate measurements, using the suggested algorithm is expected to give a detailed insight in the magnitude of this spectral dilution effect. This then opens the possibility to estimate the effect of dilution also in historical data made by COSPEC or DOAS instruments, where spectra are not available. As most estimates of volcanic emissions of species other than SO2 are based on scaling X/SO2 ratios to SO2 emission rates, such a reprocessing would allow revision of emission estimates for these species as well. It should be noted, however, that the algorithm suggested here is based on the assumption that the clean air spectrum used in the iterative subtraction, and the true dilution spectrum caused by scattering below the plume, have similar shape over the two wavelength intervals used in the analysis. This condition is realistic for many cases when using MobileDOAS zenith looking measurements made close in time, while it may be less obvious for ScanDOAS measurements with varying looking directions between sky and plume measurements. Thus, a detailed analysis of the applicability of the suggested method for ScanDOAS measurements requires further investigation with modelling and measurements and is beyond the scope of this paper.
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