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ABSTRACT

This study investigates the detection of volcanic SO2 using TIR satellite-based and UV 

ground-based measurements at volcanoes in the North Pacific during eruptions and low 

level degassing. The ASTER and MODIS sensors with spatial resolutions of 0.09 and

1 .0  km, respectively, are used to quantify SO2 from the 8 . 6  pm absorption feature of the 

gas species. Three volcanoes within this region were studied: Mt. Cleveland to test the 

implementation of the M A P S 02  software, Bezymianny to determine the sensitivity of 

the algorithm to input parameters during eruption conditions, and Shishaldin to evaluate 

the detection of SO2 during low level degassing. Total SO2 estimates from the January 

2004 Bezymianny eruption range from 15.5 kt to 87.2 kt at 0210 UTC depending on the 

input parameters. An emission rate of 0.295 kt-min' 1 and transport rate of 16.6 m-s' 1 

were estimated from time sequential MODIS passes. SO2 flux estimates at Shishaldin 

Volcano on 26 May 2004 were 164 t-day' 1 from ASTER and 58 t day"1 on 31 July 2004 

from MUSe. The data show that SO2 during low level degassing and eruptive conditions 

can be detected in the region and the sensors from this study provide a detection 

continuum from low to high SO2 concentrations.
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1.0 INTRODUCTION

It is estimated that 7.5-10.5 x 1012 g yr' 1 of sulfur (as SO2) is placed into the 

atmosphere by volcanoes, which is equivalent to 10-15% of the annual anthropogenic 

sulfur output (from 1981-1990) and 7.5-10% of the total global sulfur emission (biomass 

burning, anthropogenic, etc.) (Halmer, 2002). The North Pacific region (NOPAC) 

contains over 150 active volcanoes within the Kamchatka Peninsula (Russia), the 

Aleutian Islands (USA) and the Cascades (USA) some of which emit SO2 . Volcanic SO2 

studies include ground-based and space-based measurements. The remote location of the 

NOP AC volcanoes, however, increases the costs and risks of ground-based SO2 studies. 

The launch of NASA’s Terra (1999) and Aqua (2002) platforms provides two new 

sensors capable of detecting and quantifying SO2 using thermal infrared (TIR) absorption 

features, the Advanced Spacebome Thermal Emission and Reflection Radiometer 

(ASTER) and the Moderate Resolution Imaging Spectroradiometer (MODIS). 

Improvements in the spatial and spectral resolution of these sensors allows for the 

possible detection of SO2 degassing and a better understanding of the climate and 

environmental impact of volcanic SO2 and the volcanic processes controlling this 

degassing (Andres et ah, 1991; Zapata et ah, 1997).

Volcanic gases play an important role in volcanic processes at depth. In general, 

the more gas-rich a system is prior to eruption, the more explosive the eruption because 

of the build up of pressure within the confined magma system. Emitted volcanic gases 

can provide insight into the possible presence of magma at shallow depths and time series 

measurements may provide an eruption precursory signal. Volcanic gases contain a 

limited number of chemical elements found as various molecular species based on 

different physical conditions and magmatic compositions. Major elements typically 

present are hydrogen (H), carbon (C), oxygen (O), sulfur (S), nitrogen (N), and halogens 

like chlorine (Cl), fluorine (F), and bromine (Br). Minor elements found are rare gases 

helium (He), neon (Ne), argon (Ar), krypton (Kr) and xenon (Xe). Hydrogen is most 

often present as H2O with trace amounts of H2 , CH4 , or NH3 . Carbon is most abundant as 

CO2 with lesser amounts as CH4 and CO. SO2 and H2S are the main sulfur species with
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S2 and COS (carbonyl sulfide) sometimes present. Cl, F and Br are often found as acids 

while nitrogen is most often present as N2 .

The concentration of the various chemical compounds fluctuates between 

systems, but in general H2O is the most abundant gas accounting for nearly 60% of the 

total molar gas content. Second is C 02, which accounts for approximately 10-40% of the 

total molar gas content with total sulfur (S totai = S 0 2 + H2 S) as the third most abundant 

varying greatly in % molar content. Ideally, H2O and CO2 would be monitored more 

diligently; however detection of these gases from the volcanic system alone is difficult 

due to the high atmospheric background.

Atmospheric aerosols cool the earth by increasing solar backscattering and cloud 

reflectivity and residence time (Twomey, 1977). SO2 has the potential to generate long- 

lived stratospheric aerosol layers by producing sulfate aerosols (H2 SO4). Variations in 

volcanic gases and particles suspended in the troposphere and/or stratosphere depend on 

the chemical composition of magma, strength and extent of eruption, eruption location 

and atmospheric conditions (Halmer, 2002).

SO2 emitted into the troposphere has a shorter life span than SO2 injected into the 

stratosphere. Volcanic SO2 injected into the troposphere oxidizes to sulfate and is then 

washed out of the atmosphere by hydrometeors (i.e. rain, snow, fog) within one to three 

weeks. Without the washout effects seen in the troposphere, stratospheric SO2 produces 

hydrogen sulfate that has a stratospheric residence life of one to three years, causing 

potential climate changes (Halmer, 2002). The monitoring of volcanic gases during 

quiescent and eruptive periods provides insight into the effect of these gases on the 

environment/climate and volcanic processes.

This research focuses on SO2 discharge from three active volcanoes within the 

NOPAC region: Bezymianny (Russia), Mt. Cleveland (USA) and Shishaldin (USA) 

(Figure 1). All have been chosen for their locations, elevated activity during the time of 

the study and likely presence of SO2 . These volcanoes vary in the type of activity, but 

have erupted at least once within the last 1 0  years and little is known about their SO2 

output. By studying various types of activity, it is hoped that an increase in the



understanding of the abilities and limitations of the TIR space-based algorithm used 

this study will be established. All acronyms used are listed in appendix A.
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Figure 1. Location map of select NOP AC region volcanoes. Location and picture of 
Bezymianny, Mt. Cleveland and Shishaldin Volcanoes. Red dots indicate historically active 
volcanoes. Bezymianny, Mt. Cleveland and Shishaldin photos courtesy of Andrea Steffke, Steve 
Smith and Dave Schneider, respectfully.
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2.0 OBJECTIVES

The objectives are to detect and quantify SO2 emissions of volcanoes in the NOPAC 

region and to evaluate the potential use of the techniques and data as a volcano 

monitoring tool. Three case studies are presented: Mt. Cleveland and Bezymianny

Volcanoes during eruptive episodes and Shishaldin Volcano during low level degassing. 

Specific objectives are:

1. Test the implementation of the TIR SO2 satellite-based analysis software using 

MODIS data for Mt. Cleveland Volcano,

2. Test the sensitivity of TIR SO2 satellite-based analysis software using MODIS 

data for Bezymianny Volcano,

3. Detect and quantify SO2 emitted during a low level degassing period using field 

techniques and high resolution satellite data (ASTER) at Shishaldin Volcano, and

4. Discuss and compare the range and detection capabilities of the various 

techniques and data tested.
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3.0 BACKGROUND

The detection and quantification of volcanic SO2 using remote sensing is possible 

through ground- and space-based techniques. Ground-based techniques are often used 

during passive and low level degassing periods due to the small plume emitted. Satellite- 

based detection techniques are used for larger events with mid to high levels of SO2 . 

These two techniques together provide an opportunity to compare the detection 

continuum from low to high levels of SO2 . This study uses a combination of these 

techniques at the selected NOP AC region volcanoes.

3.1 Ground-based instruments

Ground-based remote sensing techniques are used worldwide to study and 

monitor volcanic activity. Ground-based detection and quantification of volcanic SO2 

began with the correlation spectrometer (COSPEC), has continued with the recent 

development of the mini- Differential Optical Absorption Spectrometer (DOAS) 

technique, also known as the Miniature Ultraviolet Spectrometer (MUSe), and is 

supported by the Forward Looking Infrared Radiometer (FLIR). The widespread 

acceptance and use of the COSPEC has provided invaluable SO2 time series data at select 

volcanoes and has revealed the capabilities and importance of ground-based volcanic gas 

measurements.

3. 1.1 COSPEC and MUSe

COSPEC was originally developed by Barringer Research, Toronto, Canada for 

environmental SO2 monitoring and was first used at a volcano in 1971. Since then, it has 

been adopted by numerous observatories and university-based research groups to monitor 

degassing at active volcanoes. The extensive use of COSPEC since 1971 has increased 

the knowledge and understanding of volcanic processes related to SO2 degassing events. 

COSPEC converts quantities of transmitted ultraviolet (UV) radiation into a SO2 burden, 

allowing flux measurements to be determined. Studies with long temporal base lines 

using COSPEC have taken place at Mount Erebus (Kyle et al., 1994), Mount Etna
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(Caltabiano et al., 1994), and Mount St. Helens (Casadevall et al., 1983; McGee, 1992; 

McGee and Sutton, 1994), all of which have shown significant fluctuations and the 

importance of regular SO2 emission rate measurements. COSPEC error is roughly ±30% 

and is dominated by error associated with the wind speed/plume rise rate measurements 

(Kyle et al., 1994). These measurements have an error of ±30% because often they are 

not representative of the true wind speed/plume rise rate (Kyle et al., 1994).

One of the new, cheaper and more portable alternatives to COSPEC, the MUSe, is 

based on the Ocean Optics USB2000 spectrometer (89 mm x 64 mm x 34 mm, 0.2 kg), 

fiber-coupled to a telescope and connected to a computer via a USB cable. The estimated 

cost, including the laptop, is $5000 US, roughly 1/7 the cost of a COSPEC. Its low cost 

and small size (Figure 2) make it an alternative to COSPEC.

Unlike the COSPEC which uses internal SO2 gas cells for calibration, the MUSe 

records complete UV spectra to calibrate the data and determine a SO2 burden by fitting 

the recorded spectra to a SO2 laboratory spectrum. By collecting complete spectra, errors 

associated with the COSPEC from the interference of other atmospheric gases and 

wavelength shifts due to mechanical distortion and thermal variations are reduced during 

the post-collection processing (Galle et al., 2002). The collection of full spectra also 

allows the detection and estimation of other plume compounds (Galle et al., 2002). 

Ground-based studies require considerable costs, labor, logistics and risk to the 

instruments and scientists involved. Satellite sensors provide a possible alternative 

method of conducting volcanic SO2 studies (Krueger et al., 1995; Cam et al., 2003), 

especially in remote locations, which eliminates the risks and reduces the costs of 

volcanic SO2 research.

3.1.2 FLIR

The FLIR is a thermal infrared camera capable of acquiring temperature-calibrated 

images. The FLIR used in this study is a ThermaCAM S40 with a detector array of 240 

x 320 pixels sensitive to the TIR from 7.5 to 13 microns and a total field of view of 18° x 

24°. This ground-based thermal camera is used to determine wind speed/plume rise rate
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Figure 2. Alaska Volcano Observatory MUSe components. Includes an Ocean Optics 
spectrometer, fiber optic cable and telescope. Due to the small size of the spectrometer (89 mm 
x 64 mm x 34 mm, 0.2 kg), the MUSe is a smaller alternative to the COSPEC. Computer and 
USB cable not shown.
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used for SO2 flux calculations. The use of the FLIR minimizes the contributing error 

from wind speed/plume rise rate and produces a more accurate SO2 flux calculation. 

Similar measuring techniques using video cameras have reduced wind speed/plume rise 

rate error from ±30% to ±5% (Kyle et al., 1994), reducing the total error associated with 

ground-based SO2 measurements.

3.2 Space-based sensors

The use of satellite sensors in the detection and quantification of volcanic SO2 

began with the Total Ozone Mapping Spectrometer (TOMS) on the National Aeronautics 

and Space Administration (NASA) Nimbus-7 satellite during the 1982 eruption of El 

Chichon. Now on NASA’s Earth Probe, TOMS provides daily global coverage of Earth 

with a nadir spatial resolution of 39 km. By measuring the reflected sunlight of the Earth 

at six different UV wavelengths, total column ozone and SO2 are calculated (Krueger, 

1983). Any attenuation seen by the sensor is accounted for by ozone or SO2, which are 

distinguishable by their different absorption features. The accepted SO2 cloud tonnage 

error for TOMS is ±30% (Krueger et al., 1990).

TOMS has gained notoriety as the standard in detecting SO2 from space due to its 

detection of over 100 volcanic events (Cam et al., 2003). It has provided evidence that 

non-arc eruptions release larger amounts of SO2 than arc eruptions (Devine et al., 1984). 

TOMS has also shown that convergent plate boundary volcanoes release up to two orders 

of magnitude more SO2 than petrologic estimates, a theory known as ‘excess sulphur’ 

which has caused a revolution concerning the storage of sulfur prior to eruption (Gerlach 

et al., 1996; Bluth et al., 1997). These insights have shown the importance and relevance 

of space-based monitoring of volcanic SO2 .

The high-latitude location of the NOP AC region volcanoes limits the SO2 

detection capabilities of TOMS during winter because of low light conditions; however, 

the acquisition of ASTER and MODIS data provides a space-based SO2 detection 

alternative with a higher spatial resolution using SO2 TIR absorption features. On the 

Terra satellite, the ASTER sensor contains 14 spectral bands ranging from the visible
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through the TIR, which has a spatial resolution of 90 meters in the TIR (Table 1), 

allowing the detection of low levels of SO2 . Although the spatial and spectral resolution 

of ASTER is significantly better than TOMS and MODIS, the temporal resolution is 

much less and varies from one to 48 days due to its cross-track pointing abilities. On 

both the Terra and Aqua satellites, MODIS provides a combined two to four images per 

day with 36 bands ranging from the visible to the TIR and a moderate spatial resolution 

of one kilometer in the TIR (Table 1).

3.3 Radiosonde and NNRP data

Space-based SO2 retrievals require atmospheric data as an input and are available 

from radiosonde balloon launch sites and the National Center for Environmental 

Prediction (NCEP) and National Center for Atmospheric Research (NCAR) reanalysis 

project (NNRP) data. Radiosonde data is collected two to four times per day every six to 

12 hours UTC at balloon launch sites worldwide. The balloon is attached to sensors used 

to collect atmospheric parameters including pressure, temperature and relative humidity. 

These data collected can reach heights up to 35 km depending on atmospheric and 

balloon conditions. Once the balloon pops, a parachute is released, allowing the sensors 

to return to the ground. The error associated with these data includes horizontal drift of 

the balloon and time needed for calibration after passing through meteorological clouds.

NNRP reanalysis data, a collaboration effort between NCEP and NCAR, is a 

retroactive record from 1948 to 1998 of global analyses of atmospheric parameters. Data 

used in the reanalysis includes:

• upper air rawinsonde (wind) observations of temperature, horizontal wind and 

specific humidity;

• TIROS Operational Vertical Sounder (TOVS) vertical temperature soundings 

from NOAA polar orbiters over the ocean, with microwave retrievals excluded 

between 20N and 20S due to rain contamination;

• temperature soundings over land only above 100 hPa;



Table 1. Spectral and spatial resolution of ASTER and MODIS TIR bands.

Sensor TIR Band W avelength (pm)
Spatial Resolution  

(km)
10 8.125-8.475
11 8.475-8.825

ASTER 12 8.925-9.275 0.09
13 10.25-10.95
14 10.95-11.65
20 3.660-3.840
21 3.929-3.989
22 3.929-3.989
23 4.020-4.080
24 4.433-4.498
25 4.482-4.549
27 6.535-6.895
28 7.175-7.475MODIS
29 8.400-8.700 1.0
30 9.580-9.880
31 10.780-11.280
32 11.770-12.270
33 13.185-13.485
34 13.485-13.785
35 13.785-14.085
36 14.085-14.385
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• cloud tracked winds from geostationary satellites;

• wind and temperature aircraft observations;

• land surface reports of surface pressure, and

• oceanic reports of surface pressure, temperature, horizontal wind and specific 

humidity.

A quality control and assimilation system was developed to process the above 

data and kept unchanged throughout the processing, eliminating perceived climate jumps 

associated with changes in the real-time assimilation system. The reanalysis of current 

data uses the Climate Data Assimilation System (CDAS) with a three day delay, which, 

with the retrospective data, provides more than 55 years of reanalyzed data. The NNRP 

data used by the TIR space-based SO2 algorithm is restricted by relative humidity which 

is calculated for only eight vertical data points on a 2.5 x 2.5 degree grid up to a pressure 

of 300 mb. The data is available every six to 12 hours and can be interpolated to provide 

information for specific locations and times of interest. These data are corrected for the 

common errors associated with the original collection techniques. NNRP data provides 

low vertical resolution, interpolated, modeled atmospheric data over the volcano while 

radiosonde data provides high vertical resolution, atmospheric data at a distance from the 

volcano (Figure 3).
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Figure 3. Spatial comparison of radiosonde and NNRP data for Bezymianny Volcano. The 
location of the radiosonde station UHPP on the Kamchtka Peninsula (blue dot) and a 2.5 x 2.5 
degree NNRP grid are shown in relation to Bezymianny Volcano (red triangle). The radiosonde 
data is representative of the atmosphere approximately 350 km southwest of Bezymianny. The 
NNRP data is interpolated over the volcano.
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4.0 METHODOLOGY

This study focuses on the use of a previously developed TIR satellite-based SO2 

retrieval algorithm (M A PS02) at selected volcanoes in the NOP AC region in order to 

supplement traditional UV ground- and other satellite-based techniques. The 8 . 6  pm SO2 

detection algorithm was initially developed to detect and quantify passive degassing 

volcanic plumes, but has since been used during eruptive events (Watson et al., 2004). A 

SO2 retrieval from the 2001 eruption of Mt. Cleveland Volcano is used to test the 

implementation of the TIR SO2 algorithm and the data from the 2004 eruption of 

Bezymianny Volcano is used to determine the sensitivity of the model to various user- 

based input parameters. UV ground-based SO2 measurements were collected at 

Shishaldin Volcano during a period of low level degassing in order to experiment with 

field detection techniques and to establish lower detection limits of TIR satellite sensors. 

Data from Mt. Cleveland, Bezymianny and Shishaldin Volcanoes were then used to 

define satellite detection range values in the NOP AC region.

4.1 Eruption SO2 estimations: Mt. Cleveland and Bezymianny Volcanoes

SO2 has two absorption peaks in the TIR at 7.3 and 8 . 6  pm (Figure 3). Although 

stronger, the 7.3 pm absorption peak is often masked by water vapor in the atmosphere 

(Figure 4). Therefore, MAP S02 is based on its 8 . 6  pm absorption feature (Realmuto et 

al., 1994).

The theoretical basis for this algorithm is an alteration of the general at-sensor 

radiance (Realmuto et al., 1994):

L, ={egB(Ts)+ ( l - e g)LJl,„+L„ (1)

where Lj is the downwelling radiance (W-m^-sh'-pm’1), Ls is the at-sensor radiance 

(W-m^-sfi'-pm'1), Lu is the upwelling radiance (W-m^-sC'-pm"1), ta is the transmission of 

the atmosphere (unit-less), eg is the emissivity of the ground (unit-less), and the Planck 

function ( B) is used to determine Tg (K), the ground temperature (Realmuto et al., 1994).
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Figure 4. TIR transmissivity of plume components. The response of MODIS TIR bands 28-32 
for an ideal reflector are shown in the top graph. Total (solid line), absorptive (dotted and dashed 
line) and scattering (dashed line) TIR transmissivities of andesitic ash, ice, S 02, S 042’, and the 
atmosphere from 7.0 to 13 pm are shown in the bottom five graphs. Absorption by volcanic 
cloud components at 8.6 pm includes ash, ice, S 02 and S 042'. Modified from Watson et al. 
(2004).
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The MODerate spectral resolution atmospheric TRANsmittance algorithm (MODTRAN) 

(Berk et al., 1989) is used to model the TIR at-sensor radiance as the sensor (ASTER or 

MODIS) views the ground through presumably a SO2 plume in order to estimate a SO2 

concentration. MODTRAN derives the upwelling and downwelling radiances and the 

transmission of a user-defined atmosphere, and the spectral emissivity of the ground is 

estimated by the model for a user-defined area assumed to have the same physical 

properties as the material under the plume.

In most cases, the SO2 plume is cooler than the ground and it absorbs the ground 

radiation. The concentration of SO2 , plume thickness, temperature contrast between the 

plume and the ground and atmospheric pressure at the altitude of the plume control this 

absorption (Realmuto et al., 1994). Since the sensor radiance values are not able to 

uniquely determine these parameters, the estimation of SO2 concentrations is a nonlinear, 

underdetermined inverse problem (Realmuto et al., 1997). In order to establish a more 

reasonable inverse problem, secondary information regarding the plume and surrounding 

atmosphere is required. The end result of these input parameters is the reduction of the 

model parameters to ground temperature and SO2 concentration (Realumto et al., 1997).

Although the model parameters are reduced to only two, the inverse problem is 

still underdetermined because an assortment of temperature and concentration values can 

produce the observed radiance spectrum (Realmuto et al., 1997). At-sensor radiance 

values are modeled with a SO2 concentration of zero, to estimate the background 

temperature, to the user-defined SO2 maximum concentration with a total of six runs of 

MODTRAN (Figure 5). A piecewise linear function is determined, the least squares 

methods is used to fit it to the observed spectra and a SO2 concentration is estimated 

(Figure 5). The concentration estimated is converted to a total column abundance, or 

burden:

A = C • Tp (2)

where A is the total SO2 column abundance (g-m"), C is the SO2 concentration (g-m")
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Figure 5. Input files, algorithm description and output files of MAP_S02. The algorithm uses 
the input files and parameters and MODTRAN to determine a S 02 abundance. The model 
generates four types of output files, including a S 02 retrieval map of the plume analyzed. The 
number of output temperature, emissivity and predicted spectra maps is a function of the number 
of input TIR radiance bands (four for MODIS and five for ASTER). The relationship between 
select input files numbered in blue is demonstrated in the upper left part of the panel. The 
relationship between select input files and parameters numbered in red is demonstrated in the 
lower left part of the panel.
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and Tp is the plume thickness (m). All SO2 estimates output by the model are total 

column abundances (g-m'2) where one g m' 2 equals one t km'2. The precision of this 

technique at Mount Etna, Sicily was estimated to be within 15% (Realmuto et al., 1994). 

The accuracy of this algorithm has yet to be determined.

MAP_S02 uses an IDL based graphical user interface (Figure 6 ) (Realmuto et 

al., 1997), which allows only areas that possibly contain SO2 to be analyzed. Prior to 

running MAP_S02, up to five input files are prepared: an RGB index file, an IRAD file, 

a sensor spectral response file, an atmospheric profile file and an optional digital 

elevation model (DEM) (Figure 5). The RGB index file acts only as a reference image on 

the graphical user interface that allows the user to define areas of interest. The IRAD file 

is spatially registered to the RGB index file and contains the TIR bands used by 

MAP S02. ASTER TIR bands 10 through 14 are included in the IRAD, with the 8 . 6  pm 

SO2 absorption feature located within the range of band 11. MODIS bands 29 through 32 

provide the TIR radiance values needed with the 8 . 6  pm SO2 absorption feature located in 

the spectral range of band 29. The spectral response file allows the MODTRAN output 

to be resampled to the spectral resolution of the sensor (Figures 7 and 8 ) (Realmuto, 

2000).

The atmospheric profile is a vertical profile representative of atmospheric 

conditions during the time of the pass and is collected from an outside source. The 

radiosonde data used is available online through the Atmospheric Science Department at 

the University of Wyoming. NNRP data is available by request from National Oceanic 

and Atmospheric Administration (NOAA) and Cooperative Institute for Research in 

Environmental Sciences (CIRES) Climate Diagnostic Center. The atmospheric profile 

consists of four variables: height, pressure, dry bulb temperature, and relative humidity. 

These data are input into MODTRAN in order to model the at-sensor radiance values.

The DEM helps correct emissivity values determined by the algorithm by 

accounting for the height of the terrain, however it is optional. This study uses 3-arcsec 

(or 90 m) Shuttle Radar Topography Mission (SRTM) data to generate a DEM when 

possible. If a DEM is not used, a ground value of zero is assumed by MODTRAN.
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Figure 6. MAP_S02 graphical user interface. The interface allows the user to manually select 
areas that possibly contain S 0 2. The RGB displayed is spatially registered to the radiance file 
used to estimate the S 02 abundance. Courtesy of I. M. Watson.
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Figure 7. Normalized spectral response of ASTER. Detector response of TIR bands 10 thru 14 
for an ideal reflector used by MODTRAN in the SO2 mapping procedure.

Wavelength (gm)

Figure 8. Normalized spectral response of MODIS. Detector response of TIR bands 29 thru 32 
for an ideal reflector used by MODTRAN in the S 0 2 mapping procedure.
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Along with the five possible files generated and uploaded, background emissivity must 

be determined and plume height and thickness and SO2 maximum concentration must be 

input by the user. Background emissivity is determined by identifying an area of interest 

outside of the plume on the RGB index image. Plume height is determined from both the 

strength of the seismic signal (amplitude) provided by the Kamchatkan Volcanic 

Eruptions Response Team (KVERT), if available, and cloud top temperatures from 

satellite data in relation to radiosonde atmospheric profiles. The plume thickness is 

assumed to be one kilometer unless it is known from visual observations and the 

maximum SO2 concentration varies between each run from 10 to 1 0 0 0  mg m’ . 

MAP_S02 produces four maps including SO2 , emissivity, predicted spectra and 

temperature. The latter three files contain multiple layers that correspond to the TIR 

band of the sensor utilized in the analysis (ASTER or MODIS).

Included in the output, is the binning interval determined by MODTRAN. This 

number is the interval value used to estimate SO2 . All abundance estimates are a multiple 

of the binning interval. For example a binning interval of 0.0392 only allows the model 

to estimate SO2 abundance values of 0 , 0.0392, 0.0784, 0.1176, etc. Typically, as the 

maximum SO2 value increases, the binning value also increases, decreasing the ability of 

the model to detect minor changes in SO2 abundance. Total tonnages are determined 

from the SO2 retrieval map. A text file is generated in image processing software from 

the SO2 retrieval map and includes the number of pixels for each abundance value 

estimated. The total SO2 column abundance is estimated by multiplying the number of 

pixels and the corresponding burden value and summing them.

4.1.1 Test implementation ofMAP_S02: Mt. Cleveland Volcano

The 19 February 2001 eruption of Mt. Cleveland was used to test the 

implementation of the model at UAF. The UAF SO2 abundance total for the MODIS 

scene acquired at 2310 UTC was estimated and compared to the results determined by 

Watson et al. (2004) from the same MODIS data. Multiple emissivities, a SO2 maximum
'J

concentration of 20 mg m' and radiosonde data collected on 20 February 2001 at 0000
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UTC from station PACD in Cold Bay, Alaska located approximately 600 km north of Mt. 

Cleveland were used. A plume thickness of one kilometer was assumed and a plume 

height of eight kilometers for the northwest portion of the plume and six kilometers for 

the southeast portion were determined from the MODIS cloud top temperatures. These 

plume heights are supported by the Advanced Very High Resolution Radiometer 

(AVHRR) cloud top temperatures (Dean et al., 2004).

4.1.2 Test sensitivity o f MAP_S02: Bezymianny Volcano

The sensitivity of MAPS_S02 to three input parameters, atmospheric profile, 

background emissivity and SO2 maximum concentration, were tested (Figure 9). 

Atmospheric profile data is available from two sources: radiosonde or NNRP data. The 

background surface emissivity is derived from satellite data in the vicinity of the cloud, 

and can range from a single to multiple user-defined background emissivities, depending 

on what the user finds appropriate. MAP S02 assumes the background emissivity is 

constant throughout the image unless the user indicates otherwise. Ideally, if a plume 

travels over vegetation and then water, the user will first identify an area of vegetation 

outside of the plume, determine the background emissivity for that area and then map the 

portion of the plume over vegetation. Once the plume crosses over water, the user will 

choose an area of water outside of the plume, determine the background emissivity for 

that area and then map the portion of the plume over water. A single background 

emissivity used to generate a map, ignores all changes in background and uses one 

background for the whole mapping procedure, reducing the mapping time. Multiple 

background emissivities used to generate a map, attempts to recognize and apply the 

appropriate backgrounds as the plume travels over various terrains. For simplicity, 

background emissivity will be referred to as single and multiple henceforth. The user 

also chooses the SO2 maximum concentration, which determines the upper-limit of SO2 

available to MODTRAN to correct the at-sensor radiance. Comparisons of SO2 retrieval 

maps generated from combinations of atmospheric profile, background emissivity and 

SO2 maximum concentration, help determine the sensitivity of this algorithm to these
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Figure 9. Input parameters and options for model sensitivity test. Parameter options used in this 
study for atmospheric profile source, background emissivity and SO2 maximum value for each 
map estimated.
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parameters.

The 13-14 January 2004 eruption of Bezymianny Volcano, Russia was used to 

test the sensitivity of the MAP S02 input parameters. This volcano currently erupts 

approximately every six months due to partial collapse of the dome located in the 

eastward facing horse-shoe shaped crater (Figure 10). Total SO2 abundances from this 

eruption were calculated from MODIS data recorded at 0025 and 0210 UTC on 14 

January 2004, approximately 1.5 and 3.5 hours after the start of the eruption.

The sensitivity of estimated SO2 total column abundances to atmospheric profile 

was tested with background emissivity and SO2 maximum held constant (Table 2). The 

source of the atmospheric data varied from interpolated NNRP data over the volcano to a 

radiosonde balloon at station UHPP in Petropavlovsk, Kamchatka on 14 January 2004 at 

0000 UTC, 350 km southwest of Bezymianny Volcano (Figure 3). SO2 abundance totals 

were estimated at 0025 and 0210 UTC using a single background emissivity for 

computational simplicity and a maximum SO2 concentration of 100 mg-m'3. Additional 

SO2 maps were generated to test the sensitivity of the algorithm to background emissivity 

with radiosonde data, a maximum SO2 value of 1 0 0  mg-m' 3 and either a single or 

multiple background emissivity (Table 2). The area chosen to represent the material 

underlying the plume is chosen by the user and the emissivities of these areas are 

calculated by the algorithm and reported in section 5.1.2. Future use of this algorithm 

requires the understanding of how different atmospheric profiles and background 

emissivities affect SO2 totals and which data source provides the soundest results.

The sensitivity of estimated SO2 abundances to the SO2 maximum was tested with 

the atmospheric profile and background emissivity held constant (Table 2 ). SO2 maps 

were generated for 0025 and 0210 UTC with various SO2 maximum concentrations, 

radiosonde data and a single background emissivity. Radiosonde data was chosen over 

reanalysis data due to its higher vertical resolution and a single background was chosen 

for computational simplicity. SO2 maps were generated with SO2 maximum values from 

10 to 1000 mg-m" on a logarithmic scale. Additional maps were then generated using 

25, 50, 200 and 400 mg-m" . Lastly, maps were generated with SO2 maximum values of
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Figure 10. Location and ASTER scene of Bezymianny Volcano. Location of Bezymianny 
Volcano on the Kamchatka Penninsula, Russia with ASTER inlays from 02 January 2003. 
Bezymianny is positioned just south of Klyuchevskoi Volcano (upper image) with a one 
kilometer wide dome centered in a horse-shoe shaped crater (lower image). Based on the 
seismicity, the duration of the 13-14 January 2004 eruption of Bezymianny Volcano is unknown 
because of the coinciding volcanic tremor at the nearby Klyuchevskoi Volcano (KVERT, 2004 
a).
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Table 2. Constants and variables for MAP S02 input parameter sensitivity test. Constants and 
variables include atmospheric profile, background emissivity, SO2 maximum, plume height and 
plume base. Parameters tested include atmospheric profile, background emissivity and SO2 

maximum.
CONSTANTS (C) AND VA RIA BLES (V)

SENSITIVITY
PARAM ETER

Atmospheric
Profile

Background
Emissivity S02 Maximum Plume

Height
Plume
Base

Atmospheric Profile V C C C C
Background Emissivity C V C C C

S02 maximum C C V C C
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300, 350, 360 and 365 mg-m' 3 at 0025 UTC and 300, 325, 335 and 350 mg-m’3 at 0210 

UTC.

In order to determine the background abundance levels detected by the mapping 

procedure at 0025 UTC, cross sections perpendicular to the long axis of the plume 

(Figure 10) were calculated and plotted from SO2 maps generated with radiosonde 

atmospheric profile data, a single background emissivity and SO2 maximum 

concentrations of 25, 50, 100 and 200 mg-m'3. Inflection points were assumed to be the 

transition point from background to plume (Figure 11). The SO2 abundance values 

associated with the inflection points were then averaged to determine the SO2 background 

abundance value (g-m-2). This value was then subtracted out of each pixel value in order 

to correct for the background noise detected by the algorithm.

4.2 Low level SO2 measurements: Shishaldin Volcano

Ground-based measurements were collected at Shishaldin Volcano during a 

period of low level degassing with a MUSe, a mini-DOAS system constructed by AVO 

and the Michigan Technological University Volcanic Cloud Group, in order to better 

understand the space-based SO2 quantification technique used in this study. Total flux 

measurements and continuous (static) SO2 measurements were gathered using two MUSe 

systems while a video camera and a FLIR provided visible and thermal images, 

respectively, of the activity (Figure 12). ASTER emergency acquisitions were requested 

for the time frame of the field work; however, cloud cover prevented the acquisition of 

usable data.

4.2.1 Ground-based measurements: MUSe

Continuous (static) SO2 measurements were collected from 1225 to 1326 ADT 

with an integration time of 300 msec on the northeast flank of Shishaldin on 31 July 2004 

at 54.76903 N, 163.9467 W (Figure 13). During this time, eight vertical plume cross 

sections (traverses) with integration times of 400 msec were also collected. The 

integration time used to collect each spectrum is determined by the light conditions, here
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Figure 11. Long and short axis plume cross sections cartoon. A S 02 retrieval map from 
Bezymianny Volcano (red triangle) estimated from MODIS at 0025 UTC with location of short 
axis plume transects (A) used to determine inflection points to indicate the transition from 
background noise to volcanic plume (upper left graph), and long axis plume transect location (B) 
(lower left graph).

Static
FLIR Video MUSe

Traverse
MUSe

Figure 12. Ground-based field instrument configuration. Setup includes (from left to right) a 
FLIR, video camera, static MUSe and traverse MUSe. Photo courtesy of Dave Schneider.
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Figure 13. Location of Shishaldin Volcano field measurements. Red diamond represents 
location of ground-based measurements including the MUSe, FLIR and video camera on 31 July 
2004 at Shishaldin volcano.
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low light conditions require higher integration times and high light conditions require 

lower. These measurements were then compared to the SO2 retrieval from TIR ASTER 

data acquired on 8  April and 26 May 2004.

Spectra from 290 to 330 nm were recorded on a laptop computer connected to the 

spectrometer via a USB cable. Prior to collecting plume spectra, clear sky spectra were 

collected to correct for background UV scattering and absorption. Static measurements 

were collected by pointing the telescope directly above the vent to measure possible 

puffing and variable output concentrations. Due to the horizontal motion of the plume at 

Shishaldin, vertical plume traverses (Figure 14) were collected. A full transect includes 

entering the plume, exiting the plume and then backtracking to the original start position.

The IDL processing program DOAS_GUI.pro developed at Michigan 

Technological University, was used to fit each spectrum collected to a lab spectra 

resulting in a ppm-m value. SO2 flux (t-day*1) measurements were determined from 

traverse measurements:

SO2 flux = 0.00023 |sin(A/?)|(^c • sp) (2)

where AR is the difference between the plume and MUSe strike in radians, sp is plume 

speed in m-s"1, 0.00023 is a conversion constant to t-day*1 from ppm-m3 -s’ 1 for a SO2 gas 

density of 2.86 x 10*3 g ppm'1-m*3, and Ac is the area under the transect curve within the 

plume (Figure 15):

Ac = y  MUSe output ■ wc (3)

where the MUSe output is a point measurement along the traverse (ppm-m) and wc is the 

column width of each point measurement. Although each MUSe measurement is 

integrated over the field of view of the sensor, it is assumed they are point measurements. 

By tracking the motion of distinct cloud and plume edges in the FLIR, plume speed is 

determined.
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Figure 14. Ground-based SO2 flux transect cartoon. A horizontal plume with a vertical transect 
(left) and a vertical plume with a horizontal transect (right). Cartoon not to scale.
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Figure 15. Area under a SO2 transect curve. The area under the transect curve within the plume 
(grey box) is approximately equal to each transect value (ppm-m) multiplied by the column width 
(m) and summed (Equation 3). The area (ppm-m2) calculated is used to estimate the S 02 flux for 
that transect (Equation 2).
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4.2.2 Space-based measurements: ASTER

On 8  April and 26 May 2004, ASTER scenes at Shishaldin volcano were 

acquired. Even though these scenes do not coincide with the field data, they provide 

information about the detection of SO2 during the same period of increased volcanic 

activity as the ground-based measurements. A SRTM DEM, single background
'I

emissivity, SO2 maximum of 10 m g-m ', and radiosonde data collected from station 

PACD in Cold Bay, Alaska, were used to produce a SO2 map for each scene. A single 

background emissivity was chosen over multiple due to a uniform glacier background 

and the small size of the plume.

Although the perspective of a satellite is not the same as ground-based 

measurements, the technique used to determine a SO2 flux is similar. A total SO2 flux 

from 26 May 2004 was estimated from a modified version of equation 2 in section 4.2.1 

assuming each pixel is a point measurement rather than an integrated pixel value:

width in ground-based flux estimates (Equation 3). AR used in equation 2 is assumed to 

be 90° for satellite-based flux measurements and therefore is not incorporated (Equation 

4). 14 plume transects perpendicular to the plume direction were used to estimate the 

average SO2 flux.

(4)

where sp is plume speed in m-s' 1 estimated from radiosonde data at station PACD in Cold 

Bay, AK, 0.0805 is a conversion constant from g-s' 1 to t-day'1, and Ac is the area under the 

transect curve within the plume:

Ac = ^  Pixel value • Pixel size (5)

where pixel value (g-m ') and pixel size (m) are similar to the MUSe output and column
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5.0 RESULTS

5.1 Eruption SO2 estimates

5.1.1 Implementation o f M A P S02: Mt. Cleveland Volcano

On 19 February 2001, Mt. Cleveland erupted explosively starting at 

approximately 1430 and ending between 2230 and 0242 UT on 20 February based on 

GOES satellite observations (Dean et al., 2004). The volcanic cloud that formed 

eventually stretched over 1000 km in length and moved to the northeast across Alaska 

(Dean et al., 2004). Based on the parameters described in section 4.1.1, approximately 47 

kt of SO2 was estimated from MODIS on 19 February at 2310 UTC. The SO2 detected 

extends for approximately 600 km with about 85% of the total estimated SO2 located 

northeast of Mt. Cleveland and the remaining 25% southeast of the volcano (Figure 16). 

The retrieval estimated zero saturated pixels with a binning value of 0.0636.

5.1.2 Sensitivity o f  MAP_S02 to input parameters:Bezymianny Volcano

The eruption of Bezymianny volcano on 13-14 January 2004 was detected by the 

Terra and Aqua MODIS sensors with the plume extending approximately 100 and 150 

km to the northeast at 0025 and 0210 UTC, respectively, on 14 January and was used to 

test the sensitivity of the MAP S02 input parameters. According to KVERT seismic 

reports, the 13-14 January 2004 eruption of Bezymianny began at 2253 UTC (KVERT, 

2004a). Based on the seismicity, the duration of this eruption is unknown because of the 

coinciding volcanic tremor at Klyiuchevskoi Volcano located north of Bezymianny 

Volcano (Figure 10) (KVERT, 2004a). The eruption was also recorded by video cameras 

approximately 45 km west of the volcano in Kozyrevsk and 50 km north in Klyuchi. 

However, data from Kozyrevsk is only available from 2250 to 2332 UTC on 13 January 

and the obstruction of Bezymianny by Klyuchevskoi from Klyuchi limits the visibility of 

the activity to plumes. Gas-steam plumes and thermal anomalies were observed through 

16 January after the initial eruptive pulse on 13-14 January (KVERT, 2004b).
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Figure 16. UAF Mt. Cleveland SO2 retrieval from 19 February 2001. The SO2 detected extends 
for approximately 600 km with 75 % of the total 47 kt estimated northwest of Mt. Cleveland (red 
triangle) and 25% southeast of the volcano.
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Based on the TCC at 0025 UTC, the plume extended approximately 100 km to the 

northeast and 150 km to the northeast by 0210 UTC (Figure 17). The standard detection 

method of airborne volcanic ash is known as the split window technique or brightness 

temperature difference (BTD) and is a differencing of thermal infrared bands. For 

MODIS, band 32 temperatures (K) are subtracted from band 31 temperatures (K), where 

negative values are presumably small ash particles (radius less than ~ 1 0  pm) and 

positive values are atmospheric clouds (Prata, 1989; Wen and Rose, 1994). Based on this 

technique, ash was detected at 0025 with long axis BTD transect values from 0 to -4 K 

(Figure 18). An ash signature was also present at 0210 UTC with long axis BTD 

transect values from 0 to - 8  K (Figure 19).

SO2 retrieval maps were estimated for each scene using various atmospheric 

profiles, background emissivities and SO2 maximums described in section 4.1.2, with a 

total of 23 reasonable SO2 maps and totals estimated for the eruption. A total of 1 2  SO2 

retrievals at 0025 UTC on January 14 were estimated (Table 3). The binning increments 

determined by the model for the SO2 retrieval maps range from 0.0392 to 0.3953 for 

maps using a SO2 maximum of 365 or less (Table 3). With a SO2 maximum of 400 

mg-m'3, the binning value rose to 1.304 and the model began to return unreasonable 

results (Table 3), where nearly all pixels within the area of interest were saturated, 

including those outside of the plume (Figure 20).

All SO2 retrievals derived from MAP_S02 at 0025 UTC with a single 

background emissivity detected background levels of SO2 (Figure 2 1  and 2 2 ). These 

background values were determined from transects perpendicular to the long axis of the 

plume (Figure 11) at 0025 UTC. The average point of inflection from these transects was 

1.43 g-m" . The SO2 total column abundances, including background, ranged from 12.9 

to 27.2 kt (Table 3). Excluding background levels less than or equal to 1.43 g-m'2, total 

values ranged from 3.07 to 13.1 kt (Table 3). The SO2 retrieval based on multiple 

background emissivities did not detect background levels of SO2 (Figure 23). The 

number of saturated pixels estimated for these retrievals ranged from 29 to 0 , where a 

SO2 maximum of 1 0  mg-m' 3 estimated 29 saturated pixels and 25 and 50 mg-m' 3
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Figure 17. 0025 and 0210 UTC TCC and BTD images. The TCC (la) and BTD (lb) at 0025 
UTC and the TCC (2a) and BTD (2b) at 0210 UTC on 14 January 2004 indicate the plume 
extended 150 km from the vent by 0210 UTC and contained ash based on negative BTD values 
(white areas).
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Figure 18. 0025 UTC S 02and BTD long axis transects. Variations in MODIS bands 31 and 32 
brightness temperature difference (BTD) and S 02 burden as the transect moves away from the 
volcano (red triangle). Volcanic ash also absorbs at 8.6 pm and may contribute to the attenuation 
of the at-sensor radiance.
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Figure 19. 0210 UTC S 02 and BTD long axis transects. Variations in MODIS bands 31 and 32 
brightness temperature difference (BTD) and S 02 burden as the transect moves away from the 
volcano (red triangle). Volcanic ash also absorbs at 8.6 pm and may contribute to the attenuation 
of the at-sensor radiance.
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Table 3. Bezymianny Volcano S02 retrieval totals from 0025 UTC. Totals are estimated from 
14 January 2004 at 0025 UTC based on radiosonde or NNRP reanalysis, single or multiple 
background emissivities and various S02 maximum values. Background noise is equal to 1.43 
g-m'2 or less.

Atmospheric 
Profile Source

Backgound 
emissivity 

(e from B29)

so2
Maximum
(mg«m‘3)

so2
Total
(kt)

SOz Total (kt) 
- background 

noise

#
Saturated

Pixels

Binning
Increment

Radiosonde

Single 
(e.g. e= 0.986748)

10 12.925 3.284 29 0.0392
25 11.159 3.565 2 0.0980
50 10.799 3.599 2 0.1961
100 13.448 3.965 0 0.3590
200 17.519 6.695 0 0.2980
300 22.571 10.290 0 0.3514
350 24.973 12.447 0 0.3974
360 25.488 12.961 0 0.3914
365 25.728 13.124 0 0.3953
400 3964.4* — — 1.3043
1000 * * — —

Multiple 
(e.g. e= 0.980340, 

0.983106, 
0.989054, 
0.989280, 
0.990000)

100 4.4832 ** 0 0.3516

NNRP
Reanalysis

Single 
(e.g. e= 0.986748)

10 10.3706 4.360 16 0.0392
100 27.198 7.6059 0 0.0714

1 —  3 —
* Totals using a S02 maximum of 400 mg m" or greater are unreasonable. 
** Background noise not detected.
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Figure 20. 0025 UTC SCb map with a SO2 maximum of 400 mg-m'3. The SO2 map generated 
from radiosonde data, a single background emissivity and a SO2 maximum of 400 mg-m'3. This 
result is unreasonable because nearly all the pixels within the area of interest are saturated 
(white). All retrievals with a S 0 2 maximum greater than 400 mg-m'3 returned similar results. 
The red triangle is the location of Bezymianny Volcano.
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Figure 21. 0025 UTC SO2 maps with a change in SO2 maximum. The SO2 retrieval maps from 
radiosonde data, a single background emissivity and a S 02 maximum of 10 (A), 25 (B), 50 (C), 
100 (D), 200 (E), 300 (F), 350 (G), 360 (H) and 365 (I) mg-m'3. Background noise was detected 
in all of these retrievals and saturated pixels were estimated with a S 02 maximum of 10, 25 and 
50 mg-m'3. The red triangle is the location of Bezymianny Volcano.
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Figure 22. 0025 UTC S 02 maps with NNRP data. The S 02 map generated from NNRP data, a 
single background emissivity and a S 0 2 maximum of 10 (A) and 100 (B) mg-m'3. Like the 
retrievals based on radiosonde data and a single background emissivity, background noise was 
detected. The red triangle is the location of Bezymianny Volcano.
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Figure 23. 0025 UTC SO2 map with multiple background emissivities. The SO2 map generated 
from radiosonde data, a S 0 2 maximum of 100 mg-m'3 and multiple background emissivities. 
Unlike the retrievals based on a single background emissivity, no background noise was detected. 
The red triangle is the location of Bezymianny Volcano.
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estimated two saturated pixels (Table 3, Figure 21 and 24). Zero saturated pixels were 

estimated for all retrievals based on a SO2 maximum of 1 0 0  mg-m' 3 or higher.

Long axis plume transects were determined from SO2 retrieval maps using 

radiosonde data, a single background emissivity and SO2 maximum values of 25, 50, 1 0 0  

and 2 0 0  mg-m' 3 (Figure 25). With a maximum allotted SO2 of 25 mg-m'3, transect pixel 

values range from 0 to 19.68 g-m'2. An increase in the maximum SO2 to 50 mg-m' 3 

produced transect pixel values from 0 to 21.11 g-m'2. At a maximum of 100 mg-m'3, 

transect values range from 0 to 21.89 g-m' 2 and at a maximum of 200 mg-m' 3 transect 

values are from 0 to 29.16 g-m*2.

At 0 2 1 0  UTC on 14 January, a total of 1 1  reasonable SO2 retrievals were 

estimated (Table 4). The binning increments determined by the model ranged from 

0.0392 to 1.140 with a SO2 maximum of 335 or less (Table 4). With a SO2 maximum of 

350 mg-m'3, the binning value rose to 1.201 and the model began to return unreasonable 

results (Table 4). These unreasonable retrievals are similar to those at 0025 UCT with a 

SO2 maximum of 400 mg-m' 3 or higher (Figure 20). Total detected SO2 at 0210 UTC 

ranged from 15.5 to 87.2 kt (Table 4). The number of saturated pixels estimated for these 

maps ranged from 612 to 0  (Table 4, Figure 26 and 27). All maps generated with a SO2 

maximum concentration of 200 mg-m' 3 or higher estimated zero saturated pixels. No 

quantifiable background levels of SO2 were detected at 0210 UTC using radiosonde data 

and a single (Figure 26) or multiple (Figure 28) background emissivity. The SO2 

retrieval map from the NNRP data and a single background emissivity did detect low 

levels of background noise (Figure 29). This noise was not accounted for in the totals 

presented.

Long axis plume transects were determined from maps using radiosonde data, a 

single background emissivity and S0 2 maximum values of 25, 50, 100 and 200 mg-m' 3 

(Figure 30). With a maximum SO2 of 25 mg-m’3, transect pixel values range from 0  to

25.00 g-m'2. An increase in the maximum SO2 to 50 mg-m' 3 produces transect pixel 

values from 0 to 47.10 g-m'2. At a maximum of 100 mg-m"3, transect values range from 0 

to 99.99 g-m' 2 and at a maximum of 200 values are from 0 to 107.7 g-m'2.
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Figure 24. 0025 UTC S 02 abundance histogram plots. Plots based on retrievals from radiosonde 
data, a single background emissivity and SO; maximums of 10 (A), 25 (B), 50 (C), 100 (D) and 
200 (E) mg-m'3. The retrievals with a SO; maximum concentrations of 10, 25 and 50 mg-m-3 
estimated saturated pixels and is evident in the respective histogram plots where the upper limit 
estimated (red bar) equals the S 02 maximum concentration value for that retrieval. As the S 02 
maximum increases, the spread of the estimated S 02 abundance values increases. These plots do 
not account for background noise.
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Figure 25. 0025 UTC long axis plume transects. Transects through SO2 retrieval maps generated 
from radiosonde data, a single background emissivity and a S 0 2 maximum concentration of 25, 
50, 100 and 200 mg*m‘3 on 14 January 2004 at 0025 UTC. The background noise level of 1.43 
g-m‘2 derived from satellite measurements of plume inflection points (Figure 10) is shown as a 
horizontal dashed line. The transects move away from Bezymianny Volcano (red triangle) from 
left to right and are approximately 100 km in length.
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Table 4. Bezymianny Volcano S02 retrieval totals from 0210 UTC. Totals are estimated from 
14 January 2004 at 0210 UTC based on radiosonde or NNRP data, single or multiple background 
emissivities and various S02 maximum values.

Atmospheric 
Profile Source

Backgound 
emissivity 

(c from B29)

so2
Maximum
(mg-m'3)

SOz Total 
(kt)

# Saturated 
Pixels

Binning
Increment

Radiosonde

Single 
(e.g. €=0.981574)

10 15.504 612 0.0392
25 21.706 300 0.0980
50 26.967 150 0.1851
100 34.620 32 0.3921
200 42.378 0 0.5882
300 55.748 0 0.7393
325 85.774 0 1.1404
335 87.154 0 1.1404
350 3590.5 0 1.2010
400 * — 1.3725
1000 * — —

Multiple 
(e.g. e= 0.986029, 

0.989186, 
0.989783, 
0.990000,)

100 38.73953 31 0.3921

NNRP
Reanalysis

Single 
(e.g. e=0.981574)

10 20.19933 584 0.0392

100 32.3916 0 0.3778
*Totals using a S02 maximum of 350 mg-m'3 or greater are unreasonab e.
** Background noise not detected.
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Figure 26. 0210 UTC SO2 maps with a change in SO2 maximum. The SO2 retrieval maps 
generated from radiosonde data, a single background emissivity and a S 02 maximum of 10 (A), 
25 (B), 50 (D), 100 (D), 200 (E), 300 (F), 325 (G) and 335 (H) mg-m"3. Unlike the retrievals 
based on a single background emissivity at 0025 UTC, no background noise was detected. 
Saturated pixels were estimated with a S02 maximum of 10, 25, 50 and 100 mg-m'3. The red 
triangle is the location of Bezymianny Volcano.
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Figure 27. 0210 UTC SO2 abundance histogram plots. Plots based on retrievals from radiosonde 
data, a single background emissivity and S 0 2 maximums of 10 (A), 25 (B), 50 (C), 100 (D) and 
200 (E) mg m'3. The retrievals with S 0 2 maximum concentrations of 10, 25, 50 and 100 mg m'3 
estimated saturated pixels and is evident in the respective histogram plots where the upper limit 
estimated (red bar) equals the S 0 2 maximum concentration value for that retrieval. As the S 0 2 
maximum increases, the spread of the estimated S 0 2 abundance values increases. No background 
noise was detected in the retrievals shown here.
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Figure 28. 0210 UTC S 02 map with multiple background emissivities. The S 0 2 map generated 
from radiosonde data, a S 0 2 maximum of 100 mg-m'3 and multiple background emissivities. The 
red triangle is the location of Bezymianny Volcano.
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Figure 29. 0210 UTC S 02 maps with NNRP data. The S 02 map generated from NNRP data, a 
single background emissivity, and a S 02 maximum of 10 (A) and 100 (B) mg-m"3. Minimal 
amounts of background noise was detected, however it was not removed prior to determining the 
total abundance of S 02 for these retrievals. The red triangle is the location of Bezymianny 
Volcano.
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Figure 30. 0210 UTC long axis plume transects. Transects are generated from radiosonde data, a 
single background emissivity and a S 02 maximum concentration of 25, 50, 100 and 200 mg m'3 
on 14 January 2004 at 0210 UTC. Saturated pixels are indicated by flat lines with values 
equivalent to the maximum S 0 2 concentration. An increase in the maximum S 02 concentration 
reduces the amount of saturation. The transects move away from Bezymianny Volcano (red 
triangle) from left to right and are approximately 150 km in length.
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5.2 Low level SO2 degassing: Shishaldin Volcano

On 3 May 2004, the Alaska Volcano Observatory (AVO) reported a change in 

seismicity at Shishaldin Volcano from discrete earthquakes to more continuous activity 

(AVO, 2004a). The seismic network detected airwaves suggesting the source of the 

seismicity was decreasing in depth (AVO, 2004a). Since the May 1999 eruption, 

Shishaldin has experienced elevated levels of seismicity, however, the return of the 

volcanic tremor indicated the changes in activity were unusual (AVO, 2004a). These 

changes in activity caused AVO to raise the color code from green to yellow. According 

to AVO, no eruption is anticipated at a volcano at color code green. At color code 

yellow, an eruption is believed possible in the next few weeks and may occur with little 

or no warning. On 16 May, a pilot reported an ash plume rising approximately 300 m 

above the vent (AVO, 2004b). During this time, the seismicity was characterized by 

weak seismic tremor and small explosions (AVO, 2004b). From June to October 2004, 

the seismicity at Shishaldin was characterized by weak seismic tremor with occasional 

discrete earthquakes (AVO, 2004c, 2004d, 2004e and 2004f). On 26 October AVO 

lowered the color code to green.

5.2.1 Ground-based measurements: MUSe

Static and flux field measurements were collected on 31 July 2004 at Shishaldin 

volcano from 12:31:51 to 13:25:42 Alaska Daylight savings Time (ADT) (Figure 31). 

From 12:45:01 to 13:10:27 ADT few atmospheric clouds were located between the 

MUSe and the plume and the emitted SO2 ranged from 46.16 to 672.8 ppm-m. The 

fluctuations in SO2 measured during this time may be an effect of the subsurface 

explosive events. At the surface this type of activity is called puffing. SO2 flux 

measurements were determined from equation 2. With an average plume width of 550 m 

and an average wind speed of 4.04 m-s'1on 31 July 2004, Shishaldin emitted 

approximately 58 t-day' 1 based on eight vertical transects (Table 5).
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Figure 31. Static S 0 2 measurements collected at Shishaldin Volcano. Static measurements were 
collected from 12:31:51 tO 13:25:42 ADT on 31 July 2004. Highlighted area indicates 
measurements void of substantial atmospheric clouds between the MUSe and the plume. 
Fluctuations in the S 0 2 during this time are possibly a reflection of puffing at the volcano. 
Courtesy of Dave Schneider.
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5.2.2 Space-based measurements: ASTER

Night-time ASTER scenes acquired on 8  April and 26 May 2004 over Shishaldin 

Volcano were used to estimate a SO2 flux during a low level degassing period. The 

model determined a binning value of 0.0392 for both scenes processed based on 

parameters described in section 4.2.2. A SO2 flux was not estimated for 8  April due to 

unreasonable results of zero within the opaque portion of the plume (Figure 32). The 

possibility that the plume detected by ASTER was an opaque plume is supported by the 

presence of a similar opaque plume during the field measurements (Figure 33). On 26 

May, a total of 44 tons of SO2 was detected from ASTER and an average SO2 flux of 164 

t-day’ 1 was estimated from the 14 transects, where each transect is a row of east-west 

trending pixels (Figure 34 and Table 6 ). Only SO2 estimates greater than the average 

background level of 0.5 g-m‘ were used to determine the average SO2 flux.
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Table 5. MUSe flux measurements at Shishaldin Volcano. Total fluxes were calculated from 
equation 2 for each transect collected on 31 July 2004 based on a wind speed on 4.4 m s-1. The 
average total flux of these transects is 58 t day'1._________________

Traverse # Total flux (t-day1)

1 27
44

2 37
50

3 72
62

4 81
92

5 27
57

6 90
83

7 66
58

8 40
36
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Figure 32. 8 April 2004 ASTER SO2 map at Shishaldin Volcano. ASTER RGB (top) and S 02 
retrieval map (bottom) with the vent indicated by a red dot. The S 02 retrieval is unreasonable 
because of the estimates of zero within the central portion of the opaque plume.
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Figure 33. Photos of opaque plume at Shishaldin. Photos courtesy of Dave Schneider.
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Figure 34. 26 May 2004 ASTER S 02 map at Shishaldin Volcano. ASTER RGB (top) and S 02 
retrieval map (bottom). The average S 0 2 background abundance is 0.5 g-m'2. All values greater 
than 0.5 g-m'2 are represented in the S 02 retrieval map. The location of the plume is assumed to 
be within the orange box south of the vent (green dot) and 14 transects within this area were used 
to determine the average flux.
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Table 6. ASTER flux measurements at Shishaldin Volcano. Total fluxes were calculated from 
equation 4 for each transect based on pixels greater than 0.5 gm '2 (background level) within the 
plume area (Figure 34). The average total flux of these transects is 164 t-day'1.

Transect # Pixel value (g-m'2) Total Flux (t-day"1)

1

2.122587
2.543885
3.549801
0.799764

489.92345

2
0.888419
2.561799
1.596551

274.2369491

3
1.32

1.836
171.4942395

4
0.783252
1.190244
0.849144

107.2380214

5
1.44248

0.642991
113.3226436

6

0.69821
0.744784
1.117753
0.935434

189.9793731

7
0.959213
0.909607
0.936381

152.4321331

8

0.594707
1.279219
1.425887
0.923256

179.3089103

9
0.576434
0.781758
0.661788

109.7639207

10
0.630652
0.63052

68.53096735

11
0.5965
0.5965
0.5965

97.23984205

12

0.893857
1.011955
0.893857
0.722739

191.404525

13 0.603998 32.82071535

14
1.059147
1.059147

115.1062162



6 2

6.0 DISCUSSION

6.1 Implementation and sensitivity o f MAP S02

The 19 February 2001 Mt. Cleveland SO2 retrieval of 47 kt indicates the effective 

use of the TIR algorithm. The SO2 total estimate derived from this project is 47 kt and is 

between the TOMS estimate of 15 kt and the previously reported 60 kt MODIS estimate 

(Watson et al., 2004). The variations in the two MODIS retrievals may be a result of 

varying user-input parameter values such as atmospheric profile source, background 

emissivity and SO2 maximum value, demonstrating the sensitivity of the model to these 

values.

The use of MAP_S02 during an eruption inherently introduces error because of 

the absorption of other plume components, including silicate ash (Figure 6 ). The 

assumption that SO2 is the sole absorber at 8 . 6  pm causes an over estimate of SO2 

(Watson et al., 2004). The presence of an ash signature and similar long axis split 

window and SO2 abundance transect trends at 0025 and 0210 UTC supports the over 

estimation of SO2 abundance totals due to the absorption of ash and other plume 

components at 8 . 6  pm (Figures 18 and 19). The error associated with this over 

estimation is difficult to quantify because the abundance of the contributing plume 

components is unknown.

Since the estimated SO2 concentration is based on all of the input parameters used 

by the model (Figure 5 and Table 2), no direct linear relationship exists between one of 

these parameters and the corresponding SO2 concentration (Realmuto et al., 1997). For 

example, transects of SO2 and MODIS band 29 temperature show no linear relationship 

because temperature is not the sole controlling factor for the estimated SO2 concentration 

(Figure 35). Based on this plot, it is apparent that more than one SO2 concentration can 

be estimated from a single band 29 temperature. Therefore, by understanding the 

importance of the input parameters and the accuracy of the predicted at-sensor radiances, 

the user can better understand and interpret the output SO2 abundance estimates.

Long axis transects based on the original input and predicted output at-senor
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T emperature (K)

______________________________ T emperature (K)_________________________

Figure 35. MODIS band 29 temperature versus SO2 abundance scatter plot. Scatter plots from 
the January 2004 eruption of Bezymianny Volcano at 0025 (top) and 0210 (bottom) UTC using 
values from S 02 retrievals estimated from radiosonde data, a single background emissivity and a 
S 0 2 maximum of 10 mg-m'3. Points corresponding to 10 g-m'2 of S 02 are due to saturation. 
These plots support the non-linear relationship between the estimated S 02 abundance and 
temperature.
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radiance values indicate a good fit by the model (Figure 36). This is expected since the 

model uses several iterations to determine the most accurate predicted at-sensor radiance 

value compared to the original value. Since the model is able to accurately correct the at- 

sensor radiance value using various SO2 concentrations, the sensitivity of the SO2 

estimate to various input parameters, including atmospheric profile source, background 

emissivity and SO2 maximum, is possible.

The sensitivity of the algorithm to atmospheric profile, radiosonde or NNRP 

reanalysis data, is determined using a single background emissivity and a SO2 maximum 

of 10 and 100 mg-m' 3 (Table 7). With a SO2 maximum of 10 mg-m' 3 at 0025 UTC, a 

total of 3.284 kt is estimated from radiosonde data and 4.360 kt from NNRP reanalysis 

data, with the radiosonde estimate 25 % less than NNRP. With a SO2 maximum of 100 

mg-m'3, a SO2 total of 3.965 kt is estimated from radiosonde data and 7.606 kt from 

reanalysis data, with the radiosonde estimate 48 % less than reanalysis data. With a SO2 

maximum of 1 0  mg-m' 3 at 0210 UTC, a total of 15.50 kt is estimated using radiosonde 

data and 20.20 kt using reanalysis data, with the radiosonde estimate 23 % less than the 

reanalysis data. With a SO2 maximum of 1 0 0  mg-m’3, a total of 34.62 kt is estimated 

from radiosonde data and 32.39 kt from reanalysis data, with the radiosonde estimate 

6.4% more than the reanalysis data. The extent of the variations may be a result of the 

processing technique used to generate the reanalysis data which incorporates and corrects 

radiosonde data and the lower vertical resolution of the NCEP reanalysis data in 

comparison to radiosonde profiles. Since the true SO2 abundance total is unknown, it is 

difficult to determine which atmospheric profile provides more reasonable results. 

Therefore, the user must determine which source to use based on the availability of the 

data and the importance of high vertical resolution.

The variations between SO2 retrieval totals for single and multiple background 

emissivities show minimal variations in the SO2 total with radiosonde data and a SO2 

maximum of 1 0 0  mg-m' 3 (Table 8 ). At 0025 UTC, a SO2 total of 3.965 kt was estimated 

for a single background emissivity, after the removal of the background noise, and 4.483 

for multiple background emissivities, with the single estimate 1 2 % less than the multiple.
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130 km

Figure 36. Observed and predicted at-sensor radiance cross sections. Observed and predicted at- 
sensor radiance cross sections at 0025 (top) and 0210 (bottom) UTC using predicted radiance 
values from S 0 2 maps estimated using radiosonde data, a single background emissivity and a S 02 
maximum of 10 mg-irf3. The cross sections indicate a good fit by the model. The transects move 
away from Bezymianny Volcano (red triangle) from left to right and are approximately 100 and 
130 km in length at 0025 and 0210 UTC, respectively.
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Table 7. Comparison of radiosonde and NNRP SO2 retrieval totals. SO2 totals from 0025 and 
0210 UTC with a single background emissivity, a SO2 maximum of 10 or 100 mg-m'3 and

Time Atmospheric
S02 total (kt) 

with S 02 Retrieval
S 02 total (kt) 

with S 02 Retrieval
(UTC) profile source max. of 10 

mg-m'3
difference max. of 100 

mg-m3
difference

0025 Radiosonde (R) 3.284 R 25% 3.965 R 48% less
NNRP data (N) 4.36 less than N 7.606 than N

0210 Radiosonde (R) 15.5 R 23% 34.62 R 6.4% less
NNRP data (N) 20.2 less than N 32.39 than jV

Table 8. Comparison of single and multiple background emissivity SO2 retrieval totals. SO2 

totals from 0025 and 0210 UTC with radiosonde data, a SO2 maximum of 100 mg-m'3 and single 
emissivity or multiple emissivities. The difference in S02 retrieval totals range from 11% to 12%.

Time
(UTC)

Background
emissivity

s o 2
total
(kt)

Retrieval
difference

0025 Single (S) 
Multiple (M )

3.965
4.483

S 12% less 
than M

0210
Single (S) 

Multiple (M )
34.62
38.74

S 11% less 
than M



67

At 0210 UTC, a SO2 total of 34.62 kt was estimated for a single background emissivity 

and 38.74 kt for multiple background emissivities, with the single estimate 11% less than 

the multiple. Due to the winter conditions of the Bezymianny eruption used for the 

experiment, variations in land background emissivities were at their lowest due to snow 

cover. Summer conditions may induce larger variations between retrievals because of 

higher discrepancies between land cover and corresponding emissivities. However, the 

use of a single background emissivity may induce background noise, as seen at 0025 

UTC.

Of the three input parameters tested, the most sensitive is the SO2 maximum 

value. This parameter affects the SO2 binning increment, the level and extent of SO2 

saturation and the total SO2 . Based on the Bezymianny eruption recorded by MODIS at 

0025 and 0210 UTC, there is an overall linear relationship between the SO2 maximum 

value and binning increment; as the SO2 maximum increases, the binning increment also 

increases causing a decrease in the total number of detectable levels of SO2 abundances.

Increasing the SO2 maximum value also affects the amount of saturated pixels 

within the scene. Saturated pixels indicate areas where radiance values are too low for 

the model to correct; consequently they are given the maximum user-defined SO2 value. 

This means the amount of attenuation perceived by the sensor is too high to be 

completely corrected. The SO2 maximum value and number of saturated pixels are 

inversely proportional where an increase in the SO2 maximum causes a decrease in the 

number of saturated pixels. This is apparent in histogram plots from 14 January 2004 

MODIS scene at 0025 (Figure 23) and 0210 (Figure 27), and the 0210 UTC SO2 

abundance maps (Figure 26). It is not as obvious in the maps from 0025 UTC due to the 

low level of saturated pixels (Figure 21).

The increase in the SO2 maximum also causes an increase in the total estimated 

SO2 . On 14 January 2004, this increase generated total estimated SO2 values from 3.284 

to 13.12 kt at 0025 UTC and 15.50 to 87.15 kt at 0210 UTC (Table 3 and 4). An increase 

in the SO2 maximum decreases the uncertainties associated with saturated pixels, 

increasing the plume detail within these areas; however, it decreases the algorithm’s



sensitivity to detail in low SO2 abundance areas. This decrease in detail is due to the 

increase in the binning increment. Since this input parameter is the most sensitive of the 

three tested, it is used to determine the most reasonable SO2 total for the two scenes 

analyzed at Bezymianny Volcano in January 2004.

The map generated just prior to zero saturation is determined to be the most 

reasonable SO2 total because it represents a balance between details within high and low 

abundance areas of the plume. The low level of saturation at 0025 UTC with a SO2 

maximum of 50 mg-m' 3 estimates approximately 3.60 kt of SO2 after the removal of the 

background, 1.43 g-m'2, from each pixel value (Figure 21C). At 0210 UTC, with a SO2 

maximum value of 1 0 0  mg-m' the most probable SO2 total is determined to be 34.6 kt of 

S 0 2 (Figure 26D).

6.2 MODIS SO2 emission and transport rate estimation: Bezymianny Volcano

Consecutive MODIS data scenes acquired just after the eruption were used to 

determine the SO2 emission and plume transport rate for the eruption of Bezymianny 

Volcano on 13-14 January 2004. This technique is not unique to SO2 and is applicable to 

other erupted components, including silicate ash.

The eruption of Bezymianny on 13-14 January 2004 was recorded by MODIS just 

after the start of the eruption. Based on the most probable SO2 totals at 0025 and 0 2 1 0  

UTC, an average emission rate of 0.295 kt-min' 1 of SO2 is estimated. It is evident that 

this emission rate is not constant throughout the eruption because of variations in the SO2 

abundance with distance from the volcano at 0025 and 0210 UTC. The plume transport 

rate is determined by tracking the change in position of a distinct pulse detected at 0025 

to 0210 UTC (Figure 37). The leading edge of the high SO2 abundance feature is 

adjacent to the volcano at 0025 UTC and about 100 km from the vent at 0210 UTC 

(Figure 37). Over the 1.75 hours between the two passes, the distance traveled by the 

leading edge of the SO2 pulse is 104 km and a plume transport rate of 16.5 m s' 1 is 

estimated (Figure 38). Radiosonde data from station UHPP in Petropovlask at 0000 UTC 

estimated a wind speed of 15.8 m s'1, at a height of six kilometers. In order to verify that
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—  10

Figure 37. Location of S 02 pulse at 0025 and 0210 UTC. The change in position with time of 
the leading edge of the main erupted pulse is evident in the consecutive MODIS passes acquired 
at 0025 and 0210 UTC. At 0025 the S 0 2 pulse is located proximal to the vent (A). By 0210 
UTC, the pulse has traveled approximately 150 km away from the vent (B). Red triangle is the 
location of Bezymianny Volcano.
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Figure 38. S 02 transects with distance from Bezymianny Volcano. Plume transects are from 
retrievals using radiosonde data, a single background emissivity and a S 02 maximum of 50 
mg-m"3 at 0025 (green) and 100 mg-m'3 0210 UTC (blue) and indicate the movement o the plume 
with time. The red arrows indicate the location of the leading edge (LE) of the S02 pulse at 0025 
and 0210 UTC and AD represents the change in distance. The transects move away from the 
Bezymianny Volcano (red triangle) from left to right for a total distance of 130 km.
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the leading edge used to determine the transport rate belongs to the same pulse, SO2 long 

axis transects at 0025 and 0210 UTC are plotted with time (Figure 39). Assuming a 

transport rate or plume speed of 16.6 m-s' 1 (1  km-min'1), each pixel then represents one 

minute in time where the first transect value near the volcano is the image acquisition 

time and the last transect value within the plume represents the start of the eruption. The 

long axis transect from 0210 UTC only extends to the end of the large pulse analyzed 

because the direction of the plume is unclear past this point. Variations in the estimated 

eruption time of the leading edge of the high concentration SO2 pulse (Figure 39) are 

because of dispersion of the plume between the acquisition of the two scenes and variable 

wind speed with an increase in distance from the vent. This plot also indicates the 

relative changes in SO2 emission with time. Based on figure 39, this SO2 pulse began 

around 0005 UTC and ended at 0030 UTC assuming a plume speed of 16.7 m-s'1. High 

levels of SO2 output continued till 0055 UTC and the eruption began to wane at 0205 

UTC. The start of the pulse is determined from 0025 UTC while the pulse is still near the 

vent and the effects of dispersion are minimal. These calculations do not account for 

plume dispersion.

The volcanic ash dispersion model, Puff, is based on grided wind field data that 

models the location of ash particles in a three dimensional space after the start of an 

eruption. The Puff dispersion model for an eruption starting at 2253 UTC on 13 January 

2004 at Bezymianny Volcano agrees with the extent and location of the SO2 plume 

detected at 0025 and 0210 UTC (Figure 40). Both the ash dispersion model and the SO2 

retrieval maps estimate the location of the plume northeast of the vent extending 1 0 0  to 

150 km at approximately 0025 and 0210 UTC respectively. The ash dispersion is based 

on NNRP data, a plume height of six kilometers and a plume base of five kilometers. 

The results of the Puff model indicates that the transport rate of 16.6 m-s' 1 estimated by 

MODIS is reasonable.

The use of MODIS data to track relative changes in SO2 emission during an 

eruption is supported by visual observation in the town of Klyuchi, north of Bezymianny 

Volcano. Based on these observations two distinct high intensity phases were determined
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Figure 39. S 02 transects with time at Bezymianny Volcano. Plot of transects from S 02
retrievals from radiosonde data, a single background emissivity and a S 0 2 maximum of 50 
mg-m'3 at 0025 UTC (green) and 100 mg-m'3 0210 UTC (blue). Red arrows indicate the location 
of the leading (LE) and trailing edge (TE) of the S 0 2 pulse when assuming a plume speed of 16.6 
m-s'1. The shift in the time associated with the leading edge from 0025 to 0210 UTC is possibly 
due to plume dispersion and variable wind speed with an increase in distance from the volcano.
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Figure 40. Puff ash dispersion for the January 2004 Bezymianny eruption. The modeled 
dispersion of airborne ash based on NNRP data, a plume height of six kilometers and a plume 
base five kilometers with a 30 minute interval from 2353 UTC on 13 January to 0223 on 14 
January 2004. The change in location of the plume with time modeled by Puff agrees with the 
SO2 retrieval maps from 0025 and 0210 UTC.
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during the eruption (Figure 41). The first began with the start of the eruption at 2253 

UTC and continued till 2243 UTC. The second began at 0013 UTC and continued till 

approximately 0059 UTC. These times are all approximates because the vent is obscured 

by Klyuchevskoi Volcano. The second intense phase of the eruption correlates well with 

the pulse detected by MODIS at 0025 and 0210 UTC. Although the estimated MODIS 

SO2 pulse duration times are supported by visual observations, this pulse may be an 

artifact of ash absorption rather than SO2 .

6.3 Low level degassing: Shishaldin Volcano

Field measurements collected at Shishaldin Volcano in July 2004 using the MUSe 

allowed the comparison of ground-based SO2 measurements to the space-based technique 

using ASTER. Since the scheduled overpass of ASTER during the field campaign was 

not successful, the cloud free scenes from 8  April and 26 May 2004 are used to compare 

the two techniques. This study assumes a relatively constant level of activity within the 

two and three month time lapse between the acquisitions of the ASTER scenes and the 

collection of the ground measurements. This assumption is reasonable based on the 

seismicity detected during the acquisition of the ASTER data and the recording of the 

MUSe measurements.

Eight MUSe transects measured an average SO2 flux of 58 t-day' 1 on 31 July 2004 

and 14 ASTER transects on 26 May estimated an order of magnitude higher SO2 flux of 

164 t-day'1. Shishaldin typically experiences strombolian type eruptions that produce 

steam and ash plumes of basalt and basaltic andesites. The difference in ground- and 

space-based SO2 flux estimates is plausible for this type of activity and is supported by 

the fluctuations detected in static measurements collected on 31 July 2004 and seismic 

reports of small explosions during this period of increased activity (AVO, 2004b). 

Similar in eruption style, Stromboli Volcano emits approximately 320 to 1200 t-day' 1 on 

average during quiescent periods (Allard et al., 1994), also an order of magnitude in 

difference. The low ground-based SO2 flux estimates at Shishaldin are not unusual. In 

1991, SO2 fluxes at Poas Volcano averaged 90 t-day' 1 with a range of 50 to 160 t-day' 1
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Figure 41. Visual images of the January 2004 Bezymianny eruption. Images from Klyuchi 
indicate changes in the eruption intensity with time and validate the use of time sequential 
MODIS data to determine transport rates and track relative changes in S 02 output. Photos 
courtesy of Yuriy Demyanchuk.
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(Andres et al., 1991).

The use of ASTER to detect low level SO2 plumes in the NOPAC region is 

difficult. Only two scenes acquired over Shishaldin during the time frame of this study 

were usable with reasonable results from only one. On 8  April, the opacity of the plume 

prevented the retrieval of reasonable SO2 abundances. On 26 May, ASTER was 

successful indicating it has the ability to detect low levels of SO2 in the NOPAC region. 

However, the application of this retrieval with ASTER needs more ground-based 

measurements in order to further understand and correct the space-based technique in this 

region.

6.4 Comparison o f  MUSe, ASTER and MODIS

Based on reported estimates of SO2 detected with the MUSe, ASTER and MODIS 

from this study and previous studies, overlap between the three systems exists (Figure 

42). UV ground-based measurements include low level degassing of 50 to 160 t-day' 1 at 

Poas (Andres et al., 1991), intermediate degassing of 320 to 1200 t-day' 1 at Stromboli 

(Allard et al., 1994) and high levels of 45000 t-day' 1 at Miyakajima (Kohei et al., 2001). 

The range of ASTER overlaps the MUSe based on the results from this study, while 

MODIS provides data for larger SO2 emissions. Previously reported MODIS estimates 

include 12 kt from Miyakajima (McCarthy, 2004) and 130 kt from Hekla (Watson et al., 

2004). The absolute upper and lower extent of the MUSe detection technique is 

unknown due to measurement conditions including variations in plume size, the distance 

between the MUSe and the plume and the background conditions. The absolute detection 

limits of ASTER and MODIS depends on the signal to noise ratio of the sensor and the 

SO2 abundance, which is a function of plume thickness, temperature contrast between the 

plume and the ground and atmospheric pressure at the altitude of the plume (Realmuto et 

al., 1997; Realmuto, 2000).

Based on the measurements from this study and others, MUSe and MODIS act as 

two end members in estimating SO2 while ASTER has the potential to provide 

intermediate data. MODIS has the ability to overlap with ground-based measurements;
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Figure 42. Comparison of the MUSe, ASTER and MODIS SO2 detection capabilities. Spatial 
resolution of the sensors increases from left to right. Points labeled in green are S 0 2 flux 
measurements (t-day1) and points labeled in orange are total S 0 2 abundance (kt). S 0 2 flux 
estimates of 50 to 160 t-day1 at Poas (Andres et al., 1991), 320 to 1200 t-day'1 at Stromboli 
(Allard et al., 1994) and 45000 t-day'1 at Miyakajima (Kohei et al., 2001) are plotted with the 58 
t-day'1 MUSe and 164 t-day1 ASTER estimates from this study at Shishaldin. Total S 0 2 
abundances of 12 kt for the 29 August 2000 eruption plume of Miyakajima (McCarthy, 2004), 
and 130 kt for the 28 February 2000 eruption plume at Hekla (Watson et al., 2004) are plotted 
with the 0.044 kt at Shishaldin on 26 May 2004, 3.6 and 35 kt at Bezymianny on 14 January 2004 
and 47 kt at Mt. Cleveland on 19 February 2001 from this study. The estimated 17 Mt of S 02 
detected by TOMS on 15 June 1991 at Mt. Pinatubo is plotted in red (Gerlach et al., 1996).
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however, the likelihood of reliably detecting and verifying low-levels of SO2 using 

MODIS is minimal. Therefore, the lower limits are not absolute, but the relationship 

between the MUSe, ASTER and MODIS are reasonable.
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7.0 CONCLUSIONS

Detection and estimation of SO2 abundances from TIR ASTER and MODIS data 

can be applied at volcanoes in the NOP AC region. MAP_S02 is a valid tool that 

produced reasonable results at Mt. Cleveland, Bezymianny and Shishaldin Volcanoes. 

The implementation of MAP_S02 detected 47 kt of SO2 at Mt. Cleveland, which agrees 

well with the TOMS estimate of 15 kt and the previously reported MODIS estimate of 60 

kt. The algorithm was found to be less sensitive to the atmospheric profile source and 

background emissivity and most sensitivity to the maximum SO2 value based on the 13- 

14 January 2004 eruption of Bezymianny data. The total amount of SO2 emitted during 

this eruption based on the 0210 UTC scene was 34.6 kt. The SO2 emission rate from 

0025 to 0210 UTC was 0.295 ktm in'1 and the transport rate was 16.6 m-s'1.

MODIS data can also detect relative changes of SO2 during an eruption. The two 

sequential MODIS passes acquired during the January 2004 eruption of Bezymianny 

Volcano reveal a possible delayed release of a high abundance SO2 pulse beginning 

around 0005 UTC and ending at 0205 UTC. This pulse also included ash particles that 

may contribute to or dominate the attenuation of the at-sensor radiance. The estimated 

pulse durations derived from MODIS were supported by visual observations.

The analysis of low level degassing at Shishaldin indicates the algorithm is 

capable of returning reasonable results during low level activity. Shishaldin often emits 

opaque plumes, as seen in the field. These plumes are not suitable for the model because 

they do not allow the transmission of ground radiation through the plume. The ground- 

based average flux measurement of 58 t-day'1 is an order of magnitude lower than the 

ASTER flux estimate of 164 t-day’1; however this variation is reasonable because of the 

strombolian activity typically seen at Shishaldin.

This study indicates that MUSe, ASTER and MODIS provide a SO2 detection 

continuum for atmospheric conditions and eruption styles in the NOP AC region. MUSe 

and ASTER detected SO2 abundances during low level degassing events and MODIS 

detected SO2 abundances during eruptions. Together these instruments provide the basis 

for a strong SO2 monitoring routine for volcanoes in the NOP AC region during periods of



increased activity.



81

REFERENCES CITED

Allard, P., J. Carbonnelle, N. Metrich, H. Loyer and P. Zettwoog, Sulphur output and 

magma degassing budget of Stromboli Volcano, Nature (London), 469), 326- 

330, 1994.

Andres, R. J., W. I. Rose, P. R. Kyle, S. deSilva, P. Francis, M. Gardeweg and H.

Moreno-Roa, Excessive sulfur dioxide emissions at Chilean volcanoes, Journal o f

Volcanology and Geothermal Research, 46, 323-329, 1991.

AVO, AVO information release, 3 May 2004 a.

AVO, AVO information release, 18 May 2004 b.

AVO, AVO information release, 25 June 2004 c.

AVO, AVO information release, 23 July 2004 d.

AVO, AVO information release, 17 September 2004 e.

AVO, AVO information release, 22 October 2004 f.

Berk, A., L. S. Bernstein and D. C. Robertson, MODTRAN: A medium resolution model 

LOWTRAN-7, Technical Report GL-TR-89-0122, 1989.

Bluth, G. J. S., W. I. Rose, I. E. Sprod and A. J. Krueger, Stratospheric loading of sulfur 

from explosive volcanic eruptions, Journal o f Geology, 105(6), 671-683, 1997.

Caltabiano, T. R., R. Romano and G. Budetta, SO2 flux from Mount Etna (Sicily), 

Journal o f Geophysical Research, 9 9 ,12809-12819,1994.

Cam, S. A., A. J. Krueger, G. J. S. Bluth, S. J. Schaefer, N. A. Krotkov, I. M. Watson and 

S. Datta, Volcanic eruption detection by the Total Ozone Mapping Spectrometer 

(TOMS) instruments; a 22-year record of sulphur dioxide and ash emissions, 

Volcanic Degassing Geological Society Special Publications, 213, 177-202, 2003.

Casadevall, T. J., W. I. Rose, T. Gerlach, L. P. Greenland, J. Ewert, R. Wunderman and 

R. Symonds, Gas emissions and the eruptions of Mount St. Helens, Science, 221, 

1383-1385, 1983.

Dean, K. G., J. Dehn, K. R. Papp, S. Smith, P. Izbekov, R. Peterson, C. Kearney and A. 

Steffke, Integrated satellite observations of the 2001 eruption of Mt. Cleveland, 

Alaska, Journal o f Volcanology and Geothermal Research, 135, 51-73, 2004.



82

Devine, J. D., H. Sigurdsson, A. N. Davis and S. Self, Estimates of sulfur and chlorine 

yield to the atmosphere from volcanic eruptions and potential climatic effects, 

Journal o f  Geophysical Research, 89, 6309-6325, 1984.

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

A miniaturised ultraviolet spectrometer for remote sensing of SO2 fluxes; a new tool 

for volcano surveillance, Journal o f Volcanology and Geothermal Research, 119(1- 

4), 241-254, 2002.

Gerlach T. M., H. R. Westrich and R. B. Symonds, Preemption vapor in magma of the 

climactic Mount Pinatubo eruption; source of giant stratospheric sulfur dioxide cloud, 

in Fire and mud; eruptions and lahars o f Mount Pinatubo, Philippines, edited by 

Christopher G. Newhall et al., pp. 415-433, Philippine Institute of Volcanology and 

Seismology, Quezon City, Philippines | University of Washington Press, 1996.

Halmer, M. M., H. U. Schmincke and H. F. Graf, The annual volcanic gas input into the 

atmosphere, in particular into the stratosphere; a global data set for the past 100 years, 

Journal o f  Volcanology and Geothermal Research, 775(3-4), 511-528, 2002.

Kazahaya, K., H. Shinohara, K. Uto, M. Odai, Y. Nakahori, H. Mori, H. lino, M. 

Miyashita and J. Hirabayashi, Gigantic SO (sub 2) emission from Miyakejima 

Volcano, Japan, caused by caldera collapse, Geology (Boulder), 32(5), 425-428, 

2004.

Krueger, A. J., Sighting of El Chichon sulfur dioxide clouds with the Nimbus 7 Total 

Ozone Mapping Spectrometer, Science, 220, 1377-1379, 1983.

Krueger, A. J., L. S. Walter, C. C. Schnetzler and S. D. Doiron, TOMS measurement of 

the sulfur dioxide emitted during the 1985 Nevado del Ruiz emptions, Nevado Del 

Ruiz Volcano, Colombia, Journal o f Volcanology and Geothermal Research, 47(1-4), 

7-15, 1990.

Krueger, A. J., L. S. Walter, P. K. Bhartia, C. C. Schnetzler, N. A. Krotkov, I Sprod, and 

G. J. S. Bluth, Volcanic sulfur dioxide measurements from the total ozone mapping 

spectrometer instruments, Journal o f Geophysical Research, 100, 14057-14076, 

1995.



83

KVERT, Kamchatka and Northern Kurile information release 04-04, 14 January 2004 a.

KVERT, Kamchatka and Northern Kurile information release 05-04, 16 January 2004 b.

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

emission rates from Mount Erebus, Antarctica, Volcanological Environmental 

Studies o f Mount Erebus, Antarctica Antarctic Research Series, 66, 69-82, 1994.

McGee, K. A., The structure, dynamics, and chemical composition of noneruptive 

plumes from Mount St. Helens, Journal o f Volcanology and Geothermal Research, 

51,269-282, 1992.

McGee, K. A. and A. J. Sutton, Eruptive activity at Mount St. Helens, Washington, USA, 

1984-1988: A gas geochemistry perspective, Bulletin o f Volcanology, 56, 433-446, 

1994.

Moffat, A.J., T., Kakara, T. Akitomo, and L. Langan, Air Note. Environmental 

measurements. San Fransisco, 1972.

Prata, A.J., Observations of volcanic ash clouds in the 10- 12pm window using AVHRR/2 

data, International Journal o f Remote Sensing, 10, 751-776, 1989.

Realmuto, V. J., A. J. Sutton and T. Elias, Multispectral thermal infrared mapping of 

sulfur dioxide plumes; a case study from the East Rift Zone of Kilauea Volcano, 

Hawaii, Journal o f Geophysical Research, B, Solid Earth and Planets, 102(7), 

15,057-15,072, 1997.

Realmuto, V. J. and H. M. Worden, Impact of atmospheric water vapor on the thermal 

infrared remote sensing of volcanic sulfur dioxide emissions; a case study from the 

Pu'u 'O' o vent of Kilauea Volcano, Hawaii, Journal o f  Geophysical Research, B, 

Solid Earth and Planets, 105(9), 21,497-21,508, 2000.

Realmuto, V. J., M. J. Abrams, M. F. Buongiomo and D. C. Pieri, The use of 

multispectral thermal infrared image data to estimate the sulfur dioxide flux from 

volcanoes; a case study from Mount Etna, Sicily, July 29, 1986, Journal o f  

Geophysical Research, B, Solid Earth and Planets, 99(1), 481-488, 1994.

Twomey, S., The influence of pollution on the shortwave albedo of clouds, Journal o f 

Atmospheric Science, 34, 1149-1152, 1977.



84

Watson, I. M., V. J. Realmuto, W. I. Rose, A. J. Prata, G. S. Bluth, Y. Gu, C. E. Basder 

and T. Yu, Thermal infrared remote sensing if volcanic emissions using the Moderate 

Resolution Imaging Sprectroradiometer (MODIS), Journal o f Volcanology and 

Geothermal Research, 135, 75-89, 2004.

Wen, S. and W.I. Rose, Retrieval of particle sizes and masses in volcanic clouds using 

AVHRR bands 4 and 5, Journal o f  Geophysical Research, 99, 5421-5431, 1994.

Zapata G., J. A., M. L. Calvache V., G. P. Cortes Jimenez, T. P. Fischer, G. Garzon V., 

D. M. Gomez M., L. Narvaez M., M. I. Ordonez V., A. Ortega E., J. Stix, R. A. 

Torres C. and S. N. Williams, SO2 fluxes from Galeras Volcano, Colombia, 1989- 

1995; progressive degassing and conduit obstruction of a Decade Volcano, Galeras 

Volcano, Colombia; Interdisciplinary Study of a Decade Volcano, Journal o f  

Volcanology and Geothermal Research, 77(1-4), 195-208, 1997.



85

Appendix A. List of acronyms.

Advanced Spacebome Thermal Emission and Reflection Radiometer (ASTER) 
Advanced Very High Resolution Radiometer (AVHRR)
Alaska Volcano Observatory (AVO)
Brightness Temperature Difference (BTD)
Cooperative Institute for Research in Environmental Sciences (CIRES)
Correlation SPECtrometer (COSPEC)
Differential Optical Absorption Spectrometer (DOAS)
Digital Elevation Model (DEM)
Forward Looking Infrared Radiometer (FLIR)
Kamchatkan Volcanic Eruptions Response Team (KVERT)
Miniature Ultraviolet Spectrometer (MUSe)
Moderate Resolution Imaging Spectroradiometer (MODIS)
MODerate spectral resolution atmospheric TRANsmittance algorithm (MODTRAN) 
National Aeronautics and Space Administration (NASA)
National Center for Environmental Prediction (NCEP)
National Center for Atmospheric Research (NCAR)
National Oceanic and Atmospheric Administration (NOAA)
Ncep and Near Reanalysis Project (NNRP)
North Pacific (NOPAC)
Shuttle Radar Topography Mission (SRTM)
Thermal InfraRed (TIR)
Television InfraRed Observation Satellites (TIROS)
TIROS Operational Vertical Sounder (TOVS)
Total Ozone Mapping Spectrometer (TOMS)
Ultraviolet (UV)
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Appendix B. Radiosonde data for Bezymianny Volcano on 14 January 2004. The data
is from station UHPP in Petropavlovsk, Kamchatka (Russia) at 0000 UTC and includes
pressure, height, temperature, relative humidity and wind speed.

Pressure
(hPa)

Height
(m)

Temperature
(C)

Relative
humidity

(% )

Wind speed 
(knot)

1011 84 -13.3 75 4
1000 165 -11.9 73 8
988 258 -11.1 72 12
939 650 -7.9 68 9
926 758 -8.5 69 8
925 766 -8.5 69 8
872 1218 -11.6 71 6
850 1414 -12.9 72 10
815 1732 -15.9 74 11
747 2383 -18.1 65 14
700 2868 -19.7 59 14
667 3225 -21.5 53 20
630 3632 -24.7 55 27
565 4409 -30.8 59 27
500 5280 -37.7 64 29
493 5375 -38.5 64 29
442 6107 -44.7 61 31
422 6418 -47.3 60 31
419 6466 -47.7 60 32
400 6770 -48.7 59 39
342 7786 -53.6 56 51
333 7959 -54.4 55 51
332 7978 -54.5 55 51
308 8453 -57.9 54 62
300 8620 -59.1 53 68
288 8874 -60.8 53 80
280 9049 -61.9 53 72
266 9367 -61.4 53 56
260 9508 -61.1 54 54
257 9579 -61.6 53 52
250 9750 -62.7 52 49
242 9950 -63.5 51 49
238 10054 -62.9 51 49
211 10805 -58.6 48 52
201 11108 -56.9 46 49
200 11140 -56.9 46 49
166 12325 -54.8 43 37
150 12970 -53.7 42 41
136 13608 -52.5 39 41
106 15231 -49.4 32 37
100 15610 -48.7 30 37
98.3 15723 -47.9 31 37
78.9 17187 -43.1 25 39
70 17990 -44.5 19 41
69 18086 -44.5 19 43

55.6 19534 -44.3 17 34
52.5 19920 -41.9 16 31
50 20250 -43.3 15 29
45 20947 -44.7 15 27

30.5 23522 -49.7 14 18
30 23630 -50.3 13 17

26.1 24528 -55.1 12 14
26 24553 -55.1 12 14
22 25614 -56.3 12 12
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Appendix B. Radiosonde data for Bezymianny Volcano on 14 January 2004 (cont.).

Pressure
(hPa)

Height
(m)

Temperature
(C)

Relative 
humidity 

(%) ‘

Wind speed 
(knot)

19 26545 -56.8 11 10
14.1 28437 -56.1 10 14
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Appendix C. Radiosonde data for Shishaldin Volcano on 8 April 2004. The data is from
station PACD in Cold Bay, AK at 1200 UTC and includes pressure, height, temperature,
relative humidity and wind speed.

Pressure
(hPa)

Height
(m)

Temperature
(C)

Relative
humidity

(%)
Wind speed 

(knot)
995 31 1.2 92 7
987 96 1.8 86 8

961.7 305 0.2 90 13
925.9 610 -2 96 14
925 618 -2.1 96 14

890.9 914 -4 96 16
857.1 1219 -6.1 97 19
850 1285 -6.5 97 19

824.2 1524 -8.2 96 20
797 1785 -10.1 94 18

792.4 1829 -10.2 83 18
781 1941 -10.5 61 17

761.6 2134 -11.2 61 14
753 2221 -11.5 61 13

731.8 2438 -13.3 56 12
710 2668 -15.3 50 11
703 2743 -15.9 57 11
700 2775 -16.1 60 10
686 2927 -17.3 68 10
669 3115 -18.7 59 10

621.4 3658 -22.8 71 9
588 4065 -25.9 82 10

571.7 4267 -27.3 71 11
546 4598 -29.5 56 12

524.9 4877 -32 58 13
500 5220 -35.1 60 14
460 5791 -40.3 74 15
453 5896 -41.3 77 14

439.8 6096 -42.2 55 12
433 6201 -42.7 46 12

420.2 6401 -43.9 52 13
400 6730 -45.9 64 14
381 7053 -48.7 71 14

349.3 7620 -51.5 53 14
328 8031 -53.5 42 15

318.1 8230 -52.7 35 21
300 8610 -51.3 26 20

289.6 8839 -50.9 20 20
276.2 9144 -50.3 13 18
267 9363 -49.9 10 17

251.4 9754 -49.9 7 16
250 9790 -49.9 7 17

218.9 10668 -46.4 5 17
215 10788 -45.9 4 17

209.1 10973 -46 4 16
200 11270 -46.3 4 13

190.8 11582 -46.2 4 12
182 11897 -46.1 3 13
150 13180 -47.1 3 16

138.3 13716 -46.8 3 14
126.1 14326 -46.5 3 14
109.8 15240 -46 3 18



Appendix C. Radiosonde data Shishaldin Volcano on 8 April 2004 (cont.).

Pressure
(hPa)

Height
(m)

Temperature
(C)

Relative
humidity

(% )

Wind speed 
(knot)

100.2 15850 -45.7 3 15
100 15860 -45.7 3 15
92.1 16409 -45.9 3 17
79.6 17374 -47.1 3 16
70 18230 -48.1 3 8

58.7 19386 -49.9 3 12
50 20440 -47.9 3 16
30 23800 -48.3 3 9
20 26480 -46.9 3 12

10.6 30667 -49.5 3 15
10 31050 -48.5 3 15
8 32527 -44.1 3 18
7 33420 -43.7 3 20

5.3 35295 -42.7 3 24
5 35690 -40.9 3 25

4.4 36568 -36.1 2 1131.3
4 37233 -34.1 2 1178.8

3.9 37410 -34.7 2 1183.2
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Appendix D. Radiosonde data for Shishaldin Volcano on 26 May 2004. The data is
from station PACD in Cold Bay, AK at 1200 UTC and includes pressure, height,
temperature, relative humidity and wind speed.

Pressure
(hPa)

Height
(m)

Temperature
(C)

Relative
humidity

(% )

Wind speed 
(knot)

1006 31 4.6 98 15
1000 76 4.4 97 15
972.2 305 3.1 98 19
936.3 610 1.5 100 18
935 621 1.4 100 18
925 708 3 85 18

901.7 914 2.3 83 16
887 1047 1.8 82 16

868.3 1219 1.8 66 16
860 1297 1.8 60 16
850 1391 1.2 69 16
824 1641 1.4 69 14

804.9 1829 0.2 67 13
774.8 2134 -1.8 64 11
771 2173 -2.1 63 11

745.4 2438 -4.2 69 13
717 2743 -6.6 76 14
700 2932 -8.1 81 15
690 3044 -8.9 86 15
684 3112 -8.3 69 16
656 3436 -9.9 67 17
645 3566 -10.7 82 18

637.4 3658 -11 73 18
634 3699 -11.1 70 18
589 4261 -14.9 70 22

588.5 4267 -14.9 68 22
578 4404 -15.5 35 22

542.8 4877 -16.9 20 21
542 4888 -16.9 19 21
523 5156 -18.7 37 20
510 5343 -19.9 19 20
500 5490 -20.9 20 19

479.4 5791 -23.5 23 18
459.5 6096 -26.1 27 18
400 7090 -34.7 44 31
389 7284 -35.5 22 35

370.5 7620 -37.7 28 42
346 8091 -40.7 37 48

323.9 8534 -43.3 29 54
300 9050 -46.3 21 52

295.8 9144 -46.5 20 50
279 9531 -47.3 14 43
250 10260 -45.9 8 39

235.2 10668 -45.4 6 40
200 11750 -44.1 3 41

187.1 12192 -45 3 41
150 13660 -47.9 3 35
132 14500 -48.7 3 32

123.6 14935 -47.4 3 31
118 15240 -46.4 3 27
114 15469 -45.7 3 26

102.7 16154 -49.8 3 22
100 16330 -50.9 4 22



Appendix D. Radiosonde data for Shishaldin Volcano on 26 May 2004 (cont.).

Pressure
(hPa)

Height
(m)

Temperature
(C)

Relative
humidity

(% )

Wind speed 
(knot)

98 16459 -51.2 4 23
93.5 16766 -52.1 3 21
86.6 17265 -49.5 3 19
56 20078 -55.9 3 8
50 20800 -54.7 4 6
46 21336 -54.2 4 4
30 24080 -51.9 3 12

24.9 25298 -51.6 3 15
21.6 26213 -51.4 4 16
20 26720 -51.3 4 15
18 27432 -49.3 3 18

12.2 29993 -42.1 3 13
11.3 30480 -41.7 3 12
10 31340 -41.1 3 13
9 32056 -40.5 3 16

8.3 32614 -38.3 3 19
7.3 33528 -34.7 3 17
7 33833 -33.2 3 18
7 33790 -33.7 3 18
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Appendix E. NNRP data for Bezymianny Volcano on 14 January 2004. The data is 
from 0025 and 0210 UTC and includes pressure, height, temperature and relative 
humidity.

14 January 2004 0025 UTC
Pressure Height Temperature Relative

(mb) im) (K) _ humidity (% )
1000 149.04937 267.02572 88.627264
925 752.74732 261.81346 58.388639
850 1397.2303 257.89495 38.140719
700 2842.7714 249.96083 41.846288
600 3953.727 241.98518 85.622154
500 5218.4756 232.22974 91.493923
400 6703.5356 222.12281 46.353136
300 8532.0988 213.95906 0.8694405

14 January 2004 0210 UTC
Pressure Height Temperature Relative

(mb) ( mi ____ humidity (% )
1000 150.90681 266.87968 87.717709
925 754.56302 261.82142 56.826931
850 1398.8421 257.86959 39.193574
700 2845.3169 250.13638 43.129485
600 3956.7198 242.14366 81.826406
500 5223.2751 232.65974 80.20023
400 6712.3193 222.83621 35.614234
300 8545.124 214.03459 3.8883328


