
 1

SO2 loss rates in the plume emitted by Soufrière Hills 

volcano, Montserrat 

 

Lizzette A. Rodríguez1, 2, *, I. Matthew Watson2, 3, Marie Edmonds4, Graham 

Ryan5, Vicky Hards5, 6, Clive M.M. Oppenheimer4, Gregg J.S. Bluth2  

 

1 Department of Geology, University of Puerto Rico – Mayagüez Campus, PO Box 9017, 

Mayagüez, Puerto Rico 00681 

2 Geological & Mining Eng & Sciences, Michigan Technological University, 1400 

Townsend Dr, Houghton, MI 49931 

3 Earth Sciences, University of Bristol, Queen’s Road, Bristol BS8 1RJ, UK 

4 Department of Geography, Downing Place, Cambridge University, Cambridge CB2 

3EN, UK 

5 Montserrat Volcano Observatory, Flemmings, Montserrat, BWI 

6 British Geological Survey, Keyworth, Nottingham NG12 5GG, UK 

   

 

Corresponding Author 

Lizzette A. Rodríguez     Email: larodrig@mtu.edu 

Department of Geology    Fax: 787-833-4408 

University of Puerto Rico – Mayagüez Campus Tel: 787-464-3275 

PO Box 9017 

Mayagüez, PR 00681, USA 



 2

Abstract.  To improve interpretation of volcanic SO2 flux data, it is necessary to quantify 

and understand reactions involving SO2 in volcanic plumes.  SO2 is lost in volcanic 

plumes through a number of mechanisms.  Here we report SO2 measurements made with 

miniature ultraviolet spectrometers at Soufrière Hills volcano, Montserrat; a low altitude 

volcano (~1000 m above sea level) whose plume entrains humid marine air in the 

planetary boundary layer.  Traverses very near (<400 m) beneath the ash-free plume were 

made at various distances from the source (from ~2 km to ~16 km), thereby spanning 

plume ages of about 6 to 35 minutes with minimal attenuation.  We find average SO2 loss 

rates of ~10-4 s-1 (e-folding time of ~2.78 hours), slightly lower than estimated previously 

for Soufrière Hills.  These are in the fast end of the range of loss rates measured at other 

volcanoes (10-3 – 10-7 s-1, e-folding times of 0.28-2778 hr), indicating that Montserrat 

plumes have short SO2 lifetimes.  This work is more detailed and precise than previous 

work and is likely to represent the general case at Montserrat.  SO2 flux measurements 

made >2 km downwind from Soufrière Hills volcano significantly underestimate at-

source SO2 emission rates, on the order of 70-146%, when not accounting for the decay 

rate.  Similar SO2 loss is likely to occur in plumes from other tropical low altitude 

volcanoes under conditions of high relative humidity (~20% of active volcanoes 

worldwide).  These results suggest that the global volcanic SO2 emission rate may be 

underestimated as the estimates are based on measurements taken downwind of 

volcanoes, by which time significant loss of SO2 may have taken place.  The loss rates 

calculated here could be used, in conjunction with downwind SO2 fluxes, to estimate at-

source SO2 emission rates from volcanoes with similar environmental conditions to those 

at Soufrière Hills volcano. 
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1. Introduction 

It is important to understand volcanic SO2 reactions in different meteorological 

environments, because uncertainties in near-source plume chemistry can complicate 

interpretations of gas plume measurements, which are used for volcanic monitoring 

purposes and in atmospheric and environmental impact studies.  Sulfur dioxide is 

typically the third most abundant volcanic gas (Symonds et al., 1994), and is a trace 

constituent of the Earth’s atmosphere, mainly present in the troposphere (Vandaele et al., 

1994).  It is an environmentally significant species associated with direct and indirect 

(acidification) damage to ecosystems (Delmelle, 2003) and is potentially harmful to 

human health (WHO Air quality guidelines, 2006; Hansell and Oppenheimer, 2006).  

Sulfur emissions are also relevant to the radiative transfer of the atmosphere, particularly 

through the action of sulfate aerosol (Lacis et al., 1992). 

The difficulties inherent in the measurement of continuous, persistent emission of 

relatively small concentrations of gases, occurring between and during long-lived 

eruptions from volcanoes, have meant that few studies have been conducted to look at 

their impact on the troposphere.  However, the contribution of quiescent, continuous 

emissions of SO2 and sulfate aerosols from volcanoes is significant and must be known 

when attempting to quantify anthropogenic emissions and their effects on climate 

(Robock, 2003).  Anthropogenic emissions contribute about 78 Tg S yr-1 to the 

atmosphere (Bates et al., 1987; 1992), which is ~76% of the global S emissions (Bates et 

al., 1992; Spiro et al., 1992; Andres and Kasgnoc, 1998).  The uncertainties in the 

measurements of passive emissions are caused by (1) the study of only a fraction of 

passive degassing volcanoes, (2) errors arising from measurement techniques (Rodríguez 
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et al., 2004), and (3) factors unique to each volcano that can make measurements 

logistically difficult and less accurate (e.g., access, meteorology, volcanic activity).  Even 

at volcanoes that are intensively monitored, there are often uncertainties in some of the 

parameters needed to calculate the emission rates accurately.  Uncertainties in 

measurements from ground-based (correlation spectrometer, UV spectrometers) studies 

of passive emissions propagate throughout global volcanogenic SO2 budgets.  Most 

studies are based on a low percentage of the total number of active volcanoes (e.g., 20%, 

Andres and Kasgnoc, 1998).  Andres and Kasgnoc (1998) calculated a time-averaged flux 

of ~13.4 Tg yr-1 SO2, based on gas data between 1970 and 1997.  Previous studies 

estimate a range in global volcanic emission of 1.5 and 50 Tg yr-1 SO2 (from Table 5, 

Andres and Kasgnoc, 1998), which includes both passive and explosive degassing.  The 

range in the estimates is an indication of the uncertainty in calculating the annual global 

volcanic SO2 emissions.   

Volcanic SO2 emission rates are commonly measured using ground-based 

spectroscopic techniques (e.g., Galle et al., 2002; McGonigle et al., 2002; Edmonds et al., 

2003).  The column concentration of SO2 is integrated across a traverse of the plume, 

perpendicular to the transport direction, at some distance downwind of the volcano.    

Traverses are generally not exactly perpendicular to the plume transport direction; 

therefore they have to be corrected for this effect.  The corrected column concentration is 

then multiplied by the plume speed to yield the SO2 flux.  This is assumed to be equal to 

the emission rate from the source.  Typically, the measurements are undertaken a few 

kilometers downwind from the volcano and perhaps up to several kilometers away from 

the plume, depending in the most part on access and safety.  This allows time for SO2 to 
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interact with other volcanogenic gases, particles and droplets of volcanogenic and/or 

meteoric origin, as well as atmospheric gases and aerosols, and for the possibility of 

attenuation of SO2 signal by airlight or scattering.  The processes leading to SO2 loss 

during transport downwind include oxidation (conversion to sulfate aerosol), dry and wet 

deposition, absorption, and dissolution.  The effects of one process versus another are 

challenging to separate and, for this work, we will assume that the loss of SO2 is 

dominated by in-cloud mechanisms.  

Local meteorology affects the fate of tropospheric plumes initially by dispersion 

and transport downwind and secondly through factors such as humidity, temperature, the 

amount of sunlight reaching the plume (solar radiation), cloud cover, fog, and 

precipitation (Oppenheimer et al., 1998; Horrocks et al., 2003).  An important SO2 

depletion process is the conversion of SO2 to SO4
-2 (sulfate).  This conversion can 

proceed by both homogeneous and heterogeneous mechanisms to form particulate sulfate 

in the atmosphere (Eatough et al., 1994).  In the gas phase, oxidation occurs by reaction 

with hydroxyl radicals to form sulfuric acid, while aqueous-phase oxidation (multiphase 

reaction) of SO2 involves reaction with H2O2 or O3 to form sulfate (Eatough et al., 1994).   

The processes mentioned above, among others, can remove or mask the SO2; 

therefore the measured SO2 flux may not represent the at-source SO2 emission rate.  SO2 

loss rates ranging from 10-7 (e.g., Mount St. Helens) to 10-3 (e.g., Soufrière Hills) s-1 have 

been estimated for tropospheric volcanic plumes at various altitudes (e.g., Martin et al., 

1986; Oppenheimer et al., 1998; McGonigle et al., 2004).  The loss rates were estimated 

using a number of different techniques (ground and satellite-based), including the 

correlation spectrometer (COSPEC), UV spectrometers, photometry, the Total Ozone 
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Mapping Spectrometer, and filters (e.g., Martin et al., 1986; Oppenheimer et al., 1998; 

McGonigle et al., 2004).  Each technique has advantages and disadvantages, and the 

results may not be comparable directly, however, this also justifies the need to determine 

more accurately the range in SO2 loss rates in volcanic plumes.  Recent studies have 

shown variation on the order of at least two orders of magnitude for volcanoes with 

similar conditions (e.g., meteorological, SO2 emission rates): Soufrière Hills volcano 

(SHV) and Masaya volcano, Nicaragua.  Very fast loss rates (~10-3 s-1, e-folding times 

~17 minutes) were calculated by Oppenheimer et al. (1998) at SHV in 1996 (using a 

COSPEC), while McGonigle et al. (2004) determined very slow to negligible loss (~10-5 

s-1, e-folding times ~28 hours) at Masaya in 2003 (using UV spectrometers). 

This work aims to quantify SO2 depletion rates in volcanic plumes injected into 

the boundary layer, from the SHV, Montserrat, using ground-based remote sensing 

techniques.  SHV is a low altitude volcano in a humid environment (conditions typical of 

~20% of active volcanoes worldwide; Smithsonian’s Global Volcanism Program, 

Summary Lists).  In order to address potential underestimates on global emission rates, 

SO2 fluxes were measured near to the eruptive vent and at various distances downwind of 

the SHV (Fig. 1).  The two main reasons for choosing SHV were: (1) it is one of the 

world’s most heavily monitored volcanoes, with a continuous gas monitoring network 

(ultraviolet (UV) spectrometers) since 2002 (Edmonds et al., 2003) and (2) previous 

measurements of SO2 loss indicated fast loss rates, in the order of 10-3 s-1 (Oppenheimer 

et al., 1998).  The summit of SHV is at <1100 m asl and its average relative humidity is 

generally >75%.  The current eruption began in July 1995 and has been characterized by 

periods of lava dome growth, dome collapses with pyroclastic density currents, and 
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episodes of explosive activity.  The mean SO2 emission rate for the entire period from 

1995-2005 is ~500 t d-1 (5.8 kg s-1); with higher emission rates occurring during periods 

of high extrusion rate and immediately after large dome collapses (MVO data).  The 

volcanic plume typically is at ~1000 m above sea level or lower, many times close to the 

ground.  It typically enters the tropical, marine boundary layer and drifts towards the west 

under the influence of the trade winds.  The location of Montserrat in the trade winds belt 

represents an unusually constant meteorological environment which mitigates the issue of 

misinterpretation of downwind SO2 data because of meteorology (Fig. 1). 

 

Fig. 1. 

 

2. Methodology 

2.1 Mini-UV Spectrometer 

A commercial UV spectrometer (here called Mini-UV Spectrometer or MUSe) 

and the principles of Differential Optical Absorption Spectroscopy (DOAS) form the 

basis of the technique (Platt, 1994), similar to that used in previous experiments (Galle et 

al., 2002; McGonigle et al., 2002; Edmonds et al., 2003).  UV light from the Sun, 

scattered by aerosols and molecules in the atmosphere, is collected by a telescope.  The 

observational geometry is similar to that used for correlation spectrometer (COSPEC) 

measurements in the past.  Automated COSPECs have been used at Mt. Erebus, 

Antarctica, achieving high temporal resolution (Kyle et al., 1994).  Together with full 

automation and high temporal resolution, however, the MUSe has the advantage that the 

equipment is much more compact, cheap, and provides high spectral resolution.  The 
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spectrometer’s optics, detector, and electronics are built into a unit of 8.91 x 6.33 x 34.4 

cm dimensions, and are powered via the USB-port of a laptop computer, which also 

supports data transfer (Galle et al., 2002).  Details on the characteristics of the mini-UV 

spectrometer and on the DOAS technique are discussed elsewhere (Platt, 1994; Galle et 

al., 2002; Edmonds et al., 2003).   

 Two Ocean Optics USB2000 spectrometers (Fig. 2) were used to measure SO2 

column amounts at SHV.  The data reported here are from one MUSe, however data were 

acquired simultaneously with two, in the case a computer or spectrometer became faulty 

during the time of measurements.  Characteristics of the spectrometer/telescope systems 

are: (a) wavelength range: 220-390 nm (ultraviolet), (b) limit of detection: 5-10 ppm m 

(Edmonds et al., 2003), (c) spectral resolution: ~0.32-0.44 nm, and (d) field-of-view: 

~27.4 mrad (~1.57o).  A temporal resolution of less than 1 second is possible, depending 

on the integration time (exposure time of an individual spectrum) and number of co-

added spectra used.  On March 26, April 13, and April 22, 2004, traverses were carried 

out by helicopter, and on April 12, by boat.  Traverses were at a range of distances 

downwind from the vent and therefore measured plume of different ages.  The azimuths 

of the plumes during the measurements are shown in Fig. 1. 

 

Fig. 2. 

 

SO2 emission rates from SHV are routinely measured by three automated, 

telemetered, scanning UV spectrometers, which acquire data continuously from 8 AM to 

4 PM (Edmonds et al., 2003).  These are located at Air Studios, ~5.7 km from vent (~120 
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m above sea level), at Lovers Lane, ~4.7 km from vent (~60 m above sea level), and at 

Brodericks, ~4.3 km from vent (~35 m above sea level) (Fig. 1).  The distance from these 

instruments to the plume will depend on the plume’s azimuth, but it will be <3 km for 

Brodericks and Air Studios, and a few hundred meters for Lovers Lane, more than 85% 

of the time (the wind direction in Montserrat is predominantly to the west).  Vertically 

they are at most times <800 m from the plume.  Data from these continuous sites, 

together with those collected as part of this study enable determination of SO2 column 

amounts at different distances downwind in the plume.  This will allow comparison 

between the results obtained with the traverses and those obtained by the scanning 

spectrometers and reported by the Montserrat Volcano Observatory (MVO).  A weather 

station at the top of St. Georges Hill (Fig. 1) provides continuous meteorological data 

pertaining to the conditions prevailing within the volcanic plume (e.g., wind speed and 

direction, relative humidity, temperature, pressure).  The station is ~308 m above sea 

level, which is about 600 m lower than the vent.  It is ~3.9 km from the vent, in the area 

of prevalent wind direction in Montserrat.  The results are therefore not truly 

representative of the in-plume meteorology.  However, the station is the only means to at 

least acquire data close to the plume and to understand some of the environmental 

conditions. 

 

2.1.1. Data acquisition and processing 

Data were acquired with the OOIBase32TM (version 2.0.0.1) software, supplied by 

Ocean Optics, Inc.  The processing program used to retrieve SO2 total column amounts 

was written in IDL Version 6.1 Win32TM.  The basis for the processing program is the 
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Beer-Lambert Law (I(λ) = Io(λ)exp(-Lσ(λ)c), which describes the absorption of radiation 

(Io(λ) and I(λ)) as it passes through a layer of a thickness L, where the species (in this 

case SO2, with an absorption cross section σ(λ)) to be measured is present at a 

concentration c (Platt, 1994; Finlayson-Pitts and Pitts, 2000).  After removal of 

instrumental noise (“dark spectrum”), each spectrum is normalized by a clear-sky 

spectrum acquired outside the plume (“background spectrum”), thus eliminating 

absorption and scattering due to non-volcanic sources.  The negative logarithm of each 

spectrum is then calculated; the result is the absorbance spectrum and contains absorption 

due to volcanic gases only.  The absorbance spectra are filtered following standard 

DOAS evaluation procedures (Platt, 1994).  Experimental variables (e.g., degree of water 

vapor within the plume, sun-plume-instrument geometry, concentration of non-water 

aerosols in the plume) are dealt with by the retrieval by removing the high and low 

frequency noise (Platt, 1994; Edmonds et al., 2003).  The spectra are then fitted against a 

reference spectrum for SO2 using a non-linear least squares algorithm (Galle et al., 2002).  

The SO2 reference spectrum is derived from a high-spectral resolution laboratory 

spectrum of SO2 (Vandaele et al., 1994) convolved with the spectrometer’s line shape 

function. 

Vertical SO2 column amounts (in ppm m) are measured along a traverse 

perpendicular to the plume transport direction and integrated, to yield the total amount of 

SO2 in a 2-dimensional section of the plume (in ppm m2).  Often exact perpendicular 

traverses are difficult to conduct and angular relationships between the plume azimuth 

and the position of the instrument are used to adjust for the non-perpendicular orientation.  
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The SO2 emission rate, in kg s-1 or t d-1, is obtained by multiplying the integrated amount 

by the plume speed (in m s-1). 

 

2.2 Calculation of SO2 loss rates 

 As traverses were acquired at increasing distance from the vent (from ~2 km to 

~16 km), while attempting to track individual pulses of gas, it is possible to calculate an 

SO2 loss rate from the difference between traverses.  The SO2 fluxes calculated for the 

individual traverses were used to obtain the loss rates k, using 

)( 121

21

ttk
tt e −= ϕϕ        (1) 

where tϕ  represents an SO2 flux at a given time t (Oppenheimer et al., 1998). 

One issue when determining loss rates in a plume is that the plume does not result 

from a constant emission rate; therefore it is important to try to repeatedly measure the 

same parcel as it travels downwind.  It is, of course, possible to calculate a loss rate 

between any two traverse measurements.  In practice, some sort of data selection process 

is required to determine which down-plume traverses pertain to which pulse.  Two 

criteria were used to determine which traverses to use in the calculation of loss rates. 

1. In a hypothetical example (Fig. 3) a plume is traveling in a determined direction 

(plume azimuth), and traverses (T1-T7) are made by the helicopter in a quasi-

perpendicular direction to the plume.  Therefore, the helicopter track (the 

helicopter has a constant speed) intersects the plume center seven times 

downwind from the vent.  Using the plume azimuth and speed (assumed to be 

constant), together with the helicopter track, we can determine the position of 

these intersections and the times (t1-t7) in which they occur.  A portion of the 



 13

plume, representing a period of constant emission, at the intersection with T1 can 

therefore be tracked downwind using the plume speed.  The time difference (time 

difference = position difference/wind speed) between the location of a given 

plume portion and its intersection with the track of the helicopter for traverses T2 

to T7 is determined.  The criterion used to decide which fluxes to use in the 

calculation of the SO2 loss rates was to use those traverses where this time 

difference was less than 70 seconds.  This criterion was based on the data; there 

was a cluster with values below 70 seconds, the remaining data were mostly 

significantly higher (>100 s) and 70 seconds is a reasonable approximation of the 

time it takes to make a traverse.  In the example of Fig. 3, loss rates would be 

calculated using fluxes at T1, T3, T5, and T6.  Fluxes from T2, T4, and T7 do not 

represent the same portion of the plume tracked from T1, and therefore would not 

be used in the calculation of SO2 loss rates.  The same method was applied to 

plume portions with starting points at each of the other intersections (traverses 

T2-T7), in order to track the portions of the plume downwind. 

 

Fig. 3. 

 

2. The second criterion was based on the distances of the traverses from the vent.  

During the measurements on April 13 and 22, there was at different times a 

geographical overlap between the traverses, causing a traverse that was conducted 

later in time to be actually closer to the vent in distance.  The traverse closer to the 
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vent but measured later in time was discarded, as it did not represent the same 

plume portion as the remaining traverses. 

 

 The calculation of loss rates for each day was based on the traverses that followed 

the criteria explained above.  For March 26, we used traverses 3, 4, and 5 to calculate the 

loss rates.  As the plume speeds were very accurate for this day (calculated from the 

helicopter at plume height), we chose the cluster of traverses with the lowest time 

difference, based on criterion 1.  In this case, the time difference for the cluster was less 

than 30 seconds.  On April 13, most of the traverses were used in the calculation of loss 

rates.  Traverse 1 was eliminated as it did not follow the second criterion; it was made 

first but it was actually at a greater distance from the vent than traverse 2.  Traverse 8 was 

eliminated because it did not follow the first criterion.  Finally, for the measurements on 

April 22, we chose the traverses for the calculations based mainly on the second criterion.  

Consequently, we calculated two loss rates, based on two sets of traverses (1-3-5-6 and 4-

7). 

 

2.3 Errors 

2.3.1. Sources of error 

 The MUSe and optical assembly used here are subject to most of the same sources 

of error as the COSPEC, including uncertainty in the plume speed, scattering and 

absorption of ultraviolet light by other plume constituents (multiple scattering effects), 

and errors in the calculation of plume geometry (plume width and azimuth).  Additional 

sources of error are the DOAS method (errors related to the smoothing, filtering and 
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more importantly to the spectral fitting routine) and signal-to-noise changes (determining 

plume edges accurately when the concentrations are low) (Edmonds et al., 2003). 

The error on plume speed is the largest for this type of measurement.  We 

estimated plume speed using two methods: using the wind speed measured in the 

helicopter at the altitude of the plume (on March 26), and using that measured at the 

permanent weather station located at St. Georges Hill (Fig. 1).  For our measurements on 

March 26 we compared the weather station estimates (average for time of measurements, 

0.84 m s-1 standard deviation) with the wind speed measured from the helicopter.  

Measurements from the ground station were less than 40% lower than those observed 

from the helicopter.  Differences between our estimates of plume direction and those of 

the permanent weather station (STGH w.s.) were also quantified.  These were 63% 

different for March 26, 30% different for April 13, and 19% different for April 22.  

However, the plume azimuths used by the MVO are calculated based on the signal 

structure (using Brodericks and Lovers Lane data) and the difference between them and 

our estimates is <10%. 

 A second major source of error is scattering.  It is difficult to establish the 

effective path through the volcanic plume when measuring with passive optical 

techniques such as DOAS (Millán, 1980; Edner et al., 1994).  This is because the source 

of light cannot be considered to be completely above the volcanic plume, as light is 

scattered within and under it as well (Edner et al., 1994).  Multiple scattering can 

therefore influence the column amounts retrieved, potentially resulting in overestimated 

fluxes.  The scattering within and below the plume can cause a decrease in the spatial 

resolution of the measured profile, which is enhanced if the plume contains more aerosols 
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(e.g., condensed water vapor).  Edner et al. (1994) conducted measurements of SO2 flux 

at Vulcano, Stromboli, and Etna volcanoes in 1992, using both Light Detection and 

Ranging (LIDAR, an active remote sensing technique) and DOAS.  They found that 

DOAS SO2 flux measurements were 5-33% higher than those obtained simultaneously 

with LIDAR.  The low end of this corresponds to overestimates of 5% for measurements 

at Stromboli (plume 2-2.5 km wide and 1 km above sea level).  These conditions are 

similar to those at SHV. 

We acquired GPS data continuously during the flights, using a hand-held GPS 

(Garmin eTrex®), which continuously tracks and uses up to 12 satellites to compute and 

update positions.  The position accuracy of the instrument is 15 m (49 ft) RMS (Garmin 

eTrex owner’s manual, February 2003).  The GPS data and the helicopter speed were 

used to calculate the plume width and azimuth.  Maps of the helicopter track were 

constructed for each day, and after analysis of the data the centers of the plumes were 

determined in order to calculate the plume direction (see Figs. 4a, 5a, and 6a).  The error 

related to calculation of plume geometry in the case of our helicopter traverses is <1%, 

and therefore is regarded as insignificant. 

 

2.3.2. Error analysis 

Stoiber et al. (1983) and Williams-Jones et al. (in press) calculated errors in the 

COSPEC measurements to range between ±13% to ±42%.  McGonigle et al. (2003) 

estimated ±15% to ±50% error for DOAS measurements, while Edmonds et al. (2003) 

estimated a total error of -20% +36% for the same technique.  The total error in the 

measurements presented here is the square root of the sum of the squares of the 



 17

individual errors, for positive and negative errors.  Individual errors are: (a) processing 

errors in the DOAS method (e.g., smoothing, filtering, and fitting) are ±5% (up to ±10%) 

(based on this research and Edmonds et al., 2003), (b) signal-to-noise changes cause 

errors of ±5% (based on Edmonds et al., 2003), (c) multiple scattering effects cause an 

error of -5% (Edner et al., 1994, using data from Stromboli volcano), (d) the error on 

wind speed calculated at helicopter altitude is around ±5% and that estimated from the 

weather station data is -5% +30% (based on this research and Edmonds et al., 2003), (e) 

variable aircraft speed during traverses causes an error of ±5% (Williams-Jones et al., in 

press), and (f) errors related to the determination of plume width and direction are 

deemed negligible (±0.3-1.2%).  The total error for measurements carried out on March 

26 is therefore -11% +10%, and on April 13 and April 22 it is -11% +31%. 

 

3.  Results 

The SO2 depletion rates and residence times, calculated from emission rates 

measured with the mini-UV spectrometer at SHV on March 26, April 13, and April 22, 

2004, are shown in Table 1, together with the number of traverses used to calculate the 

loss rates each day.  Weather conditions for each day are also described.  Figs. 4a, 5a, and 

6a show the track of the helicopter on March 26, April 13 and April 22.  The traverses are 

labeled with the approximate location of the plume centers for each traverse and the 

plume azimuths.  The measured SO2 fluxes as a function of age of the plumes are plotted 

in Figs. 4b, 5b, and 6b.  Best-fit exponential curves yield an estimate of “at-source” 

emission rates of SO2.  The SO2 fluxes calculated from the MVO continuous scanning 

spectrometer system during the time of our measurements are also plotted.  For this, we 
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chose the flux closest in time to when the traverses were carried out.  These were 

corrected using our plume azimuth and speed, but were not used for the calculation of 

loss rates.  Measurements on April 12 were not used in the calculation of loss rates, as 

plume portions could not be tracked from one traverse to the next (criterion 1), because 

the boat speed was slow relative to the plume speed. 

Several assumptions are made for these loss rate calculations.  First, we assume 

there is a constant SO2 emission rate for these short term measurements (one set of 

traverses in a day), as we are attempting to measure a single portion of the plume as it 

travels downwind.  However, previous studies have shown that the emission rate can vary 

in short time scales (e.g., Sutton et al., 2001; Edmonds et al., 2003; Rodríguez et al., 

2004).  The second assumption is that there is no formation of SO2 in the plume.  One of 

the processes that can cause this is the chemical conversion of H2S to SO2.  However, no 

H2S has been detected in the plume during Fourier Transform Infrared Spectrometer 

(FTIR) measurements in Montserrat.  The third assumption is that we do not consider the 

emission of primary sulfate from the SHV. 

 

Fig. 4. 

Fig. 5. 

Fig. 6. 

 

 The SO2 loss rates calculated for Montserrat are not absolute.  In order to 

propagate the flux errors to the loss rates, we used two methods, which will be discussed 

here.  An example, using the data from March 26, 2004, can be found in Fig. 7.  In the 
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case of Montserrat, the largest source of error in the flux measurements is the wind speed.  

In order to propagate this effect to the loss rates, we calculated a range in plume ages and 

fluxes, based on those errors.  Trendlines were then created for the minimum and 

maximum loss rate, based on the minimum and maximum plume ages and fluxes.  This 

resulted in parallel trendlines to the average loss rate presented in Figs. 4b, 5b, and 6b.  

The second method also uses the calculated ranges in plume age and flux, but trendlines 

are created from the maximum flux at the youngest plume age to the minimum flux at the 

oldest plume age, and from the minimum to the maximum fluxes, respectively.    In the 

case of Montserrat, because of the low errors and the precision of the measurements, we 

conclude that the more realistic errors are those obtained using the first method.  The 

results from the second method will represent the worst case and will produce a wide 

range when the data is not very precise.  Table 2 shows the range in the loss rate 

measurements, as well as the resultant at-source emission rates, for the three days of 

measurements in 2004, using both methods. 

 

Fig. 7 

 

The calculated SO2 depletion rates ranged from 3.0 x 10-4 s-1 to 1 x 10-3 s-1 (Figs. 

4-6).  Data from the three days of measurements were also plotted together and the fluxes 

were normalized from 0 to 1, for each individual day (Fig. 8).  Normalizing the data 

reduces daily variability issues.  The trends observed show the consistency of the data, 

even when using every traverse measured.  Data collected on March 26 display the least 

amount of scatter, consistent with the lower calculated error for this day. 
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Fig. 8. 

 

4.  Discussion 

 The data presented in the previous section clearly show that SO2 fluxes measured 

at progressively larger distances (and hence plume ages) downwind from SHV decrease 

at a predictable rate.  The transition between homogeneous gas phase oxidation of SO2 

and heterogeneous and multiphase reactions has been previously studied by Eatough et 

al. (1994), Thornton et al. (1996), and Oppenheimer et al. (1998).  Based on these 

relationships, the loss rates calculated for the SHV can be ascribed primarily to 

heterogeneous oxidation of SO2.  The rates of transformation and removal of gas species 

depend on the availability of condensed water and solid particles within the plume, on the 

UV flux, on the availability of oxidants (e.g., H2O2, O3, OH) (Horrocks et al., 2003), and 

on the evolution of the aerosol in terms of size distribution, pH, etc.  The relative 

humidity (RH) ranged from 68-78% during the days of measurements.  Because the 

troposphere contains suspended liquid and solid particles, heterogeneous and multiphase 

(in droplet) reactions are usually more important in controlling concentrations of soluble 

gases than slower homogeneous gas phase reactions (Ravishankara, 1997).  As discussed 

in the introduction, many mechanisms can contribute to the removal of SO2 and the 

effects of one versus another are difficult to separate.  However, oxidation is probably the 

major one in the case of Montserrat.  If deposition processes were more important, we 

would expect to see a greater loss at other low altitude volcanoes with more surrounding 
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topography (i.e. Masaya volcano, Nicaragua).  Based on studies by McGonigle et al. 

(2004) this is not the case (see 4.4). 

 

4.1 Loss rates 

 The loss rate on March 26 was 4.7 x 10-4 s-1 (Fig. 4).  Three traverses were used to 

calculate the loss rate, after tracking portions of the plume downwind from each traverse.  

Since the plume speed was determined at plume height, the loss rate for this day is the 

one we are most confident about.  There is a variation in the depletion rates as we move 

downwind, when taking into account every traverse.  Traverse 1 was associated with a 

lower SO2 flux than traverse 2, opposite to the expected trend.  These first traverses 

correspond to the approximate area of the shoreline.  This apparent increase in SO2 flux 

may be due to the influence of sea salt-particles, which may be important media for 

reactions (Ravishankara, 1997), to a shallow daytime sea-breeze circulation (Allen et al., 

2000), or to secondary SO2 maxima caused by turbulence and intense fumigation events 

(Allen et al., 2000; Delmelle, 2003).  Sea-salt particles in the marine boundary layer are 

an example of available suspended matter in the troposphere which provide potential 

exchange surfaces for atmospheric constituents (Ravishankara, 1997).  The same 

apparent increase was observed on April 13 and 22, also influenced by the possible 

occurrence of plume puffing, as the plume speeds were not measured at plume height and 

we could be reaching a different plume section to the one being tracked. 

 The loss rate on April 13 was 3.0 x 10-4 s-1 (Fig. 5).  Six traverses were used for 

the calculation of this loss rate, which was the higher number of traverses used to 

calculate loss.  The conditions on this day were of clear skies close to the vent and 
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downwind.  This was the lowest loss rate measured in the campaign, which would be 

expected when comparing the meteorological conditions during the three days of 

measurements.  It supports the idea of slower loss rate in the absence of clouds. 

The loss rates on April 22 averaged 7.0 x 10-4 s-1 (Fig. 6) and it is the fastest loss 

rate observed in this study.  Two loss rates were calculated, because when tracking the 

portions of the plume with starting points at each of the traverses, two different plume 

tracks were observed.  The first one (1.0 x 10-3 s-1) included four traverses, while the 

second one (4.0 x 10-4 s-1) included only two.  The confidence in the second loss rate, 

however, is lower, as it is based only on two traverses and the accuracy is probably orders 

of magnitude higher when having two more contributors to the line of best fit.  The 

results from this day are the ones in which we are least confident, mainly because the first 

five traverses were close together in distance, even overlapping at times.  This can also be 

confirmed by the wide range in loss rates (Table 2) obtained using the second method to 

propagate the flux errors to the loss rates. 

 

4.2 Comparison to MVO results 

Extrapolation of our data back to time zero gives us an idea of the at-source 

emission rate at the time of our measurements, based on an exponential decay of SO2.  

We compared these to the SO2 fluxes reported by the MVO both for the time of 

measurement (average of results from scanning spectrometer closest to plume azimuth) 

and for the day (8 AM – 4 PM).  In the three days of measurements, the results reported 

by the MVO, using the scanning spectrometer data, were significantly lower than those 

reported here, which take into account SO2 loss (Table 3).  Some care must be taken 
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when comparing the two data sets, as they are acquired with different spectrometers, 

using different methodologies and processed with similar, but not identical, retrieval 

programs.  It is a valid exercise, however, as a first order estimate of the amount by 

which the SO2 emitted from SHV might have been underestimated. 

These results illustrate that the SO2 fluxes routinely measured at SHV, ~4.5 km 

downwind from the vent, underestimate at-source SO2 emission rates by significant and 

variable amounts (based on the % difference between fluxes).  For March 26, when using 

the daily average reported by the MVO, the at-source emission rates are underestimated 

by ~130%, while they are underestimated by ~85% when comparing to the average 

results reported during the time of measurements.  On April 13, the at-source emission 

rates are underestimated by ~70% and ~25%, respectively.  Since there were no emission 

rates calculated during the time of measurements on April 22, an underestimate of ~146% 

was calculated based on the daily average.  These differences (ranging between 70%-

146% for the daily average) are all estimates and should be considered the highest 

possible differences, especially since the comparisons were not side-by-side.  However, 

the trend observed indicates the need to take into account loss rates when reporting SO2 

emissions from volcanoes with similar conditions to the SHV, by developing a decay 

curve to correct the SO2 emission rates.  This loss rate correction should be based upon 

the time it takes for the plume to get to the MVO scanning spectrometer and a regular 

loss rate measurement. 

We also compared the SO2 fluxes measured using the method described here and 

those derived from the MVO scanning spectrometer system, by calculating the % 

difference between the flux corresponding to the traverse passing over the site of the 
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scanning spectrometer and the flux from the scanning spectrometer closer in time to the 

traverse (<3 min).  This is not a direct comparison, as we cannot be sure that the same 

plume portion was measured.  However, it does partly explain why the variation between 

the fluxes calculated with the two methods (previous paragraph) may be larger than the 

actual decrease in SO2 attributed to SO2 removal.  The difference ranged from as low as 

5% (April 13) to as high as 66% (March 26).  Other than the effects of not measuring the 

same plume portion, the difference is also due to the difference in instrumentation, 

method, assumptions and processing inherent in the two spectrometer methods.  Further 

validation and comparison between techniques would be of value. 

 

4.3 Comparison to 1996 results 

In 1996, Oppenheimer et al. (1998) conducted a similar study in Montserrat 

(through boat traverses) and determined loss rates in the order of 10-3 s-1, an order of 

magnitude faster than the average rates obtained here (Table 1).  They inferred that in-

cloud scavenging of SO2 by liquid-coated ash particles and aqueous aerosol was the 

primary removal mechanism.  We made significantly more traverses than Oppenheimer 

et al. (1998) over a longer period.  This improves the accuracy and reliability of the 

results, as trends are based on more data points, in cases spanning distances from a 

couple of kilometers from the vent to distances of up to 16 km away.  Also, the 

conditions differ in that we measured ash-free plumes during the dry season, while 

Oppenheimer et al. (1998) measured ash plumes during the peak of the rainy season 

(greater concentration of available condensed atmospheric water).  Removal rates 

dramatically increase in the presence of liquid water or when the RH is greater than 75% 
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(Horrocks et al., 2003).  Finally, the criteria used to choose the traverses for the 

calculation of loss rates in this research improves the chances of tracking a portion of the 

plume from one traverse to another. 

Based on these, the loss rates reported here are definitely an improvement from 

previous work; however, we expect these rates to be faster during the rainy season or in 

the presence of ash-laden plumes.  With respect to the accuracy of previous loss rate 

calculations, we think their observations could be taken as an example of the fastest loss, 

but in the general case of Montserrat, the results reported here should be used. 

 

4.4 Comparison to Masaya results 

McGonigle et al. (2004) conducted a study at Masaya volcano (a 600 m high 

basaltic shield volcano in Nicaragua) during the dry season (March 2003), when it was 

emitting ash-free plumes to the boundary layer.  These conditions are similar to those 

encountered during this study at SHV.  Vehicular traverses were carried out using a road 

~6 km downwind of the volcano throughout the day and at different plume speeds, in 

order to determine SO2 flux as a function of plume age.  Their results show very slow to 

negligible loss (k = -1 ± 2 x 10-5 s-1).  They concluded that SO2 flux measurements are 

reliable indicators of at-source emission rates for ash-free tropospheric plumes not 

emitted into cloud or fog.  However, we are not very confident in their methodology: (1) 

all the measurements were made from one road, using average plume speeds to calculate 

different plume ages; this does not allow us to see the variation at different distances 

(closer to the vent and at longer distances), (2) it assumes a constant emission rate from 

Masaya for the campaign (several days), which is unlikely, (3) the trends shown include 
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all the data collected during different days; therefore it does not enable us to see variation 

in the trends for the individual days, (4) effects of the topography are not taken into 

consideration; recent studies have demonstrated that the topography at Masaya has a 

significant effect on the wind speeds calculated and can lead to errors in the flux 

calculations (Tricia Nadeau, pers. comm., August 1, 2007).  

The loss rates obtained at Masaya (McGonigle et al., 2004) are within the range of 

values reported for plumes produced by power stations (Eatough et al., 1994), which are 

between 1-10% per hour.  However, the significant difference in the results between the 

SHV and Masaya is difficult to understand because of the similarities in their 

environmental conditions: altitude (~1 km versus ~600 m asl), SO2 emission rates (~6-18 

kg s-1 for SHV versus ~7-23 kg s-1 for Masaya), relative humidity (68-78% versus 40-

100%), and temperature (24-26 oC versus 20-32 oC).  We believe that the differences in 

the methodology are the main factor causing the SO2 loss at Masaya to be almost 

negligible.  However, there are other possible conditions that could contribute to the 

variation in the loss between the two areas: (1) the effect of marine aerosols in Montserrat 

(coastline is ~4 km from vent), (2) the possible presence of very small amounts of ash in 

the plume from SHV, and (3) differences in the HCl concentrations in the plumes which 

should reduce the uptake of SO2 in the aqueous phase.  The latter is not an important 

factor given the high abundance of HCl in the SHV plume (Edmonds et al., 2003), 

because we would expect as a consequence to have slower loss at SHV.  With respect to 

the influence of marine aerosols, Allen et al. (2000) found much sodium and chloride in 

the aerosols emitted from the dome at SHV, indicating the entry of seawater to the 

magmatic-hydrothermal system.  They also determined that neutralization of the aerosol 
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occurred rapidly during transport.  On the other hand, Allen et al. (2002) determined that 

aerosols at Masaya were highly acidic (pH < 1.0 in the fine aerosols).  This lower pH at 

Masaya potentially supports the slower loss of SO2 in the plume.  

 

5.  Conclusions 

We found that SO2 flux measurements made downwind (at distances of 2-16 km, 

which represent plume ages of ~6-35 minutes) from SHV, using a mini-UV spectrometer 

during three days in the dry season of 2004, significantly underestimate at-source SO2 

emission rates, in the order of 70-146%.  This is based on comparison between our 

measurements and the SO2 emission rates reported daily by the MVO.  Similar SO2 loss 

is likely to occur in plumes from other volcanoes (with low altitude, high RH, boundary 

layer emissions).  The results obtained here are applicable to about one fifth of the active 

volcanoes in the world (Global Volcanism Program summaries), which share the 

conditions of altitude and humidity.   

The extent to which downwind flux measurements underestimate SO2 at-source 

emission rates varies widely; the discrepancy between the observed fluxes and the at-

source emissions can be large or almost negligible.  Conditions such as seasonality and 

ash content will cause the discrepancy to be larger in volcanoes which emit to the 

boundary layer.  On the other hand, we expect that at volcanoes that emit to the free 

troposphere the discrepancy will be very low and in most cases negligible. 

Based on the “at-source” SO2 emission rates determined here (by extrapolation of 

traverse flux results) and their comparison to those reported by the MVO, we conclude 

that the fluxes measured at 3-5 km downwind underestimate the at-source emission rate 
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three to eleven times.  Therefore, decay curves should be developed periodically to 

validate the scanning method and be able to use the results obtained to extrapolate to an 

at-source emission.  This loss rate correction should be based upon the time it takes for 

the plume to get to the MVO scanning spectrometer and a regular loss rate measurement. 

Another important conclusion to this research is its application to current 

estimates of SO2 fluxes from volcanoes.  Based on the results obtained here, the 

contributions of volcanoes similar to SHV to the global SO2 budget are underestimated 

several times.  Although a numerical underestimate is difficult to calculate with these 

data alone, we can make some calculations, based on the available loss rate data (from 

Table 1 in Oppenheimer et al., 1998; Guo et al., 2004; McGonigle et al., 2004; Bluth and 

Carn, in press; this research).  In order to calculate an underestimate, we need an 

emission rate, a loss rate, and a time between the at-source emission and the actual 

measurement downwind.  The global SO2 emission estimate from volcanoes is 13.4 Tg 

SO2/year (Andres and Kasgnoc, 1998), of which the passive degassing volcanoes 

contribute about 5.36 Tg SO2 per year (~40%; Stoiber et al., 1987; Halmer et al., 2002).  

Averaging the volcanoes with plume altitudes above 1 km and below 3 km 

(representative of more than 50% of passive degassers), we used an average loss rate of 

3.6 x 10-4 s-1.  We used plume ages (for the time) of 10 minutes, 20 minutes, 40 minutes, 

and 60 minutes.  These represent different distances from the vent, and therefore an 

estimate of when the measurements are taken in volcanoes worldwide.  Using these 

times, we get underestimates on the order of 22% to 114%.  The range is due to the 

distance of measurement to vent, which will vary from one volcano to the next.  
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However, this shows that the underestimate could be significant, and therefore, should be 

considered.   

Future studies on SO2 loss in volcanic plumes should include a better 

understanding of other removal processes, including dry and wet deposition.  It would be 

advantageous also to include a quantitative description of the aerosol particle 

distributions in order to complement the data on SO2 fluxes and correctly estimate the 

SO2 oxidation in volcanic plumes. 

 

Acknowledgments 

 We thank Drs. William Rose, Vitchko Tsanev, Richard Herd, and Andrew 

McGonigle, for all their help and the useful discussion on various aspects of this 

investigation, and Helen Taylor and Adriano Pimentel, who helped in the collection of 

data.  We would like to thank our collaborators at the MVO and BGS for their support, 

their help in the logistics during the field campaigns, and for providing us data from the 

continuous gas sites.  We would also like to thank Dr. Jurgen Neuberg and the 

MULTIMO project for allowing us to use the weather data from the permanent station at 

St. Georges Hill, as well as the Montserrat Police for allowing us to use the Police 

Launch to conduct boat traverses.  Funding was provided by an AGI Minority 

Scholarship, a Sigma Xi Grant-In-Aid of Research, a Society of Hispanic Professional 

Engineers-Hispanic Scholarship Fund grant, and the British Geological Survey (travel to 

and from Montserrat).  We thank the reviewers for their helpful and constructive 

comments and suggestions to improve this paper. 



 30

References Cited 

Allen, A.G., Baxter, P.J., Ottley, C.J., 2000. Gas and particle emissions from Soufrière 

 Hills Volcano, Montserrat, West Indies: characterization and health hazard 

 assessment. Bulletin of Volcanology 62, 8-19. 

Allen, A.G., Oppenheimer, C., Ferm, M., Baxter, P.J., Horrocks, L.A., Galle, B., 

 McGonigle, A.J.S., Duffell, H.J., 2002. Primary sulfate aerosol and associated 

 emissions from Masaya Volcano, Nicaragua. Journal of Geophysical Research 

 107 (D23), 4682, doi:10.1029/2002JD002120. 

Andres, R.J., Kasgnoc, A.D., 1998. A time-averaged inventory of subaerial volcanic 

 sulfur emissions. Journal of Geophysical Research 103 (D19), 25251-25261. 

Bates, T.S., Cline, J.D., Gammon, R.H., Kelly-Hansen, S.R., 1987. Regional and seasonal 

 variations in the flux of oceanic dimethylsulfide to the atmosphere. Journal of 

 Geophysical Research, 2930-2938. 

Bates, T.S., Lamb, B.K., Guenther, A., Dignon, J., Stoiber, R.E., 1992. Sulfur emissions 

 to the atmosphere from natural sources. Journal of Atmospheric Chemistry 14, 

 315-337. 

Bluth, G.J.S., Carn, S.A., in press. Exceptional sulphur degassing from Nyamuragira 

 volcano, 1979-2005.  International Journal of Remote Sensing. 

Delmelle, P., 2003. Environmental impacts of tropospheric volcanic plumes. In 

 Oppenheimer, C., Pyle, D.M., Barclay, J. (Eds.), Volcanic Degassing. Geological 

 Society of London, pp. 381-389. 

Eatough, D.J., Caka, F.M., Farber, R.J., 1994. The Conversion of SO2 to Sulfate in the 

 Atmosphere. Israel Journal of Chemistry 34, 301-314. 



 31

Edmonds, M., Herd, R.A., Galle, B., Oppenheimer, C.M., 2003. Automated, high time-

 resolution measurements of SO2 flux at Soufrière Hills volcano, Montserrat. 

 Bulletin of Volcanology 65, 578-586. 

Edner, H., Ragnarson, P., Svanberg, S., Wallinder, E., Ferrara, R., Cioni, R., Raco, B., 

 Taddeucci, G., 1994. Total fluxes of sulfur dioxide from the Italian volcanoes 

 Etna, Stromboli, and Vulcano measured by differential absorption lidar and 

 passive differential optical absorption spectroscopy. Journal of Geophysical 

 Research 99 (D9), 18827-18838. 

Finlayson-Pitts, B.J., Pitts Jr., J.N., 2000. Chemistry of the Upper and Lower  

 Atmosphere: Theory,  Experiments, and Applications, Academic Press, San 

 Diego. 

Galle, B., Oppenheimer, C., Geyer, A., McGonigle, A., Edmonds, M., Horrocks, L.A., 

 2002. A miniaturized ultraviolet spectrometer for remote sensing of SO2 fluxes: a 

 new tool for volcano surveillance. Journal of Volcanology and Geothermal 

 Research 119, 241-254. 

Guo, S., Bluth, G.J.S., Rose, W.I., Watson, M., Prata, A.J., 2004. Re-evaluation of SO2 

 release of the 15 June 1991 Pinatubo eruption using ultraviolet and infrared 

 satellite sensors. Geochemistry Geophysics Geosystems 5 (4), 

 doi:10.1029/2003GC000654. 

Halmer, M.M., Schmincke, H.-U., Graf, H.-F., 2002. The annual volcanic gas input into 

 the atmosphere, in particular into the stratosphere: a global data set for the past 

 100 years. Journal of Volcanology and Geothermal Research 115, 511-528. 



 32

Hansell, A.L., Oppenheimer, C., 2006. Health hazards from volcanic gases: a systematic 

 literature review. Archives of Environmental Health 59 (12), 628. 

Horrocks, L.A., Oppenheimer, C., Burton, M.R., Duffell, H.J., 2003. Compositional 

 variation in tropospheric volcanic gas plumes: evidence from ground-based 

 remote sensing. In Oppenheimer, C., Pyle, D.M., Barclay, J. (Eds.), Volcanic 

 Degassing. Geological Society of London, pp. 349-369. 

Kyle, P.R., Sybeldon, L.M., McIntosh, W.C., Meeker, K., Symonds, R., 1994. Sulfur 

 dioxide emission rates from Mount Erebus, Antarctica. In Kyle, P.R. (Ed.), 

 Volcanological and Environmental Studies of Mount Erebus, Antarctica. 

 American Geophysical Union, Volume 66, pp. 69-82. 

Lacis, A., Hansen, J., Sato, M., 1992. Climate forcing by stratospheric aerosols.  

 Geophysical Research Letters 19, 1607-1610. 

Martin, D., Ardouin, B., Bergametti, G., Carbonelle, J., Faivre-Perret, R., Lambert, G., Le 

 Cloarec, M.F., Sennequier, G., 1986. Geochemistry of sulfur in Mount Etna 

 plume. Journal of Geophysical Research 91, 12249-12254. 

McGonigle, A.J.S., Delmelle, P., Oppenheimer, C., Tsanev, V.I., Delfosse, T., Williams-

 Jones, G., Horton, K., Mather, T.A., 2004. SO2 depletion in tropospheric volcanic 

 plumes. Geophysical Research Letters 31, L13201, doi:10.1029/2004GL019990. 

McGonigle, A.J.S., Oppenheimer, C., Galle, B., Mather, T.A., Pyle, D.M., 2002. 

 Walking traverse and scanning DOAS measurements of volcanic gas emission 

 rates, Geophysical Research Letters 29 (20), 1985.  

McGonigle, A.J.S., Oppenheimer, C., Hayes, A.R., Galle, B., Edmonds, M., Caltabiano, 

 T., Salerno, G., Burton, M., Mather, T.A., 2003. Sulphur dioxide fluxes from 



 33

 Mount Etna, Vulcano and Stromboli measured with an automated scanning 

 ultraviolet spectrometer. Journal of Geophysical Research 108 (B9), 2455. 

Millán, M.M., 1980. Remote sensing of air pollutants: A study of some atmospheric 

 scattering effects. Atmospheric Environment 14, 1241-1253. 

Oppenheimer, C., Francis, P., Stix, J., 1998. Depletion rates of sulfur dioxide in 

 tropospheric volcanic plumes. Geophysical Research Letters 25 (14), 2671-2674. 

Platt, U., 1994. Differential optical absorption spectroscopy (DOAS). In Sigrist, M.W. 

 (Editor), Air Monitoring by Spectroscopic Techniques. Chemical Analysis Series 

 127, John Wiley & Sons, Inc., pp. 27-84. 

Ravishankara, A.R., 1997.  Heterogeneous and multiphase chemistry in the troposphere. 

 Science 276, 1058-1065. 

Robock, A, 2003. Volcanoes: Role in climate. In Holton, J., Curry, J.A., Pyle, J. (Eds.), 

 Encyclopedia of Atmospheric Sciences. Academic Press, London, 2494-2500. 

Rodríguez, L.A., Branan, Y.K., Watson, I.M., Bluth, G.J.S., Rose, W.I., Chigna, G., 

 Matías, O., Carn, S.A., Fischer, T., 2004. SO2 emissions to the atmosphere from 

 active volcanoes in Guatemala and El Salvador, 1999-2002. Journal of 

 Volcanology and Geothermal Research 138, 325-344. 

Spiro, P.A., Jacob, D.J., Logan, J.A., 1992. Global inventory of sulfur emissions with 

 1ox1o resolution. Journal of Geophysical Research 97, 6023-6036. 

Stoiber, R.E., Malinconico, L.L., Williams, S.N., 1983. Use of the correlation 

 spectrometer at volcanoes. In Tazieff, H., Sabroux, J.C. (Eds.), Forecasting 

 volcanic events. Elsevier, Amsterdam, pp. 425-444. 



 34

Stoiber, R.E., Williams, S.N., Huebert, B.J., 1987. The annual contribution of sulfur 

 dioxide to the atmosphere by volcanoes. Journal of Volcanology and Geothermal 

 Research 33, 1-8. 

Sutton, A.J., Elias, T., Gerlach, T.M., Stokes, J.B., 2001. Implications for eruptive 

 processes as indicated by sulfur dioxide emissions from Kilauea Volcano, 

 Hawai‘i, 1979-1997.  Journal of Volcanology and Geothermal Research 108, 

 283-302. 

Symonds, R.B., Rose, W.I., Bluth, G.J.S., Gerlach, T., 1994. Volcanic-gas studies: 

 methods, results, and applications. In: Carroll, M.R., Holloway, J.R. (Eds.), 

 Volatiles in Magmas. Mineralogical Society of America, Reviews in Mineralogy 

 30, 1-66. 

Thornton, D.C., Bandy, A.R., Blomquist, B.W., Davis, D.D., Talbot, R.W., 1996. Sulfur 

 dioxide as a source of condensation nuclei in the upper troposphere of the Pacific 

 Ocean. Journal of Geophysical Research 101 (D1), 1883-1890. 

Vandaele, A.C., Simon, P.C., Guilmot, J.M., Carleer, M., Colin, R., 1994. SO2 

 absorption cross section measurements in the UV using a Fourier Transform 

 Spectrometer.  Journal of Geophysical Research 99, 25599-25605. 

World Health Organization, 2006. Air quality guidelines for particulate matter, ozone, 

 nitrogen dioxide and sulfur dioxide: Summary of risk assessment. 

Williams-Jones, G., Stix, J., Hickson, C.J., in press. Using the COSPEC in the field. In 

 Stix, J., Hickson, C.J. (Eds.), Theory, use, and application of the COSPEC 

 correlation spectrometer at active volcanoes, Geological Survey of Canada 

 Bulletin. 



 35

Figure captions 

Fig. 1. Map of Montserrat.  The typical plume dispersion is shown (solid lines), along 

with plume transport azimuths during our measurements (arrows).  The locations of 

MVO’s scanning spectrometers (BR-Brodericks, LL-Lovers Lane, AS-Air Studios) and 

the permanent weather station (St. Georges Hill - STGH w.s.) are also shown. 

Fig. 2. (a) Mini-UV spectrometer, optical assembly and laptop computer used for the 

measurements.  (b) Telescope setup during helicopter traverses. 

Fig. 3. Diagram showing the method to determine which traverses to use in the 

calculation of SO2 loss rates, based on the first criterion.  Helicopter traverses T1-T7 

intersect the plume as it travels downwind, at times t1-t7.  A portion of the plume at the 

intersection with T1 is tracked downwind, and the time difference between the location of 

that portion and its intersection with the track of the helicopter (<70 seconds) was used to 

determine which fluxes to use in the calculation of loss rates.  In the example, loss rates 

would be calculated using fluxes at T1, T3, T5, and T6. 

Fig. 4. (a) Track of helicopter from and back to MVO, on March 26, 2004.  Shaded 

region represents Montserrat’s coastline.  Traverses are labeled (1-7), as well as the 

plume centers at each one.  Plume azimuths (see also Fig. 1) are shown, as plume 

changes direction after traverse 5.  Plume centers are 2.1 to 11.9 km from the vent 

(coastline at plume azimuth is ~4.2 km from vent).   (b) SO2 flux vs. plume age.  Fluxes 

for each traverse (1-6) are plotted.  A best-fit exponential curve yields the flux at t=0 s.  

The fluxes at traverses labeled with larger symbols were used in the calculation of the 

loss rate (k).  Error bars are -11% +10%.  The average emission rate for the MVO 
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scanning spectrometer BR (during the time of measurements) is also included (error bar 

is -20% +36%). 

Fig. 5. (a) Track of helicopter from and back to MVO, on April 13, 2004.  Shaded region 

represents Montserrat’s coastline.  Traverses are labeled (1-8), as well as the plume 

centers at each one.  The plume azimuth (see also Fig. 1) is shown.  Plume centers are 4.3 

to 16.2 km from the vent (coastline at plume azimuth is ~4.4 km from vent).  (b) SO2 flux 

vs. plume age.  Fluxes for each traverse (1-8) are plotted.  A best-fit exponential curve 

yields the flux at t=0 s.  The fluxes at traverses labeled with larger symbols were used in 

the calculation of the loss rate (k).  Error bars are -11% +31%. The average emission rate 

for the MVO scanning spectrometer BR (during the time of measurements) is also 

included (error bar is -20% +36%). 

Fig. 6. (a) Track of helicopter from and back to MVO, on April 22, 2004.  Shaded region 

represents Montserrat’s coastline.  Traverses are labeled (1-7), as well as the plume 

centers at each one.  The plume azimuth (see also Fig. 1) is shown.  Plume centers are 5.0 

to 7.7 km from the vent (coastline at plume azimuth is ~5.2 km from vent).  (b) SO2 flux 

vs. plume age.  Fluxes for each traverse (1-7) are plotted.  Best-fit exponential curves 

yield fluxes at t=0 s for plume portions with starting points at traverse 1 (solid, traveling 

downwind through traverses 3, 5, and 6) and traverse 4 (dashed, traveling downwind to 

traverse 7).  The loss rates are labeled k(1) and k(4), respectively.  Error bars are -11% 

+31%.  No emission rate for the MVO continuous scanning spectrometers was reported 

during the time of measurements. 

Fig. 7. SO2 flux vs. plume age for March 26, 2004.  The fluxes at traverses labeled with 

larger symbols were used in the calculation of the loss rate (k).  Best-fit exponential 
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curves yield the flux at t=0 s (see Table 2).  The trendline for the average loss rate is 

labeled kave (solid line).  The dashed trendlines parallel to kave represent the maximum 

and minimum loss rates obtained using the first method of calculating loss rate errors.  

The two dashed lines that intersect each other represent the range in loss rate errors 

obtained using the second method.  Flux error bars are -11% +10%.   

Fig. 8. Normalized SO2 flux vs. plume age for each day of measurement (the y intercept 

for the trendlines is 1, which represents the highest flux measured each day).  All 

trendlines are exponential and the SO2 loss rate (k) for each day is shown. 



Table 1. Results of measurements and conditions during each day of helicopter 
traverses. 
 
 Weather 

conditions 
Plume speeds 
(m/s) 

Average loss 
rates (k) 
(s-1) 

Average 
residence 
times 
(τ=1/k) 
(minutes) 

March 26 
(Fig. 4) 

- RH ~ 72% 
- T ~ 24.4 oC 
- Plume is entrained 
directly into clouds 

6.2 
Calculated at plume 
elevation, from the 
helicopter 

4.7 x 10-4 

(3 traverses) 
35 

April 13 
(Fig. 5) 

- RH ~ 68% 
- T ~ 25 oC 
- clear skies 

8.8 
Plume speeds are 
an average of wind 
speeds from 
weather station at 
St. George’s Hill 
(STGH – 308 m 
asl) 

3.0 x 10-4 
(6 traverses) 

56 

April 22 
(Fig. 6) 

- RH ~ 78% 
- T ~ 25.6 oC 
- Plume is entrained 
directly into clouds 

7.1 
Plume speeds are 
an average of wind 
speeds from 
weather station at 
STGH 

1.0 x 10-3 

(4 traverses) 
4.0 x 10-4 

(2 traverses) 

17 
 
42 

 



Table 2. Range in loss rates (k) calculated for the three days of measurements in 
2004, together with the resultant at-source emission rates.  The methods are labeled 1 and 
2. 
 
Day of 
measurement 

# of traverses 
used in 
calculation 

Range in k (s-1) Range in SO2 at-source 
emission rates (kg s-1) 

March 26 - 1 3 4 x 10-4 – 5 x 10-4 27 – 24 

March 26 - 2 3 2 x 10-4 – 1 x 10-3 40 – 19 

April 13 - 1 6 2 x 10-4 – 3 x 10-4 17 – 12 

April 13 - 2 6 2 x 10-4 – 5 x 10-4 8 – 19 

April 22 (I) - 1 4 7 x 10-4 – 1 x 10-3 28 – 20 

April 22 (I) - 2 4 3 x 10-4 – 6.9 x 10-3 14 – 8550 

April 22 (II) - 1 2 3 x 10-4 – 4 x 10-4 22 – 16 

April 22 (II) - 2 2 3 x 10-4 – 1.2 x 10-2 10 – 1 x 106 

 



Table 3. Comparison of at-source emission rates calculated in this study to the 
emission rates reported by the MVO based on the scanning spectrometer system.   
 
Day of 
measurement 

At-source emission 
rates (kg s-1) 

MVO daily average 
(kg s-1) 

MVO emission rate 
during time of 
measurements (kg s-1) 

March 26 25 5.1 10.1 

April 13 13 6.2 10.0 

April 22 (I) 22 2.9 not calculated 

April 22 (II) 16 2.9 not calculated 

 


















